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Abstract

:

Wind power plants depend greatly on weather conditions, thus being considered intermittent, uncertain and non-dispatchable. Due to the massive integration of this energy resource in the recent decades, it is important that transmission and distribution system operators are able to model their electrical behaviour in terms of steady-state power flow, transient dynamic stability, and short-circuit currents. Consequently, in 2015, the International Electrotechnical Commission published Standard IEC 61400-27-1, which includes generic models for wind power generation in order to estimate the electrical characteristics of wind turbines at the connection point. This paper presents, describes and details the models for wind turbine topologies Types 1 and 2 following IEC 61400-27-1 for electrical simulation purposes, including the values for the parameters for the different subsystems. A hardware-in-the-loop combined with a real-time simulator is also used to analyse the response of such wind turbine topologies under voltage dips. The evolution of active and reactive powers is discussed, together with the wind turbine rotor and generator rotational speeds.
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1. Introduction


Renewable energy sources can provide an acceptable solution for two important issues related to the electricity supply. They can help to (i) reduce the greenhouse gas emissions; and (ii) mitigate the importation of fuels from other countries [1,2]. Consequently, over recent decades, power systems have slowly been changing, with some traditional power plants (mainly based on fossil and nuclear fuels) being replaced by renewable energy sources generation units [3,4]. Of these, the most widely developed and installed renewable energy sources is wind power [5,6], which accounted for more than 650 GW of installed capacity in 2019 [7] and, in fact, plays an increasingly important role in current power systems [8,9]. Wind turbines (WTs) are generally divided into fixed speed wind turbines (FSWTs) and variable speed wind turbines (VSWTs). The difference between FSWTs and VSWTs is that FSWTs always work at the same rotational speed (regardless of wind speed), whereas VSWTs can modify their rotational speed in order to follow the optimum power point for each wind speed. To overcome this, VSWTs use a partial or full additional power converter, in contrast to FSWTs, which are directly connected to the grid [10]. Moreover, WTs present different topologies depending on their generator [11]: Type 1, which includes a squirrel cage induction generator with fixed rotor resistance; Type 2, which includes a wound rotor induction generator with variable rotor resistance; Type 3, which includes a doubly-fed induction generator with a partial-scale converter; and Type 4, which includes a synchronous generator with a full-converter [12]. Types 1 and 2 are FSWTs, whereas Types 3 and 4 are VSWTs, as shown in Figure 1.



However, wind power plants depend on weather conditions, more precisely on turbulent wind speed [13], thus being intermittent and uncertain [14,15]. In fact, they are commonly referred to as ‘non-dispatchable’ sources [16]. In consequence, they place stress on the grid, as both transmission and distribution system operators have to deal not only with the uncontrollable demand, but also uncontrollable generation [17]. Thus, it is important for transmission and distribution system operators to be able to model the behaviour of WTs and wind power plants, especially in terms of steady-state power flow, transient dynamic stability, and short-circuit current [18]. Traditionally, both WTs and wind power plants’ models were represented by manufacturer specific models, which required a large number of parameters [19]. However, in February 2015, the International Electrotechnical Commission (IEC) published Standard IEC 61400-27-1, which included generic models for the four topologies of WTs presented in Figure 1 [20]. As a result, these models can be used to simulate WTs integrated in the grid with any specific software [21]. Actually, second edition of IEC 61400-27 ‘Wind energy generation systems—Part 27-1: Electrical simulation models—Generic models’ and first edition of IEC 61400-27 ‘Wind energy generation systems—Part 27-2: Electrical simulation models—Model validation’ are in final draft international standard stage, being approved by IEC National Committees in June 2020.



In this work, the generic Types 1 and Types 2 WTs models described in IEC 61400-27-1 are simulated and tested facing a three-phase voltage dip based on a hardware-in-the-loop (HIL) together with a real-time simulator. The main objective of this paper is to deeply describe such wind turbines models following the IEC 61400-27-1 and by the use of Matlab/Simulink environment. In this way, it is possible to help researchers with different backgrounds to better understand the electrical modelling of Types 1 and Types 2 wind turbines, together with their behaviour under voltage dips. A voltage dip is a short reduction of the voltage amplitude below a given threshold in one or more phases [22], where a three-phase voltage dip represents the worst-case scenario. Even though their duration is less than 1 s, voltage dips cause most of the problems related to voltage quality [23]. Different events such as short circuits or earth faults can cause significant voltage dips [24]. A voltage dip is typically expressed in terms of the lost voltage and its duration, as depicted in Figure 2, where the X axis is the event duration, and the Y axis is the event magnitude [25].



Different studies have focused on FSWTs, especially on their low-voltage ride-through (LVRT) capability [26,27,28,29,30,31,32,33,34,35,36]. However, none of these works have used the generic models proposed in Standard IEC 61400-27-1. In fact, most of the papers related to the models provided by the IEC are focused on VSWTs [37,38,39,40,41,42,43,44], and there is thus a lack of contributions regarding the FSWTs generic models. This paper aims to fill that gap, by describing and detailing the different subsystems needed to simulate Types 1 and 2 WTs following Standard IEC 61400-27-1. The rest of the paper is organised as follows: Section 2 presents the main elements of Types 1 and 2 WTs according to IEC 61400-27-1; the modelling of the different subsystems is explained and detailed in Section 3; the results of the voltage dip simulations are shown in Section 4; and finally, Section 5 presents the conclusions.




2. IEC 61400-27-1 Types 1 and 2 Wind Turbine Model


FSWTs are electrically simple devices consisting of an aerodynamic rotor which drives a low-speed shaft, a gearbox coupling the WT rotor with the generator, a high-speed shaft and an asynchronous generator [45]. Most FSWTs are equipped with mechanically switched capacitor banks for reactive power compensation [46]. In addition, for fault-ride-through (FRT) purposes, the blade pitch angle may be changed depending on the voltage dip depth, in order to avoid a rapid increase in rotor speed [47]. For this purpose, a thyristor switched capacitor bank is dynamically controlled during and after such faults. To simultaneously disconnect the asynchronous generator and the mechanically switched capacitor from the grid, the model has a main circuit breaker. Moreover, WT terminals can be on either side of the transformer as stated in IEC 61400-21 [48]. As already mentioned, FSWTs include Types 1 and 2 WTs. Figure 3 shows the main electrical and mechanical components of both Types 1 and 2 WTs [49]. Neither a power converter nor any other speed regulation techniques are used in these configurations [50].



Type 1 WTs use a squirrel cage induction (asynchronous) generator [51]. In addition, Type 1 WTs can have either (i) a fixed blade pitch angle, or (ii) a pitch control system to turn the blades away from stall or into stall, which can be used for FRT control. As a result, these WTs are divided into Type 1A (those WTs without FRT capability, i.e., with a fixed blade pitch angle), and Type 1B (those WTs with FRT capability due to the pitch angle control) [52].



Type 2 WTs are equipped with an electronically-controlled variable resistance connected to the rotor winding (VRR) [53]. Therefore, instead of using a squirrel cage asynchronous generator, they need a wound rotor asynchronous generator [54]. The VRR can modify the slip of the generator, with a typical limit of around 10% over the synchronous speed [55]. Moreover, these WTs are usually equipped with pitch angle control [56]. With the combination of both VRR and pitch control, the WT rotor speed can be modified based on the tip speed ratio to achieve a better power output than Type 1 WTs [57].




3. Modelling


Following Standard IEC 61400-27-1, different subsystems should be included to model Types 1 and 2 WTs. The Type 1 is divided into 1A and 1B, depending on the FRT capability, as explained in Section 2. As some of the subsystems are common for the three types of WTs under consideration, they are only explained the first time they appear (i.e., for Type 1A WTs).



3.1. Type 1A WT Model


The generic model of the Type 1A WT needs the following subsystems: (i) aerodynamic module, (ii) mechanical model, (iii) generator set model, and (iv) electrical measurements model (active, reactive and apparent power measurements). Figure 4 shows the complete Type 1A WT model. The different parameters of this Type 1A WT are presented in Appendix A, Table A1.



3.1.1. Aerodynamic Module


The aerodynamic module represents a simple constant aerodynamic torque model. This model is only needed in the Type 1A WT. The aerodynamic torque is assumed to be constant for a short initial period of time. As can be seen in Equation (1), the aerodynamic power (  P  a e r o   ) is obtained by multiplying such initial value of torque (  T  i n i t   ) by the WT rotor rotational speed (  ω  W T R   ), where   T  i n i t    must be set by the load-flow:


   P  a e r o   =  T  i n i t   ·  ω  W T R   .  



(1)








3.1.2. Mechanical Model


Following Standard IEC 61400-27-1, the mechanical model is represented by a two-mass model, which considers the rotor as a single mass, and the generator as another mass [58]. Thus, both the low-speed of the WT rotor (  ω  W T R   ) and the high-speed of the asynchronous generator (  ω  g e n   ) are represented [59]. In fact, the two different masses (large for the turbine rotor and small for the generator) are linked by a flexible shaft, which is characterised by its stiffness and damping [60]. Subsequently, the acceleration/deceleration of the rotor speed will be followed by the rotational speed of the generator, having periodic fluctuations of speed [61]. Moreover, according to Boukhezzar and Siguerdidjane [62], the use of this mechanical model is enough for transient stability analysis with WT, being thus considered as appropriated to represent their mechanical dynamics [63]. The block diagram for this model is presented in Figure 5.



The main difference between Standard IEC 61400-27-1 and this model is that the integrators are separated from the constants. In this way, initial conditions for the rotational speed  ω  of the WT rotor and asynchronous generator, as well as the initial torque   T  i n i t    can be specified.



The aerodynamic power (  P  a e r o   ) directly comes from the aerodynamic module. However, the electrical power (  P R  ) is determined as the stator electrical output power plus the power losses in the rotor and stator resistances (  P  l (  R s  )    and   P  l (  R r  )   , respectively). These   P  l (  R s  )    and   P  l (  R r  )    losses are estimated according to the expression:


   P  l (  R i  )   = 3 ·  I i  ·  f 2  ·  R i  ,  



(2)




where    P l   (  R i  )    are the power losses, I are the currents in a, b, c system, f is the system frequency, R is the resistance and subscript i refers to the rotor or stator. The block diagram for determining   P  g e n    is shown in Figure 6, with the stator currents in a, b, c system   (  I  s , a b c , m u x   )   (in A), the rotor currents in a, b, c system   (  I  r , a b c , m u x   )   (in A) and the electrical output power   (  P  g e n , I S   )   (W) as inputs. To obtain the value of   P R   in pu, the result of    P  g e n   −  P  l (  R s  )   −  P  l (  R r  )     is divided by the nominal apparent power   S n  .




3.1.3. Generator Set Model


Standard IEC 61400-27-1 does not specify a model for the asynchronous generator. However, as explained in [64], a third-order generator model is used, in which the stator flux derivatives are neglected. This assumption is common for transient stability simulations [65]. Consequently, the SimPowerSystems block called Asynchronous Machine pu Units was used. As Type 1A WT uses a squirrel cage induction generator and the output from the two-mass model is the generator rotational speed   ω  g e n   , the parameters to be set on the SimPowerSystems block are: (i) nominal power   S n  ; (ii) voltage line-line   U L  ; (iii) system frequency f; (iv) stator resistance and inductance    R s  ,   L s    in pu; (v) rotor resistance and inductance    R s ′  ,   L s ′    in pu; (vi) mutual inductance   L m   in pu; and (vii) initial conditions. As this generator uses pu units, the base values of voltage and current magnitudes are:


   U b  =  2  ·   U L   3   =  2  ·  U f  ,  



(3)






   I b  =  2  ·  I f  =    2  ·  S n     3  ·  U L    =   2 3   ·   S n   U L    



(4)







By combining Equations (3) and (4):


   Z b  =   U b   I b   =   U  L  2   S n   .  



(5)







The asynchronous generator uses the amplitude values of phase current and voltage as base values. Therefore, the base power value is obtained as:


    S n   S b   = 3 ·   I f   I b   ·   U f   U b   = 3 ·   I f    2  ·  I f    ·   U f    2  ·  U f    =  3 2  →  S b  =  3 2  ·  S n  .  



(6)







These values must be taken into account to obtain the real values of the different magnitudes.




3.1.4. Electrical Measurements Model


All electrical measurements are obtained from the generator measurement bus m of the Asynchronous Machine pu Units of SymPowerSystems. The values used are the following: (i) stator voltages   v s _ d   and   v s _ q  ; (ii) stator currents   i s _ a  ,   i s _ b   and   i s _ c  ; and (iii) rotor currents   i r _ a  ,   i r _ b   and   i r _ c  . As   v s _ d   and   v s _ q   are defined in the dq system, they must be transformed into the a, b, c system as shown in Figure 7.



A 0 vector must be added as a constant. Also a Discrete Virtual PLL block is needed to obtain the   s i n _ c o s   input of the converter. The block dq0_to_abc Transformation needs no additional parameters. Thus, both   v s _ d   and   v s _ q   are defined in the a, b, c system.



In the following subsystems, the three-phase values of each magnitude are multiplexed to reduce the number of connections needed. The pu magnitudes are multiplied by the pertinent base values (refer to Equations (3)–(6)). Consequently, stator currents and voltages (in the International System units) are the inputs to the subsystem in Figure 8, used to calculate active, reactive and apparent powers.



Fourier blocks provide the peak value of the sinusoidal magnitude of the frequency stated, as well as its phase (in degrees). As we obtain phase values in each channel of the bus, the total active and reactive powers are as follows:


  P =  ∑  j = 1  3   U  f j   ·  I  f j   · c o s  (  φ  u j   −  φ  i j   )  ,  



(7)






  Q =  ∑  j = 1  3   U  f j   ·  I  f j   · s e n  (  φ  u j   −  φ  i j   )  .  



(8)







As can be seen from Figure 8, P and Q values are multiplied by 0.5. As already mentioned, the Fourier blocks provide the peak values, so P and Q (Equations (7) and (8)) are actually multiplied by    2  ·  2  = 2  . Then, the Trigonometric function blocks work in radians. Therefore, degrees must be transformed by multiplying the output of the subtraction blocks by   π 180  . Finally, apparent power is calculated as:


  S =    P 2  +  Q 2    .  



(9)









3.2. Type 1B WT Model


Type 1A and 1B WTs differ in the following: (i) Type 1B WTs do not require the aerodynamic model, and (ii) Type 1B WTs have UVRT pitch angle control. Consequently, the mechanical model, generator set model, and electrical measurements model are the same of those previously described for Type 1A WTs (refer to Section 3.1.2, Section 3.1.3 and Section 3.1.4). Figure 9 shows the complete Type 1B WT model.



UVRT Pitch Control Model


The block diagram for the implemented UVRT pitch control model is shown in Figure 10. This UVRT pitch control turns the blades away from stall or into stall.



If an UVRT is detected (   U  W T   < 0.9   pu) and the initial aerodynamical power (  P  i n i t   ) is over a predefined value (  P  s e t   ), the protection system will be activated, equalling   P  a e r o    to   P  m i n   ; in this case,    P  s e t   = 0.5   pu and    P  m i n   = 0.2   pu. Depending on   U  U V R T   , the minimum time the protection system must be activated is estimated following Figure 11. Thus, the lower the   U  U V R T    value, the longer the protection system must be active. To overcome this, the system is designed to count the time it takes the UVRT to reach its minimum value, being active during this count. When the timer reaches the previously measured time, the system will again check again whether    U  U V R T   < 0.9  . In the case it is, the time the system must be on will be restarted, and the new time required for the system to be activated will be set. On the other hand, if    U  U V R T   > 0.9  , the system will be deactivated and the mechanical power output will equal   P  i n i t    again. The system will check whether    U  U V R T   < 0.9   until the UVRT disappears.





3.3. Type 2 Model


Type 2 WTs are similar to Type 1B WTs. The main difference is in the control model and the generator system, as Type 2 WTs include a wound rotor asynchronous generator with the VRR. As a result, only these two models are presented. The mechanical model, and electrical measurements model are the same as those presented for Type 1A WTs (Section 3.1.2 and Section 3.1.4), and the UVRT pitch control model is the same as for Type 1B WTs (Section 3.2). Figure 12 shows the complete Type 2 WT model. Parameters of Type 2 WT are presented in Appendix B, Table A2.



3.3.1. Variable Rotor Resistance Control Model


The VRR control model is shown in Figure 13. It modifies the rotor resistance value depending on   P  g e n    and   ω  g e n   , in order to slightly increase/decrease the slip of the generator. The generator speed   ω  g e n    is compared to system frequency f to obtain its deviation   Δ ω  , which passes through a look-up table to obtain rotor resistance power   P  r r   . At high wind speeds,   P  r r    attempts to maximise the active power provided to the grid, as VSWTs [66]. This   P  r r    is compared to   P  g e n   . A PI controller is then used to estimate the rotor resistance   R  r o t    value, attempting to minimise the error between   P  g e n    (the measured variable) and   P  r r    (the desired reference value).




3.3.2. Active Generated Power and Generator Set Model


The active power is similar to that of Type 1 WTs (refer to Figure 6). However, in this case, the power losses due to the VRR should be considered when estimating the   P  l (  R r  )   , as depicted in Figure 14. Indeed, above rated speed, the VRR control effectively allows the air-gap torque to be controlled, and varies the slip. This extra power generated is subsequently lost as heat by the additional VRR [67].



The wound rotor option of the Asynchronous Machine pu Units of SymPowerSystems is used. The three inputs for the voltage rotor are then calculated with a controlled voltage source (see Figure 15), which will be modified depending on the value of the rotor current   I r   and the rotor resistance value   R  r o t    (determined with Figure 13).






4. Results


A three-phase voltage dip was simulated to test and compare the behaviour of Types 1 and 2 WTs facing UVRT. The generator active and reactive powers, and generator and rotor speeds of Types 1A, 1B and 2 WTs under such voltage dip were analysed. These simulations were carried out under a HIL real-time simulator environment with Matlab/Simulink.



4.1. Real-Time Simulation (Hardware-in-the-Loop)


Over the last decade, HIL experiments have generated great interest in the field of components and power system testing [68]. In fact, the association of HIL configurations plus a real-time simulator allows us to verify the design integrity and safely evaluate the performance of physical controller platforms [69]. In consequence, the general models of Types 1 and 2 WTs were simulated with MATLAB/Simulink combined with a real-time HIL. It must be highlighted that only one specific block of the library of the HIL real time simulator was used. This specific block is the ‘OPComms’, which is a requirement of the HIL. The rest of the model was completely based on standard Simulink blocks. The HIL model OP5600 from OPAL-RT shown in Figure 16 was used. It has one (out of four) Intel processor cores 3.2 GHz activated, a Xilintex Kintex 7 FPGA, and the Linux Redhat as the real-time operating system. It also includes 16 user input/outputs allowing for the exchange of information from/to another systems.




4.2. Simulation Results


The three Types of wind turbines presented and described in this paper have faced the same three-phase voltage dip to test their electrical behaviour facing this kind of electrical fault. The voltage dip under consideration is shown in Figure 17.



As seen in Figure 18, the active power   P  g e n    of the Type 1A WT is nearly 1 pu before the voltage dip occurs. When the voltage drops, active power also reduces, even reaching 0 pu due to the low value of the voltage (please, refer to Figure 8). As voltage recovers,   P  g e n    increases again, with a maximum value of 1.4 pu, and oscillates around 2 s. Then, it returns to its initial pre-fault value. With regard to reactive power   Q  g e n   , its initial value is −0.5 pu. It suddenly increases, reaching 1 pu when the voltage is reduced to its minimum value. When the voltage increases, the reactive power reduces again. In fact, the minimum value of   Q  g e n    is −2.5 pu. When the voltage dip is at its initial value, the reactive power takes around 2 s to stabilise. The rotational speeds of both generator and rotor increases when active power   P  g e n    decreases. Due to the different inertia values of the generator and rotor (see Appendix A), the generator rotational speed acceleration/deceleration is faster and fluctuates more than the rotor speed.



Similar results are shown in Figure 19 for the Type 1B WT. However, in this case, as voltage recovers after the dip, the maximum value of   P  g e n    is 1.2 pu. This slight reduction compared to Type 1A is due to the UVRT pitch control of the Type 1B WT (refer to Section 3.2), which modifies the mechanical power of the WT. Reactive power and both rotational speeds have the same behaviour as those explained for the Type 1A WT in Figure 18, as no changes in those subsystems are carried out on Type 1B WT.



Figure 20 depicts active and reactive power of the Type 2 WT, as well as the rotational speeds. When the voltage drops, active power also reduces. As voltage recovers,   P  g e n    increases again, with a maximum value of 1.4 pu, taking around 2 s to go back to its initial pre-fault value. Reactive power   Q  g e n    suddenly increases as voltage is reduced. However, in this type of WT, the maximum value is reduced to 0.6 pu (instead of 1 pu for Type 1A and 1B WTs). In addition, the minimum value of   Q  g e n    is higher than for Type 1A and 1B WTs (−1.5 pu instead of −2.5 pu). Moreover, when the voltage returns to its initial value, neither active nor reactive power have severe oscillations to recover. The rotational speeds of both generator and rotor increase when the active power   P  g e n    decreases. In this case, as   P  g e n    is less oscillatory than for the Type 1 WT,   ω  g e n    and   ω  W T R    also fluctuates less than in Type 1 WT.





5. Conclusions


In this paper, we conduct the modelling of Types 1 and 2 wind turbines with a hardware-in-the-loop combined with a real-time simulator, following Standard IEC 61400-27-1. The different subsystems required according to such Standard are presented, described and detailed for electrical simulation purposes, explaining the differences between Types 1A, 1B and 2 wind turbines. The different values for the parameters of the subsystems are also included, in contrast to the Standard IEC 61400-27-1 where the values for the parameters are not provided. In this way, other authors and researchers can perform simulations in terms of electrical response of such wind turbines. The active and reactive powers, together with the rotor and generator rotational speeds are simulated under a three-phase voltage dip, which is the worst-case scenario. The results show that the both Types 1A and 1B wind turbines have the same reactive power and rotational speed, whereas the active power of Type 1B presents fewer oscillations than Type 1A. Type 2 wind turbines yield the best active and reactive power responses, as their stability time is substantially lower than for Types 1A and 1B wind turbines. This paper thus provides practical information for Types 1 and 2 wind turbine models based on IEC 61400-27-1 submitted to voltage dips.
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Abbreviations


The following abbreviations are used in this manuscript:



	  ω  g e n   
	Generator rotational speed



	  ω  W T R   
	Wind turbine rotor rotational speed



	f
	Grid frequency



	  I n  
	Nominal current at wind turbine terminals



	  P n  
	Nominal active power of WT



	  P  a e r o   
	Aerodynamic power



	  Z  b a s e   
	Impedance base value



	  R  r o t   
	Variable rotor resistance



	  U n  
	Nominal phase-to-phase voltage at wind turbine terminals



	  H  W T R   
	Inertia constant of WT rotor



	  H  g e n   
	Inertia constant of generator



	  k  d r t   
	Drive train stiffness



	  c  d r t   
	Drive train damping



	FSWTs
	Fixed Speed Wind Turbines



	HIL
	Hardware-In-the-Loop



	IEC
	International Electrotechnical Commission



	FRT
	Fault-Ride-Through



	LVRT
	Low-Voltage Ride-Through



	VRR
	Variable Rotor Resistance



	VSWTs
	Variable Speed Wind Turbines



	WTs
	Wind Turbines










Appendix A. Type 1A WT Parameters
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Table A1. Parameters of Type 1 WT model.






Table A1. Parameters of Type 1 WT model.





	Variable
	Value





	   T  i n i t    
	0.989



	   H  W T R    
	4



	   H  g e n    
	1



	   k  d r t    
	53.16



	   c  d r t    
	5



	   S n   
	2.3 × 10   6  



	   U L   
	960



	f
	50



	   R S   
	0.01



	   L S   
	0.1248



	   R  r  ′   
	0.01



	   L  r  ′   
	0.1248



	   L m   
	7.98611



	Pole pairs
	2









Appendix B. Type 2 WT Parameters
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Table A2. Parameters of Type 2 WT model.






Table A2. Parameters of Type 2 WT model.





	Variable
	Value





	   H  W T R    
	4.06



	   H  g e n    
	0.9



	   k  d r t    
	1.30



	   c  d r t    
	2.30



	   S n   
	2.3 × 10   6  



	   U L   
	960



	f
	50



	   R S   
	0.01



	   L S   
	0.1248



	   R  r  ′   
	0.01



	   L  r  ′   
	0.1248



	   L m   
	7.98611



	Pole pairs
	2
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Figure 1. Classification of wind turbines. 
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Figure 2. Definition of voltage dip. 
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Figure 3. Main electrical and mechanical components of FSWTs. (a) Type 1 (b) Type 2. 
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Figure 4. Type 1A WT model. 






Figure 4. Type 1A WT model.



[image: Energies 13 04078 g004]







[image: Energies 13 04078 g005 550] 





Figure 5. Two-mass mechanical model. 
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Figure 6. Rotor and stator power losses model. 
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Figure 7. Conversion from dq to a, b, c system. 
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Figure 8. Model to calculate P, Q and S. 
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Figure 9. Type 1B WT model. 
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Figure 10. Wind turbine pitch control power model. 
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Figure 11. Time the protection system will be activated depending on   U  U V R T   . 
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Figure 12. Type 2 WT model. 
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Figure 13. Rotor resistance control model. 
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Figure 14. Rotor and stator power losses model. 
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Figure 15. Rotor voltage set for the wound rotor asynchronous generator. 
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Figure 16. Real time simulator OP5600. 
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Figure 17. Voltage dip applied to Type 1 and 2 WTs. 
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Figure 18. Response of Type 1A WT (a) Voltage dip (b) Generator active power (c) Generator reactive power (d) Generator and turbine rotational speeds. 
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Figure 19. Response of Type 1B WT (a) Voltage dip (b) Generator active power (c) Generator reactive power (d) Generator and turbine rotational speeds. 
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Figure 20. Response of Type 2 WT (a) Voltage dip (b) Generator active power (c) Generator reactive power (d) Generator and turbine rotational speeds. 
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