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Abstract

:

This paper analyzes the response under voltage dips of a Type 3 wind turbine topology based on IEC 61400-27-1. The evolution of both active power and rotational speed is discussed in detail when some of the most relevant control parameters, included in the mechanical, active power and pitch control models, are modified. Extensive results are also included to explore the influence of these parameters on the model dynamic response. This work thus provides an extensive analysis of the generic Type 3 wind turbine model and provides an estimation of parameters not previously discussed in the specific literature. Indeed, the International Standard IEC 61400-27-1, recently published in February 2015, defines these generic dynamic simulation models for wind turbines, but does not provide values for the parameters to simulate the response of these models. Thus, there is a pressing need to establish correlations between IEC generic models and specific wind turbine manufacturer models to estimate suitable parameters for simulation purposes. Extensive results and simulations are also included in the paper.
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1. Introduction


During the last decade, the integration of renewables into power systems has increased considerably, mainly due to successful policies and substantial investments. Indeed, according to [1], renewables are essential to achieve long-term climate targets; reaching a 30% share by 2030 should be sufficient to prevent global temperatures from rising more than 2     ∘   C above pre-industrial levels. Currently, of the different technologies, wind and solar Photovoltaics (PV) are, globally, the fastest-growing sources of electricity and offer technologically-mature and economically-affordable solutions [2]. In this scenario, the International Energy Agency (IEA) roadmap targets a 15–18% share of global electricity from wind power by 2050, a notable increase of the 12% aimed for in 2009 [3]. This increasing share of wind power has created the need for wind turbine (WT) and wind power plant (WPP) models to be used in power system stability analysis. However, conventional electromagnetic transients simulation (EMTS) models proposed by wind turbine manufacturers fail to satisfy the current needs demanded by Transmission System Operators (TSO) for these power system stability analyses; mainly due to the models being complex, highly detailed and generally confidential. In fact, these manufacturer models usually simulate the behavior of all of the internal components of the wind turbine, and hence, a large number of parameters is required to achieve accurate simulations, as well as high computational time costs or even specific software for their simulations [4,5]. Therefore, it would be desirable to propose efficient and flexible simulation models that respond to TSO requirements [5,6].



To solve this issue, international institutions worldwide are developing new generic models, also known as standard or simplified models, defined by a limited number of parameters [7,8]. These models are available for any specific simulation software to simulate wind turbines integrated in the grid. The International Electrotechnical Commission published the first version of the Standard IEC 61400-27-1 [9] in February 2015, where these generic wind turbine models were initially defined. This standard classifies the different topologies of wind turbines into four types, representing the majority of wind turbines installed in power systems. The four types of wind turbine generators, which are mainly differentiated by the generator, are: (Type 1) wind turbines equipped with an asynchronous generator directly connected to the grid (usually squirrel-cage) [10]; (Type 2) wind turbines equipped with an asynchronous generator with a variable rotor resistance, directly connected to the grid; (Type 3) wind turbines equipped with a Doubly-Fed Induction Generator (DFIG), with the stator directly connected to the grid and the rotor connected through a back-to-back power converter; (Type 4) wind turbines connected to the grid through a Full-Scale power Converter (FSC) [11].



These dynamic models are suitable to be tested even under transients, such as switching of power lines, loss of generation or loads, balanced faults, voltage dips, etc. [12,13]. In this work, the generic Type 3 WT model facing a three-phase voltage dip will be tested. These balanced faults are not the most common, but they represent the worst-case dimensional scenario. However, the study of unbalanced faults also constitutes a very interesting case for DFIG and FSC wind turbines (Types 3 and 4, respectively), but currently, the wind turbine models specified in IEC 61400-27-1 are only for fundamental frequency positive sequence response. In [14], field measurements from a 52-MW wind power plant are used to validate an IEC Type 3 wind turbine model with a wind turbine level voltage controller and with a wind power plant level power factor controller. Nevertheless, in the specific literature, there are few studies on the values of parameters to be used for simulation purposes [15,16]. Moreover, the recent publication of the standard, as well as the constraints of the wind turbine manufacturers [17] have led to the need to conduct studies that provide parameter values and simulation results [18], thus allowing the adjustment of the generic wind turbine and wind power plant models by both researchers and institutions [19,20]. Finally, the contributions of the authors presented in the present work may be considered by the International Electrotechnical Commission for inclusion in Edition 2 of IEC 61400-27-1, which is currently under development and is intended for publication in 2018.



Considering previous works and current TSO requirements, this paper describes a generic Type 3 wind turbine model developed in MATLAB/Simulink based on the IEC 61400-27-1 standard. The parameters of the model have been estimated to provide a dynamic response under voltage dips. Additionally, the results have been compared to those of other studies and simulations by manufacturers [21,22,23]. Extensive simulations have been conducted, modifying the parameters and discussing their effects on the wind turbine response in terms of active power and rotational speed. The contributions of the current paper focus on: (i) providing public parameter values and simulation results of a generic Type 3 wind turbine model; (ii) analyzing the influence of the parameter variations on the dynamic wind turbine response under voltage dips and describing the process of model tuning; (iii) contributing to the development of Edition 2 of IEC 61400-27-1.



The rest of the paper is structured as follows: Section 2 introduces the main characteristics of the DFIG wind turbine topology, the details of its implementation in MATLAB/Simulink and describes the methodology. Section 3 discusses the simulation results related to the mechanical two-mass model, and the influence of the control system parameters is studied in Section 4. Section 5 analyzes the effects of varying the parameters of voltage dips on the model’s response. Finally, Section 6 presents conclusions.




2. IEC 61400-27-1 Type 3 Wind Turbine Model


According to the classification presented in the previous section, Type 3 is currently the most widely-used topology. Indeed, around 45% of the wind turbines installed in Europe are of this type [24]. Type 4 wind turbines are increasingly being integrated into new wind power plants, mainly due to their control and stability advantages. as well as the reduction in electronic component cost. Thus, both types of WTs constitute an interesting field of study. In this sense, due to the benefits of using a full power converter, from the TSO point of view, the performance of Type 4 is simpler than Type 3. In fact, the standard Type 4 WT model can be considered a simplified Type 3 model. Consequently, this paper focuses on a Type 3 wind turbine generic model from a more general perspective.



2.1. MATLAB/Simulink Implementation of the Type 3 WT Model


Figure 1 shows the general structure of the generic Type 3 WT model implemented in MATLAB/Simulink (The MathWorks, Inc, Natick, MA, USA). This model has been developed following the guidelines provided by IEC 61400-27-1 [9] and represents one of the first implementations in MATLAB/Simulink in the scientific literature. The dynamic performance depends on both active and reactive power references,    p  W T , r e f     and    x  W T , r e f    , respectively, as well as two further control parameters setting the reactive power control mode    M q G    and the response under voltage dips    M q U V R T   . A two-mass model is used to simulate the mechanical interactions between high and low speed shafts. The wind turbine rotor (along with the blades) and the electrical generator are modeled by their inertia parameters. They are coupled by a spring with a certain stiffness and a damper with a damping coefficient. These parameters have a significant effect on the active power     P  W T      and generator rotational speed     ω  W T R     . Further information can be found in Section 3.



With regard to the electrical generator model, Type 1 and Type 2 use an electrical generator model derived from the simulation software. However, and in line with IEC 61400-27-1, the generic Type 3 model is composed of a conventional block diagram. The voltage input is considered as a balanced three-phase voltage input, defined by both magnitude and phase, instead of using a three-phase source, as can be seen in the lower left side of Figure 1     u  W T , M a g     and    u  W T , P h a s e     



The electrical generator system is a simplification based on [25,26], including the power converter dynamics; see Figure 2. It is mainly commanded by an active and a reactive current signal provided by the control system. Moreover, the corresponding IEC Standard divides the Type 3 generic model into two types depending on the Fault Ride-Through (FRT) solution adopted [5]: (i) Type 3A, with no protection system to avoid the disconnection of the wind turbine under voltage dips [27]; (ii) Type 3B, including a crowbar protection system to avoid over-currents under voltage dips, thus preventing power converter damage. In the generic Type 3B model, this crowbar system multiplies the current references of the generator by zero for a certain period of time, when the variation of the voltage goes beyond a certain limit [18]. Taking into account that this protection system is commonly used by wind turbine manufacturers to meet the mandatory grid codes in Europe [28], the model implemented in this paper is Type 3B.



Figure 3 shows the control system, also included in Figure 1. The control system of the generic Type 3 WT model does not represent the actual controller of the WT, which sets the references to the Rotor-Side Converter (RSC) and the Grid-Side Converter (GSC), but provides the current command signals to obtain an accurate response of active and reactive power, observed from the grid side. This control system is composed of five control subsystems. Active power and pitch control systems are discussed in detail due to their influence on    P  W T     and    ω  W T R    , which are the main variables analyzed in this work. The reactive power control system (Q control) provides the reactive current reference     i  q c m d     , used as an input to the electrical generator system according to reference    x  W T , r e f     and the reactive power control mode (voltage control, reactive power control or power factor control). Both the current and reactive power limitation control subsystems set the maximum and minimum currents and reactive power values that the wind turbine is able to provide, according to parameters such as voltage or active power.



Finally, the influence of the pitch blade angle on the wind power absorbed by the wind turbine is modeled by the aerodynamic model; see Figure 4. It is a one-dimensional model where    P  a g     is the active wind power (in pu) modeled by a constant parameter (   P  a g     in Figure 1). This parameter, in accordance with IEC 61400-27-1 [9], is kept constant during the simulation.




2.2. Simulations Conducted for the Parameter and Transient Response Analysis


This paper aims to analyze the active power     P  W T      and the rotational speed of the wind turbine rotor     ω  W T R      submitted to voltage dips when the IEC 61400-27-1 Type 3 model parameters are modified. Specifically, the mechanical two-mass model and the active power control and the pitch control systems have been modified, and their corresponding responses have been analyzed. Parameter values and variations are summarized in Table 1. A reference value for each parameter has been defined in order to obtain a benchmark system. Subsequently, each parameter can be set to a lower and a higher value than the corresponding reference. The Type 3 WT model’s responses under voltage dips for the different parameter values are depicted in the same axis to compare the influence of these variations on the active power and rotational speed evolution along the transient. The values of these parameters do not follow a physically-based pattern. They have been selected to clearly represent different performances in order to provide guidelines for Type 3 model adjustment under certain simulation conditions. For example, conventional values of    H  W T R     are usually from 5 s to 15 s.



The simulations carried out by the authors are based on a balanced three-phase voltage dip, with a duration of 0.2 s and a residual voltage of 0.1 pu. This voltage dip has been considered in order to follow the guidelines provided by IEC 61400-21 [29], which consider a three-phase voltage dip with a residual voltage of    0.2 ± 0.05   pu    with a duration of 0.2 s. Moreover, the voltage dip considered is more severe than this reference in order to be included within the guidelines of the recently-published Commission Regulation (EU) 2016/631 [28], which considers the minimum voltage of 0.05–0.30 pu with a duration of 0.14–0.25 s for the most restrictive conditions.



Steady-state conditions are considered before these transients. An additional 1-s time interval before the dip is also shown in the simulations to represent the previous steady-state values. As a preliminary finding, the benchmark response of the initial system values is shown in Figure 5. This response represents the dynamic response of the Type 3 WT model under the voltage dip. Parameters from the initial benchmark system have been adjusted to be in line with the results published in previous works [18,22].





3. Mechanical Parameter Analysis under Voltage Dips of the Type 3 WT Model


Standard IEC 61400-27-1 establishes a mechanical two mass model to simulate the interaction between high and low speed shafts [30]. Both shafts are coupled by a spring with a certain stiffness     k  d r t      and a damper with a certain damping coefficient     c  d r t     . The wind turbine rotor and the electrical generator are represented by their inertia coefficients     H  W T R     a n d    H  g e n   ,   respectively   . A representation of this relationship is shown in Figure 6. Both shafts rotate with a certain speed     ω  W T R     a n d    ω  g e n      and are subjected to a torque. The wind turbine rotor torque     T  W T R      represents the mechanical aerodynamic torque of the wind. The electrical generator torque     T  g e n      represents the electromagnetic torque. The expressions to describe system performance are the following [31]:


   2  H  W T R   ·    d  ω  W T R     d t    =  T  W T R   −  k  d r t   ·  (  θ  g e n   −  θ  W T R   )  −  c  d r t   ·  (  ω  W T R   −  ω  g e n   )  ,   



(1)






   2  H  g e n   ·    d  ω  g e n     d t    = −  T  g e n   +  k  d r t   ·  (  θ  g e n   −  θ  W T R   )  +  c  d r t   ·  (  ω  W T R   −  ω  g e n   )  .   



(2)







Figure 7 shows the mechanical system implemented in MATLAB/Simulink. Mechanical wind power     P  a e r o   =  ω  W T R   ·  T  W T R      obtained from the aerodynamic model and electrical active power     P  e l e c   =  ω  g e n   ·  T  g e n      obtained from the generator system are considered as the inputs of the system. The variation of the four parameters that define this system (    H  W T R   ,    H  g e n   ,    k  d r t      and     c  d r t     ) modifies the response of the overall system in terms of     P  W T      and     ω  W T R      response. Subsequently, the influence of these parameter variations on the Type 3 WT response under voltage dips is analyzed during the transient, considering the parameter values given in Table 1.



Figure 8 shows the    P  W T     and    ω  W T R     dynamic response under a voltage dip when    H  W T R     is modified according to Table 1.    H  W T R     variations do not have a significant influence on the active power response (see Figure 8a), reducing the oscillation frequency and the over-response before the new steady-state conditions. As can be seen in Figure 8b,    ω  W T R     oscillations are clearly affected by the    H  W T R     parameter variation, presenting an inverse relation with    ω  W T R     frequency and oscillations.



The transient response of the system when the    H  g e n     parameter is modified is shown in Figure 9. The increase in this parameter makes a considerable contribution to the oscillations of both    P  W T     and    ω  W T R    ; see Figure 9a,b. The oscillation frequency is inversely proportional to the value of    H  g e n    . However, the oscillation amplitude proportionally increases with the    H  g e n     parameter value. This increasing    H  g e n     also has an effect that is inversely proportional to the oscillation damping.



The frequency of these oscillations     ω  o s c      can be determined by the following expression [32],


    ω  o s c   =    k  d r t   ·    1  2 ·  H  W T R      +   1  2 ·  H  g e n         .   



(3)







An interval from 1-5 Hz produces usual values for commercial Type 3 wind turbines. These oscillations are proportional to    k  d r t     values and inversely proportional to both    H  W T R     and    H  g e n     parameters. However, and considering that the value of    H  W T R     is usually much higher than one, its influence can be considered as almost negligible; see Figure 8. In contrast,    H  g e n     variations clearly have a notable influence on the transient response, as shown in Figure 9.



According to Equation (3), the increase in the spring’s stiffness (   k  d r t    ) proportionally affects the frequency of the response oscillations; see Figure 10. This parameter has an important influence on the active power oscillation amplitude (Figure 10a). Moreover, the    k  d r t     parameter has a much greater effect than any other parameter under voltage dips. The    ω  W T R     oscillation amplitude is lower than    k  d r t     variations, in an inverse relation with the increasing    H  g e n     (Figure 10b). Finally, the damping coefficient variations (   c  d r t    ) have no influence on the oscillations, beyond the rate at which they are damped. Figure 11 shows the active power and rotational speed responses under    c  d r t     variations. The    c  d r t     parameter can be artificially increased in wind turbines to emulate active damping performed by real control by means of this ‘passive damping coefficient’ [33].




4. Control Parameter Analysis under Voltage Dips of the Type 3 WT Model


4.1. Active Power Control Model


Active power control is included in the control system of the wind turbine. Figure 12 shows the block diagram of the active power control model implemented in MATLAB/Simulink. The inputs of the system are the following:




	
   ω  W T R     and    ω  g e n    : rotational speed values from the two mass model discussed in Section 3.



	
   p  W T , r e f    : active power reference to be injected into the grid by the WT (manually adjusted).



	
   P  W T    : active power obtained from the electrical generator system.



	
   u  W T    : voltage reference from the electrical generator system.



	
   i  p , m a x    : maximum active current able to be injected into the grid by the WT as determined by the current limitation system.








The WT active power is filtered by using    T p _ f i l t   . This filter avoids sudden changes in the reference speed. Moreover, if this constant is set to an extremely high value, it allows keeping a fixed reference rotational speed during the entire simulation, representing a specific operational model. This filtered active power reference goes through a look-up table, which represents the rotational speed at which the generator must rotate when providing a certain active power value. A common look-up table for this system is shown in Figure 13, as well as a table with conventional values [34]. This table summarizes four operation zones for a Type 3 wind turbine:




	
Zone 1, where the minimum rotational speed has been reached (   ω  1 − 2    ) and consequently cannot decrease further due to component limits, mainly converter maximum slip.



	
Zone 2, this operation mode covers the minimum rotational speed (   ω  1 − 2    ) to the rated rotational speed, where the wind turbine operates at its maximum power tracking.



	
Zone 3, operation mode maintaining a fixed rated speed (   ω  3 − 4    ) and below the rated active power. In some cases, instead of a fixed rated rotational speed, there is a linear rotational speed variation to achieve the rated rotational speed at the rated active power [35].



	
Zone 4, this last operation mode is set at the rated rotational speed (   ω  3 − 4    ) and the rated active power. Dotted lines included in Figure 13a imply that, under simulation conditions, the active power reference presents a certain slope, simplifying the model and offering more stable simulations; although under real control conditions, this look-up table has the two vertical lines originally indicated.








These reference look-up tables are conventionally defined by the wind turbine generator torque [36]. However, the corresponding IEC uses an active power reference. For this reason, the values provided in this work are related to    P  W T    .



The rotational speed reference    ω  r e f     is filtered by the    T ω _ r e f   , which can present a similar function to the active power filter (   T p _ f i l t   ). Differences between    ω  W T R     and    ω  r e f     are determined, and then, a rotational speed error is estimated. In order to model real wind turbine controller filters, the IEC 61400-27-1 allows using a first order filter    T ω _ g e n    for    ω  g e n    . Considering that these models of a real wind turbine only have the drive train resonant frequency as perturbation, this filter is intended to filter these oscillations. However, the simplicity of a first-order filter as the low pass filter does not efficiently meet the drive train perturbations. As a contribution of the authors to the future IEC version to be published in 2018, the new version will include an option to choose between    ω  W T R     and    ω  g e n     as an input to the proportional-integral (PI) torque controller. Therefore,    ω  W T R     is chosen as a simplified way to determine a    ω  g e n     filtered value. It is usually associated with the application of drive train damping. However,    ω  g e n     is used if the drive train damping function is achieved using the torque PI itself, instead of the drive train damping function     K  D T D   = 0   . This    ω  W T R     or    ω  g e n     is then considered as the main input to the torque PI subsystem, as shown in the upper right region of Figure 12. The other input to the torque PI subsystem is the maximum electromagnetic torque     τ  e , m a x      to be provided by the WT. It is determined by the relation between    p  W T , r e f     and    ω  W T R    . As an additional contribution of the authors, the future version of Standard IEC 61400-27-1 [9] to be published in 2018 will also define the use of    ω  W T R     or    ω  r e f     going through a filter. However, the oscillations of    ω  W T R     are much smaller, and hence, the performance of the system is more accurate. Taking into account that Standard IEC 61400-27-1 has been developed recently, very few model implementations can be found in the specific literature, and thus, the current work contributes significantly to the IEC improvements.



Figure 14 shows the torque PI subsystem. This control system gives an output proportional to the rotational speed error by adding the minimum between:




	
A ramp with a constant slope defined by the parameter    d t a u _ m a x   . This ramp function is only used under voltage dip conditions.



	
The torque output filtered by an integral controller with a constant estimated as    K  I p  / K  P p    .








The    τ  o u t     output is saturated between     τ  e , m a x   /  τ  e , m i n     , returning to the main control system. This torque is multiplied by the generation rotational speed, obtaining an active power signal. The rate active power and the value of this signal is saturated and filtered, and then, the active power command signal, which is used by the rest of the control systems, is obtained [37]. An additional signal from the Drive Train Damping (DTD) system is added to the estimated output [32]. This control system provides an electrical torque accounting for the natural damping by considering speed differences between both low and high speed shafts. It is modeled through a second-order transfer function as follows,


   T  F  D T D   =    2 · ξ ·  ω  D T D   · s    s 2  + 2 · ξ ·  ω  D T D   · s +  ω  D T D  2     ,   



(4)




where    ω  D T D     is determined as the frequency of the two mass model oscillations; see Equation (3). This system thus compensates the mechanical oscillations by adding an oscillating electrical power and then producing a highly efficient damping effect.



Figure 15 shows the effects of the    K  P P     parameter of the torque PI controller. The decrease in this proportional parameter involves a more under-damped behavior with higher overshoot. This behavior increases due to the inverse influence of    K  P P     in the integral gain of the controller. The responses of the system when parameter    K  I P     is modified are shown in Figure 16. Increasing    K  I P     produces a more oscillating response. The overshoot in    ω  W T R     is decreased for higher    K  I P     values, although the active power response is oscillating much more.



Figure 17 shows the active power and    ω  W T R     responses when the DTD system is not considered (    K  D T D   = 0   ). The influence of the DTD system can be easily observed, damping the oscillations at a high rate. The second-order transfer function used to model this subsystem constitutes a band-pass filter, the tuning frequency of which is the natural frequency of the mechanical system. The addition of an oscillating active power with this frequency dampens the natural oscillations caused by the interaction between high and low speed shafts. Figure 18a shows a Bode Diagram of this transfer function for the original system parameters, which involves a natural frequency     ω  D T D   = 7.4162    rad/s. As the input to the transfer function is    ω  g e n     itself, the harmonic components of this frequency are almost negligible, and thus, the TF damping coefficient is not of great importance in the response of this system. This absence of harmonic components also implies that, in the case of a bad tuning in the frequency of the TF, the filter will not allow the oscillation to pass through, and hence, the effect will be equivalent to reducing    K  D T D     to zero, thus deactivating the system. Figure 18b shows (    ω  g e n   − 1   ); the mean value of 1 pu is subtracted in order to compare between the DTD system output and the output from the band pass filter. Both signals have the same frequency, and the band pass filter also dampens the acceleration due to the voltage dip. Under steady-state operation conditions, the output of this subsystem is considered as zero. The filter output is saturated and directly considered as an active power signal added to the active power obtained from the torque PI subsystem output.



This active power constitutes the main output of the    P  C t r l     system (   p  o r d    ). The active current input to the electrical generator system is then estimated by dividing    p  o r d     by the voltage signal. An alternative method can be considered using    ω  g e n     instead of    ω  W T R     as torque PI input, and with     K  D T D   = 0   . However, this option has some drawbacks:




	
The oscillation amplitude is larger since    K  I P     is significantly higher than    K  D T D    , and thus, the system may become unstable.



	
The drive train oscillation is delayed by the    T p _ o r d    filter, which models the converter time response. The addition of this phase to the system means the drive train damping is less efficient than if the drive train damper function injects after    T p _ o r d   .









4.2. Pitch Control Model


The pitch control model is mainly formed by the addition of two PI controllers, usually depending on the WT rotor rotational speed and the active power reference provided by the active power control model [38,39],    w  W T R     and    p  o r d     respectively in Figure 19. A cross-coupling between both controllers is considered as a proportional gain    K  P x     commonly included by manufacturers to obtain more robust WT control.



Figure 20 shows the first order filter with limitation detection (D.10) system. Highlighted relational operator blocks represent two comparison blocks. According to IEC 61400-27-1 [9], these comparison blocks are ≥. However, if the equal sign is kept in the blocks, the anti wind-up protection system will be active under normal operation, due to the pitch rate limit not actuating, and hence, its inputs and outputs will be equal. When the anti wind-up protection system performs properly, the signals    F  m a x     and    F  m i n     are activated either when the pitch rate is too high or too low, respectively, or when the pitch value itself is higher or lower than the maximum and minimum WT pitch. This modification proposed by the authors is currently under study to be included in the second edition of IEC 61400-27-1, which is expected to be issued in February 2018.



The    F  m a x     and    F  m i n     signals are inputs to the anti wind-up integrator system, as can be seen in Figure 21. They disable the integral actuation by the action of saturator blocks, limiting the error signal to zero. Standard IEC 61400-27-1 [9] indicates that the integrator included in this system may be saturated in order to control the output of each controller. However, for the current work, these outputs will not be saturated (limits are set to infinite) in order to allow the maximum interaction between both controllers.



Table 1 summarizes the analyzed parameters under voltage dips. For the pitch control system, when the proportional gains of the controllers are increased keeping the rest of the gains constant, the model’s response is faster than the response with lower proportional gain (unless these gains are too large and the system becomes unstable). Consequently, these performances have not been included in the paper. However, changes in the controller integral gains have a considerable effect shown in the following figures. Figure 22 depicts the responses when the parameter    K  I ω     is changed. When considering the different    K  I ω     values, the    ω  W T R     evolution along the disturbance is predictable, because the higher the integral gain is, the more under-damped it is, thus being faster and with a higher over-shoot. However, the active power response is detrimental to    ω  W T R    , being much slower and unstable when    K  I ω     rises.



By contrast, an adverse reaction to the response of    ω  W T R     occurs when the active power controller integral gain    K  I c     is modified, as shown in Figure 23. The active power response is then faster when    K  I c     is increased, detrimentally affecting the response of    ω  W T R    . It is worth noting this interaction as the systems depend on different error signals. Moreover, under the    K  P x  = 0    condition corresponding to the simulations in this paper, these systems are completely independent. Therefore, neither controller can be adjusted separately, due to the behavior of one having a considerable impact on the other as a consequence of the multiple dependences with the rest of control systems.



Finally, we have also studied the influence of the use of both PI controllers as compared to the use of the cross-coupling parameter    K  P x    . Theoretically, and according to the block models shown in Figure 19, if the following condition is fulfilled,


      K  I c   s   + K  P c  = K  P x  ·     K  I ω   s   + K  P ω   ,   



(5)




the behavior of both topologies should be equal. However, as shown in Figure 24, the two responses are not the same. This is due to the presence of the ramp limiters (and possibly value saturators) in the anti wind-up integrator systems; see Figure 21. If each error signal goes through its own controller, the possibility of reaching the saturation value is lower than if both signals are added and then the value goes through just one controller. This case is depicted in the example in Figure 24, in which the addition of both errors results in a high value, which is saturated if the cross-coupling method is used. However, if both controllers are used, the signals of each one fail to reach the ramp limiters, or even the value saturators if they are used. These considerations involve slight differences between the systems.



As previously mentioned, the cross-coupling gain is commonly used by manufacturers to obtain stable control of the wind turbine. The addition of two PI controllers may cause coordination issues in some situations, which have been detected by the authors. For example, if the wind turbine is working in Zone 4, as in Figure 13, an active power increase is set by the control (still remaining in Zone 4), the    P  I ω     controller will not actuate since the    ω  r e f     reference would be the same in both situations, but    P  I C     will decrease its output. However, if this output was originally close to zero, it can become a negative value, and if the saturations of the standard are considered, the pitch angle would never reach its reference. Figure 25 shows this performance. In    t = 20    s, the active power reference changes from 0.6 pu to 1 pu; the    P  I ω     output keeps constant under steady-state conditions, but the    P  I c     output decreases the pitch angle to achieve the new active power reference (1 pu). As shown in Figure 25a, if the controller is saturated, the final    P  a e r o     of 1 pu is not achieved, and then, the wind turbine response is incorrect. This problem is solved by the use of    K  P x    , because only    P  I ω     is working, and subsequently, these coordination problems disappear.





5. Influence of Voltage Dip Characteristics: Depth and Duration


According to [40], a voltage dip is a temporary reduction of the root-mean-square (rms) voltage at a point in the electrical system below a given threshold. It is mainly characterized by two parameters: (i) depth, defined as the difference between the rms-voltage reference and the minimum rms-voltage achieved during the event and generally expressed as a percentage of the rms-voltage reference; (ii) and duration, which is the time between the rms-voltage dropping below the threshold given by the corresponding grid-code and the rms-voltage being recovered above the threshold. In this section, the effects of the variation in depth and duration of the voltage dip on the WT response are discussed in detail. The ranges of variation for depth and duration are summarized in Table 2.



The depth variations of the voltage dip have a slight influence on the response of the model, as shown in Figure 26. For a certain depth, the variation in the response of the active power may seem predictable; however, and according to Figure 26a, there is no linear relation between the depth of the voltage dip and the minimum value of the active power provided by the WT (for example, with a     d  d i p   = 0.2   , the minimum active power value is lower than    0.4    pu), due to the dynamics of the different control systems, as well as to the operation of the crowbar system. An increase in the depth also involves a higher acceleration; see Figure 26b. However, this parameter does not have as much influence as the duration of the dip.



Figure 27 shows the different responses when    t  d i p     is increased. The longer the voltage dip, the higher is the value reached by    ω  W T R    , because of the lack of electromagnetic torque that counteracts the mechanical torque produced by the wind. This maintained acceleration involves the actuation of    P  I ω     from the pitch control system, increasing the pitch angle in order to limit this acceleration; see Figure 28. This response involves a higher overshoot in rotational speed, which creates an active power reduction when     ω  W T R   < 0   . Then, if we wish to control this response, the values to be changed correspond to the    P  I ω     controller from pitch control, varying the performance during the transient, as was previously discussed in the simulations.




6. Conclusions


A Type 3 WT model previously tested by the authors is adjusted and analyzed to give a complete benchmark response under voltage dips. Values and possible modifications of the parameters are also included in the paper, offering a notable reference for future studies. Parameters corresponding to the mechanical two mass model, the active power control and the pitch angle control models have been widely described, and their influence on the model’s response is analyzed in terms of active power and rotational speed evolution during the disturbance. Extensive simulations have been carried out by the authors and included in the paper, and the different responses have also been compared. Furthermore, the model’s responses have been discussed in detail, aiming to provide a better understanding of these recent complex generic models based on IEC 61400-27-1.



The two mass model parameters affect the physical response of the system, varying the frequency and amplitude of the oscillations of both active power and rotational speed under disturbances. For the active power control system, the response of the model can be adjusted by the PI parameter selection. Key results are obtained from the drive train damping system, which allows a significant damping effect by the injection of an oscillating active power with the same frequency as the mechanical oscillations. Regarding the pitch control model, the influence of the increase in the integral gain of the controllers also yields significant results, since the improvement in the behavior of one influences the proper response of the signal controlled by the other. The effect of a cross-coupling gain is also included in this analysis. In this way, and although theoretically there should be no difference, the behavior varies slightly between the two simulations due to the limiters included in the model.



This paper thus provides practical and complete parameters and simulations for a Type 3 WT model based on IEC 61400-27-1 submitted to voltage dips. Results and parameters are of significant interest to researchers and wind turbine manufacturers currently working on the definition and adjustment of this type of model.
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Figure 1. Generic Type 3 WT model: MATLAB/Simulink implementation. 
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Figure 2. Generic Type 3 WT model: electrical generator system. 
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Figure 3. Generic Type 3 WT model: control system. 
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Figure 4. One-dimensional aerodynamic model. 
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Figure 5. Benchmark response of Type 3 WT: reference parameters. 
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Figure 6. Physical representation of the two mass model. 
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Figure 7. Two mass model implemented in MATLAB/Simulink. 
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Figure 8.    H  W T R     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 9.    H  g e n     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 10.    k  d r t     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 11.    c  d r t     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 12. Active power control system implemented in MATLAB/Simulink. 
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Figure 13. Look-up table    ω  r e f     vs.    P  W T     and conventional values. 
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Figure 14. Torque PI system implemented in MATLAB/Simulink. 
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Figure 15.    K  P P     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 16.    K  I P     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 17.    K  D T D     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 18. Bode diagram. DTD system response. 
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Figure 19. Pitch control model implemented in MATLAB/Simulink. 
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Figure 20. First order filter with limitation detection (D.10) implemented in MATLAB/Simulink. 
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Figure 21. Anti wind-up integrator implemented in MATLAB/Simulink. 
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Figure 22.    K  I ω     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 23.    K  I c     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 24.    K  P x     parameter analysis:    P  W T     and    ω  W T R     evolution under a voltage dip. 
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Figure 25. Problems with saturators in IEC 61400-27-1 pitch control. 
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Figure 26.    P  W T     and    ω  W T R     responses under different voltage dip depths. 
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Figure 27.    P  W T     and    ω  W T R     responses under different voltage dip durations. 
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Figure 28. Pitch angle under different voltage dip durations. 
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Table 1. Parameter values of Type 3 WT: references and variations.
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System

	
Parameter

	
Ref. Value

	
Var.Range






	
Two mass model

	
   H  W T R    -Inertia constant of WT rotor (s)

	
10

	
   5   10   25   




	
   H  g e n    -Inertia constant of generator (s)

	
1

	
   0.3   1   3   




	
   k  d r t    -Drive train stiffness (pu)

	
100

	
   20   100   500   




	
   c  d r t    -Drive train damping (pu)

	
0.5

	
   0.2   0.5   1   




	
Active power control

	
   K  P P    -PI controller proportional gain

	
6

	
   0.5   6   10   




	
   K  I P    -PI controller integration parameter

	
3

	
   0.3   3   24   




	
   K  D T D    -Gain for active drive train damping

	
0.5

	
   0   0.5   3   




	
Pitch control

	
   K  I ω    -Speed PI controller integration gain

	
50

	
   10   50   500   




	
   K  P ω    -Speed PI controller proportional gain

	
200

	
-




	
   K  I c    -Power PI controller integration gain

	
10

	
   1   10   40   




	
   K  P c    -Power PI controller proportional gain

	
10

	
-




	
   K  P X    -Pitch cross coupling gain

	
0

	
   0   0.1   











[image: Table] 





Table 2. Voltage dip parameter variations.
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	Parameter
	Original Value
	Variation Range





	Depth     d  d i p     
	   90 %   
	   0.9   0.5   0.2   



	Duration     t  d i p     
	0.2 s
	   0.05   0.2   0.8   











© 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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