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Abstract

:

In this paper, a systematic synchronization procedure is proposed for a doubly fed induction generator (DFIG) during unbalanced grid voltage conditions. The initial induced voltage at the open stator terminal is required to synchronize with the grid voltage in magnitude, frequency and phase. An open stator negative sequence rotor current controller is implemented with the conventional DFIG vector controller, which allows the induced stator voltage to become as unbalanced as the grid voltage, hence enabling a smooth connection. A brief comparison is provided for practical issues such as controller structure variation between DFIG open stator and normal operating conditions, and initial encoder rotor angle measurement offset. The procedure is validated experimentally on a 2.2 kW laboratory-scaled DFIG test bench.
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1. Introduction


The constant, increasing demand in energy is moving the world away from traditional power generation and towards a more environmentally sustainable society. This is evident in the continuous effort, over the years, to increase installed wind generation capacity worldwide. For larger wind turbines in mega-watt (MW) range, the doubly fed induction generator (DFIG) is a popular solution due to its controllability via the rotor at slip power rating [1,2,3,4].



In addition to reduced cost as a direct consequence of the fractionally rated rotor converter, decoupled active and reactive power control on the DFIG can be achieved using the classical vector controller scheme [5,6,7,8,9]. A conventional DFIG setup is shown in Figure 1.



Alternative control strategies have been proposed in various relevant literatures such as direct control [10,11,12], sensorless control [13] and model predictive control based on non-linear control principles [14,15]. However, the classical vector control scheme, based on PI compensators with feed-forward decoupling, is still predominantly used for its relatively reduced complexity. The main challenge in the design of a vector-controlled DFIG is providing the proportional and integral gain values for the PI compensator in order to achieve the desired system response.



Most of the DFIG control strategies proposed, thus far, are subjected to their normal operating condition where the machine stator is already exchanging power with the grid. During the startup period of the wind turbine driven DFIG, excessive stator current transients may result from a mismatch between the stator and grid voltage. Therefore, adopting a smooth grid connection procedure is essential to prevent excessive mechanical and electrical stresses on the machine.



Only a limited number of contributions have dealt with the importance of a smooth DFIG grid connection. The general solution, described in [16,17,18,19,20,21], produces an induced stator voltage equal to the grid voltage by adjusting the rotor current prior to synchronization. This results in a low impact connection to the grid, where current transients are minimal. However, the controller design, to a large extent remains absent—especially with respect to tuning the gains of the PI compensator. DFIG rotor dynamics vary depending on the stator connection with the grid, which gives rise to the need for designing an additional rotor current regulator for open stator conditions. Systematic vector controller designs for DFIG normal and synchronizing operations, with gain parameters derived from pole placement tuning have been provided in [22,23]. However, in the related literature, very little insight is provided with respect to the control design criterions, and the DFIG synchronization dynamics during unbalanced grid voltage conditions have not been considered. Another paper [24] discusses a control design where positive sequence stator voltage directly controls the positive sequence rotor voltages, and negative sequence rotor voltages are being controlled by negative sequence stator voltages by using an auxiliary controller. Hence the outer current control loops are eliminated, and rotor current transients are ignored in favor of overall better control dynamics. Similarly in [25], direct voltage control is implemented (DVC). Inner current control loop is eliminated for an additional control loop to acquire stator voltages and currents. The paper discusses simulated results, only showing the voltage and frequency synchronization during intermittent wind patterns. Moreover, the rotor current transients are completely ignored in the analysis. In [26], with the direct power control (DPC), a virtual phase angle is introduced to eliminate the coupling interactions between the phase locked loop and the unbalanced network. To simplify the control, the sequence separation of the components has been removed and the system only operates in a positive sequence reference frame. The controller on the grid side converter is auto-tuned for the negative sequence components which are assumed to be zero throughout the analysis. This is an important issue as DFIG-based wind turbines are usually situated in rural areas where unbalanced grid voltages can be considered a frequently occurring condition. From the statistics given in [27], symmetrical faults appear 5% compared to asymmetrical faults i.e., in the form single line to ground fault 70%, line-to-line fault 15%, and double line to ground fault 10%.



In this paper, a complete DFIG synchronization procedure is proposed which results in a low impact connection to unbalanced grid voltages. This is achieved with the implementation of a simple dual sequence rotor current controller during DFIG open stator operations. The proposed controller enables the induced stator voltage to become as unbalanced as the grid voltage, hence enabling a smooth connection. The DFIG positive and negative sequence models in their respective synchronous frames are investigated to facilitate the appropriate initial rotor current settings, hence reducing the rotor current transients and the DC voltage ripples. The complete proposed grid synchronization procedure for the DFIG wind turbine has been validated on a 2.2 kW lab-scaled DFIG test bench.




2. Mathematical Modelling of DFIG under Unbalanced Grid Voltage Conditions


It is well known that DFIG dynamic behavior can be expressed in a synchronously rotating reference frame, with arbitrary angular velocity, using Clarke’s transformation. Figure 2 presents all the reference frames related to a DFIG where   (  d s  ,  q s  )   depicts the synchronous axes.



The electrical dynamics of the DFIG seen from this reference frame are constant during a steady state, allowing the application of well-defined linear control techniques. During unbalanced grid voltage conditions, the DFIG dynamic model should include both positive and negative sequence components of voltage and current. The zero sequence component can be neglected as generally the machines do not have a neutral connection with the grid.



Voltage and current sequence components can be extracted in the stationary   ( α β )   reference frame as:


    F →   α β   =   F →   α β +   +   F →   α β −    



(1)




where   F →   is the generic vector representation of voltages and currents, and the subscripts  +  and  −  represent positive and negative sequence components, respectively.



The stationary components expressed in (1) can be transformed to the synchronous   ( d q )   reference frames as:


    F →   d q  +  =   F →   α β    e  − j  ω s  t   =   F →   d q +  +  +   F →   d q −  +  =   F →   d q +  +  +   F →   d q −  −   e  − j 2  ω s  t    



(2)






    F →   d q  −  =   F →   α β    e  j  ω s  t   =   F →   d q +  −  +   F →   d q −  −  =   F →   d q +  +   e  j 2  ω s  t   +   F →   d q −  −   



(3)




where    ω s    is the grid voltage radian frequency and the superscripts  +  and  −  indicate positive and negative sequence reference frames, respectively.



According to (2) and (3), it can be seen that the negative sequence component produces oscillations in the positive sequence reference frame at twice the grid frequency. The same is true when observing the positive sequence component in the negative sequence reference frame. In order to facilitate the control of DFIG positive and negative sequence currents, notch filters tuned at twice the grid frequency should be incorporated to eliminate these oscillations.



The dynamic model of the DFIG electrical circuits in the positive sequence reference frame can thus be expressed as:


   V  s d q  +  =  I  s d q  +   R s  +   d  ϕ  s d q  +    d t   + j  ω s   ϕ  s d q  +   



(4)






   V  r d q  +  =  I  r d q  +   R r  +   d  ϕ  r d q  +    d t   + j  ω  s l i p    ϕ  r d q  +   



(5)






   ϕ  s d q  +  =  L s   I  s d q  +  +  L m   I  s d q  +   



(6)






   ϕ  r d q  +  =  L r   I  r d q  +  +  L m   I  s d q  +   



(7)




where    R s  ,  L s  ,  R r  ,  L r    are the resistances and inductances of the stator and rotor, and    L m    is the magnetizing inductance. The stator and rotor voltages, currents and fluxes are represented as    V  s d q  +  ,  V  r d q  +  ,  I  s d q  +  ,  I  r d q  +  ,  ϕ  s d q  +  ,  ϕ  r d q  +   , respectively. The rotor electrical frequency is expressed as    ω  s l i p   =  ω s  −  ω r   .




3. Controller for DFIG Normal Operation under Unbalanced Grid Voltages


The rotor voltage equations for the DFIG can be derived from (4)–(7) by using the stator flux or voltage orientation for the synchronous reference frame alignment. The stator voltage orientation adopted in this paper is illustrated in Figure 3.



It can be seen that the positive sequence    d +    axis is aligned with the stator voltage vector     V →  s    which results in the following positive and negative rotor   d q   equations:


   V  r d +  +  =  R r   I  r d +  +  + σ   d  I  r d +  +    d t   −  ω  s l i p +   σ  I  r q +  +  −  ω  s l i p +      L m     L s     ϕ  s q +  +   



(8)






   V  r q +  +  =  R r   I  r q +  +  + σ   d  I  r q +  +    d t   +  ω  s l i p +   σ  I  r d +  +  +  ω  s l i p +      L m     L s     ϕ  s d +  +   



(9)






   V  r d −  −  =  R r   I  r d −  −  + σ   d  I  r d −  −    d t   −  ω  s l i p −   σ  I  r q −  −  −  ω  s l i p −      L m     L s     ϕ  s q −  −   



(10)






   V  r q −  −  =  R r   I  r q −  −  + σ   d  I  r q −  −    d t   +  ω  s l i p −   σ  I  r d −  −  +  ω  s l i p −      L m     L s     ϕ  s d −  −   



(11)




where   σ =  L r  −    L m 2     L s      is the machine leakage coefficient and    V  s d q  +  =   d  ϕ  s d q  +    d t   + j  ω s   ϕ  s d q  +      ω  s l i p ±   = ±  ω s  −  ω r   .



Equations (8)–(11) can then be used to design the proportional-integral (PI)-based vector controller for both positive and negative sequence rotor currents.



The actual rotor controller structure for DFIG normal operations with feed-forward decoupling is illustrated in Figure 4.




4. Controller for DFIG Open Stator Operation under Unbalanced Grid Voltages


With the goal of smooth connection between the DFIG and the grid, the initial machine voltage at the open stator terminal needs to be exactly the same when compared to the grid voltage in terms of magnitude, frequency and phase.



The DFIG model derived previously should be adjusted according to its open stator dynamics, as the lack of stator excitation causes the machine to exhibit different electrical dynamics. With the absence of stator currents, (4)–(7) can be simplified as:


   V  s d q  +  =   d  ϕ  s d q  +    d t   + j  ω s   ϕ  s d q  +   



(12)






   V  r d q  +  =  I  r d q  +   R r  +   d  ϕ  r d q  +    d t   + j  ω  s l i p    ϕ  r d q  +   



(13)






   ϕ  s d q  +  =  L m   I  r d q  +   



(14)






   ϕ  r d q  +  =  L r   I  r d q  +   



(15)







It can be observed from (12)–(15) that all the flux terms in the machine are directly produced by the rotor currents. Therefore, stator voltages can be induced initially by exciting the rotor windings. Using the same stator voltage orientation, the rotor voltage equations can be derived for the DFIG open stator condition as:


   V  r d +  +  =  R r   I  r d +  +  +  L r    d  I  r d +  +    d t   −  ω  s l i p +    L r   I  r q +  +   



(16)






   V  r q +  +  =  R r   I  r q +  +  +  L r    d  I  r q +  +    d t   +  ω  s l i p +    L r   I  r d +  +   



(17)






   V  r d −  −  =  R r   I  r d −  −  +  L r    d  I  r d −  −    d t   −  ω  s l i p −    L r   I  r q −  −   



(18)






   V  r q −  −  =  R r   I  r q −  −  +  L r    d  I  r q −  −    d t   +  ω  s l i p −    L r   I  r d −  −   



(19)







Equation (16) can then be used to design the open stator vector controller for both positive and negative sequence rotor currents. However, comparing (8)–(11) and (16)–(19), several controller differences exist for both operating conditions of the DFIG, which are:




	
The decoupling terms are different, where dominant back EMF influence does not exist in the open stator case.



	
The electrical time constant σ/Rr for DFIG normal operations changes to Lr/Rr when the stator is open. Since σ < Lr, the control loop dynamics for normal operation should be set faster than the open stator case.








The actual rotor controller structure for DFIG open stator operations with feed-forward decoupling is illustrated in Figure 5.




5. Rotor Current Reference Setting During Unbalanced Grid Voltage Conditions


The stator flux    ϕ  s d q  +    and rotor currents    I  r d q  +    in (12)–(15) can be expressed by their positive and negative sequence components using (2) and (3), resulting in the following expression:


   ϕ  s d q +  +  +  ϕ  s d q −  −   e  − j 2  ω s  t   =  L m  (  I  r d q +  +  +  I  r d q −  −   e  − j 2  ω s  t   )  



(20)







Separating the constant and exponential terms in (20), the rotor current responsible for producing stator positive and negative sequence fluxes are determined as:


   ϕ  s d q +  +  =  L m   I  r d q +  +    ( + s e q )  



(21)






   ϕ  s d q −  −  =  L m   I  r d q −  −    ( − s e q )  



(22)







Similarly, the positive and negative sequence components of the induced stator voltage    V  s d q  +    in (12) can be expressed by using (2) and (3) below:


     V  s d q +  +  +  V  s d q −  −   e  − j 2  ω s  t     =     d (  ϕ  s d q +  +  +  ϕ  s d q −  −   e  − j 2  ω s  t   )   d t         + j  ω s  (  ϕ  s d q +  +  +  ϕ  s d q −  −   e  − j 2  ω s  t   )      =   j  ω s  (  ϕ  s d q +  +  −  ϕ  s d q −  −   e  − j 2  ω s  t   )    



(23)







Equating on both sides of (23) results in the following open stator relationship between voltages and flux on the stator:


    [       ϕ  s d +  +         ϕ  s q +  +       ]  =  1   ω s     [       V  s q +  +        −  V  s d +  +       ]    ,    [       ϕ  s d −  −         ϕ  s q −  −       ]  =  1   ω s     [      −  V  s q −  −         V  s d −  −       ]    



(24)







Substituting (24) into (21) and (22) and noting that    V  s q +  +  = 0   for stator voltage orientation, the rotor reference current can thus be expressed as:


    [       I  r d +  +         I  r q +  +       ]  =  1   ω s   L m     [     0      −  V  s d +  +       ]    ,    [       I  r d −  −         I  r q −  −       ]  =  1   ω s   L m     [      −  V  s q −  −         V  s d −  −       ]    



(25)







Since the objective is to ensure that the induced stator voltage is synchronized to the grid voltage, the positive and negative sequence voltages in (25) must be directly obtained from the grid voltage     V →  g    such that:


   V  s d q ±  ±  =  V  g d q ±  ±   



(26)




where    V  g d q ±  ±    represents the grid voltage sequence components in both positive and negative synchronous reference frames. It was shown in various literature [28,29] that when the DFIG stator is connected to the grid, its active and reactive power outputs along with the oscillations caused by voltage unbalance can be expressed as:


   P s  =  P  s o   +  P  s ( sin 2 )   sin ( 2  ω s  t ) +  P  s ( cos 2 )   cos ( 2  ω s  t )  



(27)






   Q s  =  Q  s o   +  Q  s ( sin 2 )   sin ( 2  ω s  t ) +  Q  s ( cos 2 )   cos ( 2  ω s  t )  



(28)




where:


   [         P  s o          Q  s o          P  s ( sin 2 )            P  s ( cos 2 )        Q  s ( sin 2 )        Q  s ( cos 2 )      ]  = −  3  2  L s     [       V  s d +  +       V  s q +  +       V  s d −  −       V  s q −  −         V  s q +  +      −  V  s d +  +       V  s q −  −      −  V  s d −  −         V  s q −  −      −  V  s d −  −      −  V  s q +  +       V  s d +  +         V  s d −  −       V  s q −  −       V  s d +  +       V  s q +  +        −  V  s d −  −      −  V  s q −  −       V  s d +  +       V  s q +  +         V  s q −  −      −  V  s d −  −       V  s q +  +      −  V  s d +  +       ]   (   [       ϕ  s d +  +         ϕ  s q +  +         ϕ  s d −  −         ϕ  s q −  −       ]  −  L m   [       I  r d +  +         I  r q +  +         I  r d −  −         I  r q −  −       ]   )   



(29)







Substituting (24) and (25) into (29) and (28), respectively, it is worth noting that the rotor current settings stipulated in (25) lead to zero power exchange with the grid. This implies that after synchronization, the DFIG is connected to the grid at zero power leading to a smooth transition between open stator and normal operation control.




6. Implementation Procedure


This section briefly details several issues with respect to DFIG soft synchronization, where a step-by-step description of the proposed procedure is given for its proper implementation.



6.1. Incremental Encoder Angle Offset on Rotor Alignment


The rotor electrical angle measurement is fundamental for enabling rotor control in both normal and soft synchronization conditions. This information can be obtained by using an encoder coupled with the machine shaft that produces the rotor mechanical angular position. The incremental encoder is widely used for its lower cost compared to other technologies. Note this type of encoder only measures the relative position of the rotor with respect to an initial resting angle    θ r  i n i t i a l    . If the rotor is not initially aligned to the stator stationary axis, i.e.,    θ r  i n i t i a l   ≠ 0  , then the actual rotor angle θr will introduce an offset in the slip angle    θ  s l i p     which is used for rotor current transformation onto the synchronous frame. Since the initial induced stator voltage results from rotor current regulation, offset in    θ  s l i p     causes a phase shift between stator and grid voltage prior to synchronization. In [20], a separate PLL is proposed for computing the stator voltage angle so as to converge it to the grid angle; whereas in [23], a simple method is introduced where    θ r  i n i t i a l     is approximated and added to    θ  s l i p    . The approximation is given as:


   θ r  i n i t i a l   =  θ g  −  90  ° −  θ  s l i p    



(30)




where    θ g    is obtained from the grid-side PLL and    θ  s l i p     can be calculated as    θ  s l i p   =  θ g  −  θ r   . The rotor initial alignment does not pose as an issue for machines that use absolute encoders or sensorless control, such as in [30].




6.2. Controller Gain Interchange between Normal Operation and Synchronization


As discussed previously, the changing rotor dynamics require changing controller gains, as well as feed-forward compensation terms depending on the mode of DFIG operation. So, it is important to consider that the transition between the controller structures depicted in Figure 4 and Figure 5 are neither too fast or too slow as either mode may negatively impact the smooth connection to the grid. To be precise, from the point of closing the grid contactors, the control voltages    V  d r     and    V  q r     should be forced to remain the same for a period that is equal to the contactor mechanical closing time. This operation can be described as:


   V  d q r   ( k ) =  V  d q r   ( k − n )  



(31)




where k in (31) represents the current sampling instance and n is a unit integer increment that resets to zero if the following condition is met:


  n  T s  =  T  m e c h    



(32)




where    T s    and    T  m e c h     represent the rotor current control sampling period and grid contactor mechanical closing time.




6.3. Complete Procedure for DFIG Soft Synchronization to Unbalanced Grid Voltages


Based on all aspects discussed in previous sections, as well as practical implementation issues mentioned in this section, a flow chart is provided in Figure 6 that details all the initial actions required leading up to the point of synchronization.



It should be noted that the grid side control is included in Figure 6 for completeness of the procedure; however, experimental work in the following section is carried out only for the machine side control. The DC bus is initially charged and regulated through grid synchronization process.





7. Experimentation


This section provides experimental results gathered for the soft synchronization of the DFIG to an unbalanced grid. Two test cases were implemented for comparison, with standard soft synchronization used in the first case and the proposed procedure used in the second case. The DFIG test rig used is rated at 2.2 kW which is, in turn, connected to a 380 V grid. For experimental investigations a real-time National Instruments controller with built-in DAQ/FPGA modules is used.



The laboratory setup is shown in Figure 7 below.



The system parameters for the experimental DFIG are shown in Table 1.



7.1. Soft Synchronization of the DFIG to an Unbalanced Grid Using Standard Procedure


The standard soft synchronization procedure detailed in [16,17,18,19,20,21,22] was first carried out in order to connect the DFIG to the grid. Grid voltage unbalance was set so that each phase has the following deviation from the nominal voltage of 380 V; i.e., Phase A: 40%, Phase B: 20% and Phase C: 50%.



The DC link voltage was initially charged and stabilized through the grid side control, and the machine was driven to 20% slip by the DC drive shown in Figure 7. Once the initial setup had been completed, the synchronization was then performed. Experimental results for the standard synchronization are shown in Figure 8.



Testing conditions as discussed in the previous section, which deliberately produces an unbalanced stator voltage equal to the The synchronization begins at t = 222.6 s as the positive sequence rotor current    I  r d q +  +    is controlled to enforce    V s  =  V g   . It should be noted that for the standard synchronization procedure, the negative sequence rotor current controller is disabled. Therefore    I  r d q −  −    is not regulated throughout the synchronization process. Each synchronization step shown in Figure 6 is programmed to be completed within 5 cycles of the fundamental grid frequency, which gives sufficient time for the rotor current controller to reach steady state operation.



The initial rotor angle offset can be observed in Figure 8a, where the induced stator voltage is phase shifted from the grid voltage. This angle offset was fixed at t = 222.7 s, which is shown in Figure 8d. It can be noted from Figure 8f that, since the negative sequence rotor current remained at zero, the 3-phase rotor current waveform is balanced and is shown in Figure 8g.




7.2. Soft Synchronization of the DFIG to an Unbalanced Grid Using Proposed Procedure


The proposed soft synchronization procedure was carried out under the same unbalanced grid voltage. The experimental results for the proposed procedure are shown in Figure 9.



Compared to the standard procedure, the only difference is the introduced negative sequence rotor current controller. Furthermore, it can be seen from the results that both    I  r d q +  +    and    I  r d q −  −    are regulated according to the conditions stipulated in (25).



The induced stator voltage matches the grid voltage even during unbalance, which can be seen in the stationary reference frame shown in Figure 10. The resulting stator current transient during synchronization can be seen to have minimal impact on the machine. The results observed clearly demonstrate that setting rotor negative sequence current in the synchronous frame, according to (25), causes the induced stator voltage to become as unbalanced as the grid voltage. This will then minimize the stator current transient impact during DFIG synchronization to the grid. Compared to the standard procedure, the proposed controller adds the additional feature which enables a smooth connection of the DFIG to unbalanced grid voltages.





8. Conclusions


A method for connecting a DFIG to unbalanced grid voltages is proposed in this paper. The procedure incorporates a negative sequence rotor current controller during DFIG open stator operation, which forces the initial induced stator voltage to be as unbalanced as the grid voltage—hence allowing a low impact synchronization with the grid. The proposed strategy has been validated on a 2.2 kW DFIG test rig. The experimental results show that the proposed control scheme effectively controls induced stator voltage, via rotor positive and negative sequence currents, to accurately follow the unbalanced grid voltage and hence avoids current and power impacts to both the DFIG and the grid at the time of connection.
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Figure 1. Overall doubly fed induction generator (DFIG)-based wind turbine. 
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Figure 2. DFIG reference frames. 
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Figure 3. DFIG positive sequence vector diagram with stator voltage orientation. 
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Figure 4. DFIG normal operation rotor current controller. 
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Figure 5. DFIG open stator rotor current controller. 
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Figure 6. DFIG soft synchronization procedure for unbalanced grid voltages. 






Figure 6. DFIG soft synchronization procedure for unbalanced grid voltages.



[image: Energies 13 03155 g006]







[image: Energies 13 03155 g007 550] 





Figure 7. DFIG laboratory setup. 
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Figure 8. Experimental results for DFIG soft synchronization to the grid using standard procedure. (a) Phase-A grid and stator voltages (b) Phase-B grid and stator voltages (c) Phase-C grid and stator voltages (d) Phase angles difference (e) Positive sequence rotor current components (f) Negative sequence rotor currents components (g) Three phase-Rotor currents (h) Three phase-Stator currents. 
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Figure 9. Experimental results for DFIG soft synchronization to the grid using proposed procedure. (a) Phase-A grid and stator voltages (b) Phase-B grid and stator voltages (c) Phase-C grid and stator voltages (d) Phase angles difference (e) Positive sequence rotor current components (f) Negative sequence rotor currents components (g) Three-phase Rotor currents (h) Three-phase Stator currents. 
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Figure 10. Grid and stator induced voltages in the stationary reference frame using proposed procedure. 
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Table 1. DFIG parameters.






Table 1. DFIG parameters.





	Parameter
	Value





	Rated power,    P  r a t e d    
	2.2 kW



	Rated r.m.s stator voltage,    V  r m s    
	220/380 V



	Stator resistance per phase, Rs
	6.6 Ω



	Stator inductance per phase,    L s   
	480 mH



	Magnetizing inductance,    L m   
	452 mH



	Rotor resistance per phase,    R r   
	6.02 Ω



	Rotor inductance per phase,    L r   
	480 mH



	Effective turns ratio,    n  s r    
	1.03



	Number of pole pairs,    P p   
	2



	Machine inertia,    J m   
	0.10508 kg·m2











© 2020 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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