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Abstract

:

Grid faults are found to be one of the major issues in renewable energy systems, particularly in wind energy conversion systems (WECS) connected to the grid via back-to-back (BTB) converters. Under such faulty grid conditions, the system requires an effective regulation of the active (P) and reactive (Q) power to accomplish low voltage ride through (LVRT) operation in accordance with the grid codes. In this paper, an improved finite-control-set model predictive control (FCS-MPC) scheme is proposed for a PMSG based WECS to achieve LVRT ability under symmetrical and asymmetrical grid faults, including mitigation of DC-link voltage fluctuation. With proposed predictive control, optimized switching states for cost function minimization with weighing factor (WF) selection guidelines are established for robust BTB converter control and reduced cross-coupling amid P and Q during transient conditions. Besides, grid voltage support is provided by grid side inverter control to inject reactive power during voltage dips. The effectiveness of the FCS-MPC method is compared with the conventional proportional-integral (PI) controller in case of symmetrical and asymmetrical grid faults. The simulation and experimental results endorse the superiority of the developed FCS-MPC scheme to diminish the fault effect quickly with lower overshoot and better damping performance than the traditional controller.
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1. Introduction


Recently, renewable energy sources like wind power farms are witnessing rapid incorporation into the electric power market, primarily because of reduced carbon footprint with less dependence on fossil fuels [1]. On the flip side, these sources are attributed to a weak dynamic system performance that yields power quality and stability issues [2,3]. Fast-paced research has been conducted to mitigate issues related to power control and grid faults by modifying the integration strategies in grid-connected wind turbines (GCWT) systems [4]. LVRT standards obligate a wind generation system to be linked to the power system during uncertain grid conditions and faults [5,6]. According to E.ON-Netz, Germany, LVRT condition requires an RES to retain grid connection and inject reactive power during grid irregularities [7]. Moreover, these issues motivate network authorities to revise the grid codes to enforce LVRT as a key capability for stable and robust GCWT systems operation [8,9],



Control problems in GCWT systems are usually dealt with using vector control [10]. In such schemes, active and reactive power components are generated by decoupling the system current into rotating reference frame (dq-frame) currents. Conventionally, PI-based controllers regulate rotor current vectors through the machine side converter (MSC) as well as grid current vectors through the grid side converter (GSC) [11,12]. Due to intrinsic restrictions of the PI controllers, particularly with nonlinear systems and for better grid fault mitigation, various advanced control techniques as well as hardware solutions are presented in the literature [13,14,15,16,17,18,19,20,21,22].



A compound method having repetitive control and fuzzy based PI control is proposed in [13] for power smoothening in a PMSG based GCWT system. Likewise, better THD with enhanced LVRT ability is achieved in a grid connected WECS using adaptive parameter for a neural-fuzzy hybrid control [15]. Using a feedback linearizing scheme, a sliding mode control is exploited in [16] to mitigate the sub synchronous oscillations under various grid disturbances in the connected wind energy system. In [17], authors applied virtual synchronous machine (VSM) on a PMSG-based WT network to analyze the small signal stability of the proposed controllers. Nevertheless, most of these control schemes fall short when it comes to requirements such as abundant memory, model accuracy, computation time, and big data for an effective learning process.



Some hardware modifications approaches are used to enhance LVRT functionality in GCWT systems. To protect the BTB converter of GCWT against high rotor current in case of grid faults, a crowbar circuit is generally applied [17,18]. Likewise, more viable hardware option for enhanced LVRT capability is to link the energy storage systems (ESSs) with GSC of the GCWT system [20]. The ESS based system helps to store energy, while in the crowbar option, power dissipation is the only way out. An alternative method used for reactive power compensation and grid support at the PCC is to install flexible AC transmission systems (FACTS) devices, such as a dynamic voltage restorer (DVR) [21], the static synchronous compensator (STATCOM) [22], and static var compensator (SVC) [14]. Although these devices help to maintain constant voltage levels, nevertheless, the majority of such devices are not cost-effective and make the system more expensive and multifarious.



Underlying research on enhancing the LVRT capability of PMSG-based GCWT systems is subject to achieving objectives such as regulating the rotor overcurrent and DC-link overvoltage as well as controlling the active and reactive power under and during grid faults/voltage dips [23]. In such constrained problems, MPC proved to be a prime framework due to its recurrent optimization of control objectives over a receding horizon [24]. The prediction procedure occurs at each sample time to achieve cost function minimization. Error is generated by comparing the reference value with the measured output from the system, which acts as future information for the subsequent sample period for every variable. There are two broad categories of MPC discussed in the literature, namely continuous control set [25] and finite control set (FCS) [26]. When compared to continuous MPC, FSC-MPC has the advantage of processing the switching signals directly as control inputs, thus avoiding the need for a modulation stage. FCS-MPC is more appropriate for the applications relating to the control of power inverters [27].



On the other hand, there are some obstacles while using FCS-MPC for the GCWT systems. One major issue is the time-consuming computations while searching for the optimal or minimal values from all the possible switching state vectors. This exhaustive search limits controller computation ability as well as decreases the step length of the prediction horizon [28]. Another challenge is selecting the right weighting factors (WFs) for the cost function. Generally, high WF is assigned to the cost function term with higher error values. Typically, algorithms related to evolutionary search are used for WF determination. Several other schemes make use of dynamic WF gain as the error function to tune WF online [29,30]. Nonetheless, unsuitable WF selection may complicate the cost function, worsening the overall control effort. Consequently, there is a trade-off amid accuracy and simplicity.



Keeping in mind the shortcomings mentioned in the literature above, this study proposes an improved FSC-MPC scheme to boost the de-coupled control of the injected real and reactive power into the power grid. With the suggested FCS-MPC scheme, both the machine side converter (MSC) and GSC of the GCWT system are controlled to suppress dc-link overvoltage and to meet LVRT demand using cost function minimization during transient conditions. The proposed scheme helps adjust the WFs only during transient or fault conditions while keeping a uniform value under steady-state condition for each coefficient of the cost function. Besides, Lyapunove’s stability criteria as well as parameter sensitivity analysis are carried out to inspect the stability and robustness of the proposed control scheme. To summarize, the key aspects and contributions of this study are:




	
An FCS-MPC scheme is utilized to enhance the LVRT operation of a PMSG-based grid connected wind generation system.



	
Optimized switching states are selected by proposed predictive model to achieve reduced cross-coupling errors of active and reactive power predictions.



	
Priority-based weighting factors are tuned for faster performance of the controller for P and Q power injection under various grid scenarios.



	
DC-link overvoltage oscillation mitigation with better reference tracking.



	
Lyapunove’s stability criterion and parameter robustness analysis have been performed.



	
Improved implementation of proposed scheme under both symmetrical and asymmetrical grid faults in accordance with recommended grid codes.



	
Dynamic performance analysis and comparison of the proposed FCS-MPC method with classical PI controller.



	
Experimental verification of the simulated results.








The remaining parts of the article are organized as follows. In Section 2, detailed time domain modelling of GCWT system is provided. The proposed FCS-MPC approach and its application on MSC and GSC is described in Section 3. Finally, Section 4 and Section 5 present simulation as well as experimental results and conclusions, respectively.




2. Grid Connected Wind Turbine System


The design and modelling of PMSG based GCWT system is established in this section. Firstly, the mechanical specifics of the wind turbine are discussed, followed by the modeling of the B2B converter system, which entails MSC, GSC, DC-link, and the converter output filter, as shown in Figure 1.



2.1. Wind-Turbine Modeling


The energy harnessed by the wind turbine is related to the wind speed and the turbine characteristics that can be expressed as [31]:


   P M  = 0.5   ρ A  C  p   λ , β      v 3     



(1)




where  ρ  is the density of the air, A is the swept area by the turbine blades, v is the speed of the wind, and    C p    denotes the power coefficient, which is contingent upon tip speed ratio   λ   as well as pitch angle  β . The value of  λ  is equated as


  λ =    ω  r t    ϑ  w b    v   



(2)




where    ω  r t     is the rotational speed of the turbine and    ϑ  w b     is the blade length of the wind turbine. Through the adjustment of  λ , the maximum power can be extracted in case of varying the wind velocities with a maximum    C  p   λ , β       of 0.48 (Betz limit) at zero pitch angle as [31]:


   C  p   λ , β     = 0.5175   − 0.4 β +   116    λ a       e      21    λ a        +   6.8  e  − 3      λ a   



(3)




where    λ a    represents the constructional constraint constant.




2.2. Multiphase PMSG Modeling


The mathematical modeling of PMSG is mostly performed in space vector form by using park transformation. This transformation makes use of dq-frame or synchronous reference frame (SRF) to represent machine side variables such as voltages, power, and torque of the PMSG, as presented in Equations (4)–(8) [32]:


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



(4)






   V  q s   =  ω r   L s   I  d s   +  ω r   Ψ r  + R  I  q s   +  L s    d  I  q s     d t    



(5)






   T  e . m   =  3 2  P    I  q s    Ψ r     



(6)






   P  s t a t o r   =  3 2     V  d s    I  d s   +  V  q s    I  q s      



(7)






   Q  s t a t o r   =  3 2     V  q s    I  d s   −  V  d s    I  q s      



(8)




where    V  d s    ,    V  q s     are the stator voltages,    I  d s   ,    I  q s     are the stator currents,    L s    is the inductance of the stator, R is stator resistance,    ω r    is the speed of the electric field,    Ψ r    is the rotor flux linkage,    T  e . m     is the electromagnetic torque, and P is the number of poles.



The mechanical and electrical torques can be related as follows:


   P m  =  ω r   T m  ;         d  ω r    d t   =  1 D     T e  −  T m    −  B D   ω r   



(9)




where Pm is the mechanical power of the wind turbine, D is the inertia of the system and B is the friction-coefficient. Similarly, the mathematical model of GSC in dq-frame can be represented as follows [33]:


   E  d g   =  V  g d   −  ω g   L g   I  q g   +  R g   I  d g   +  L g    d  I  d g     d t    



(10)






   E  q g   =  V  g q   +  ω g   L g   I  q g   +  R g   I  q g   +  L g    d  I  q g     d t    



(11)




where    E  d g    ,    E  q g     are the output inverter voltages,    V  g d    ,    V  g q     are the grid voltages,    I  d g   ,    I  q g     are the grid currents,    L s    is the inductance of the filter,    R g    is the filter resistance, and    ω g    denotes the grid angular frequency.





3. FCS-MPC Scheme in Grid Connected Inverters


The FCS-MPC has become increasingly popular for the control and optimization of the grid-tied inverters [34]. The FCS-MPC is inherently a recurrent process at every sampling instant in order to determine the optimum future voltage vector of the inverter, which is close to the reference signal. In this way, those switching states, which minimize the cost function, are selected to be applied to the converter for the next sampling instant. The schematic of a grid-tied inverter is shown in Figure 2.



The switching states (Sx, Sy, Sz, Sa, Sb, Sc) have the following conditions:


  S =       0 ,     switch   in   upper   leg   open ,   lower   one   closed       1 ,     switch   in   upper   leg   close ,   lower   one   open        



(12)







The system dynamics at both sides of the DC-link capacitor can be written as follows:


   d  d t    v  d c   =  1 C     I s  −  I g     



(13)






   I s  =      i  x y z  s     T   S  x y z   ;    i  x y z  s  =      i x s     i y s     i z s     T   



(14)






   I g  =      i  x y z  g     T   S  a b c   ;    i  x y z  g  =      i x g     i y g     i z g     T   



(15)




where    v  d c     is the DC-link voltage,    I s    is stator current attained by the product of measured MSC currents (   i x s   ,    i y s   ,    i z s   ) and switching states    S  a b c    . Similarly,    I g    is the grid current obtained by the product of measured GSC currents (   i x g   ,    i y g   ,    i z g   ) and switching states    S  x y z    . Here, eight sequences of the switching state vectors are possible, either for MSC (   S  x y z    ) or GSC (   S  a b c    ) sides. The finite switching states and corresponding voltage vector outputs on GSC are listed in Table 1.



Conventionally, the selection of switching states for the voltage vectors in a given cost function is subject to the lowest value by that particular state. However, this method is time-consuming, as all eight switching states need to be assessed through the cost function. In this study, we deal with the PMSG-based grid with faults, where control scheme is required to make quick decisions to comply with LVRT conditions. Therefore, to avoid the evaluation of each switching state in every cycle, evaluation is done when one of the switches changes its state as compared to the previous state. Hence, four out of eight possible states are checked in this case to reduce calculation complexity, as shown in Table 2.



For a non-zero voltage vector from the previous cycle, it will either maintain its state or switch to an adjacent vector. On the other hand, if the switching voltage vector from the previous cycle has a zero state, the resultant switching could be any nonzero vector. Figure 3 displays the switching sequence of the optimized voltage vectors.



Under grid fault conditions, grid voltage drops instantly. As a result, the grid current rises to maintain the active power. When the grid voltage drops significantly, the current injection will reach a maximum allowed value, which may eventually decrease active power transfer to the load. This imbalance between input and output power causes an upsurge in the DC-link voltage magnitude. To keep the magnitude of DC-link voltage stable and to achieve better LVRT ability, the proposed FCS-MPC scheme suggests the use of controlling dq-frame currents on both sides of the DC link capacitor. Note that an increased rotor speed happens as grid power demand reduces during fault. Thus, the increase in speed will be compensated with rotor inertia by retaining a constant DC link voltage. Eventually, to meet LVRT requirements, reactive power is provided to the grid, and the active power is reduced under faulty conditions.



3.1. Machine Side Converter (MSC) Control


The FCS-MPC control scheme for MSC is a discrete-time technique applied in sampled time intervals. There are eight possible switching states for inverter voltage vectors. As stated, out of the total eight voltage vectors, two are null vectors. Using Euler approximation, Equations (4) and (5) can be transformed into equivalent discrete-time predicted forms as follows:


   I  d s   k + 1     =   1 −    t  i n t   R    L s       I  d s  k    +    t  i n t      L s     V  d s  k    +  ω r   I  q s  k     t  i n t    



(16)






   I  q s   k + 1     =   1 −    t  i n t   R    L s       I  q s  k    +    t  i n t      L s     V  q s  k    −  ω r   I  d s  k     t  i n t   −    t  i n t      L s     E  s  k     



(17)




where k is the sampling interval. Equations (16) and (17) represent future values of the stator current    I  s   k + 1       in dq-frame while taking into consideration all possible voltage vectors    V  s  k      generated by MCS, the measured stator current    I  s  k     , and the stator voltage, i.e.,    E s   .



In this work, the Euclidean norm is selected for cost function due to its better traceability property. The cost function takes into account the stator currents all in dq-frame as follows:


   C a  =   (   I  d s   k + 1     −  I  d s   k + 1    *   )  2  +   (   I  q s   k + 1     −  I  q s   k + 1    *   )  2  +  F  M S C    



(18)







The first two terms in (18) are devoted to tracking the references, i.e., calculating the error between the reference and forecasted stator currents in the dq-frame, and    F  M S C     is a bounded non-linear function for stator current magnitude, which can be represented as follows:


   F  M S C   =       0   f o r    i d  <  i  s , M     a n d    i q  <  i  s , M         ∞   f o r    i d  >  i  s , M     o r    i q  >  i  s , M          



(19)







Equation (19) shows that the maximum allowed value of the stator current i.e.,    i  s , M    , that corresponds to the voltage vector, chosen for cost function minimization. Conversely, the cost function    C a    will become infinity for any voltage vector, which corresponds to a value of stator current greater than    i  s , M    . Using (6), the value of the q-axis stator current reference is expressed as (20), where the optimum torque is obtained from the MPPT speed control. Figure 4 illustrates the proposed FCS-MPC approach with an internal PI loop and external current feedback loop.


   I  q s  *  =   2  T  e . r e f     3 P  Ψ r     



(20)








3.2. Grid Side Converter (GSC) Control with FCS-MPC


Usually, GSC serves the purpose of stabilizing the DC-link voltage    v  d c     in case of faults or load variations on the grid side. The FCS-MPC controller in this study regulates the active and reactive power as well as DC link voltage by controlling d-axis and q-axis grid currents. Using (10) and (11), the discrete-time conversion of the dq-frame grid current is specified as follows [35].


         I  d g   k + 1            I  q g   k + 1           = Φ        I  d g  k           I  q g  k          +  Γ i         E  d g   k + 1            E  q g   k + 1           +  Γ g         V  g d  k           V  g q  k           



(21)




where  Φ ,    Γ i   , and    Γ g    are the state matrices parameters in discrete time.



Using Langrage’s extrapolation approach,    k  t h     to       k + 1     t h     instant generation of reference grid current is equated as follows:


         I  d g   k + 1    *  = 4  I  d g  k   *  − 6  I  d g   k − 1    *  + 4  I  d g   k − 2    *  − 4  I  d g   k − 3    *         I  q g   k + 1    *  = 4  I  q g  k   *  − 6  I  q g   k − 1    *  + 4  I  q g   k − 2    *  − 4  I  q g   k − 3    *         



(22)







From the GSC predictive controller, the future values of the grid currents    I  g   k + 1       are predicted for the given switching states using (23). Finally, from the cost function in (24), the error between the predicted and reference values of the grid currents becomes:


   C b  =  γ d    (   I  d g   k + 1    *  −  I  d g   k + 1      )  2  +  γ q    (   I  q g   k + 1    *  −  I  q g   k + 1      )  2   



(23)




where    γ d    and    γ q    are dq-frame weighting elements of grid currents for frequency regulation. Active power minimization is achieved through the first term of (24), while reactive power transfer to the grid is tracked by the second term. Active and reactive power to the grid is equated as follows:


         P  g   k + 1     = 1.5    v  d g   k + 1      I  d g   k + 1              Q  g   k + 1     = − 1.5    v  q g   k + 1      I  q g   k + 1              



(24)







As depicted in Figure 5, through the internal DC-link voltage control loop, the d-axis reference grid current    I  d g   k + 1    *    is generated, which controls the active power transfer to the grid, while the reactive power is regulated by the q-axis grid current    I  q g   k + 1       , for which the reference can be obtained as:


   I  q g   k + 1    *  =    Q  g . r e f  k      − 1.5  V  g d   k + 1        



(25)








3.3. Dynamic Weight Factors (γd, γq) Modification


The WFs in the cost function adjust the control objective to achieve an optimal output value. During steady state condition, a unity value is assigned to both the weights, as there is no change being detected. It is during the transient state when lower priority is granted to the term by dropping its weight factor, which is negatively affecting the cost function. This is further described in the flowchart in Figure 6, where a cross-coupling term is diminished by weight factor reduction.



Weight factors in the cost function are adjusted experimentally by iterative analysis and within the specified ranges in Table 3. For a sudden change in the active current with the constant reactive current (Sp < Sq), Yd is reduced to rectify the disturbance in the active power control, while Yq remains constant. Similarly, for an abrupt reactive power change (Sp > Sq), the penalty is now applied on Yq to reduce the cross-coupling effect and smoother operation.




3.4. LVRT Requirements


One of the objectives of this study is to design the control scheme, which makes the GCWT system robust under symmetrical and asymmetrical voltage sags. To achieve this, the system needs to regulate the delivered active and reactive current injected into/absorbed from the power grid in accordance with grid integration standards and regulations [36]. The E.ON proposes that RES should supply 100% rated reactive current if a drop of 50% or more occurs in grid voltage for a predefined time duration [7].



With the occurrence of voltage sags, reactive power consumption/absorption by the grid is defined according to LVRT conditions as mentioned in grid codes [37]. In most cases, for a 50–90% drop in grid voltage magnitude, 2% reactive current of the total rated current is needed for every 1% drop of the grid voltage. The overall reactive support in case of voltage dip on the grid is equated using Equation (26) as under [38]:


         Q  g . r e f   = 0                           ∀      v  g r i d   > 0.9  v n         Q  g . r e f   = (     v n  −  v  g r i d      v n     ) k         ∀     0.9  v n  >  v  g r i d   > 0.5  v n         Q  g . r e f   = 1                           ∀      v  g r i d   < 0.5  v n         



(26)




where    v n    is nominal grid voltage,    v  g r i d     shows grid voltage in case of voltage dip, and k is the droop constant with its value not more than 2 [39]. The flow chart for the LVRT process is presented in Figure 7.




3.5. Stability Analysis


Lyapunav stability criterion is used to inspect the stability of the GCWT system in this study. Using (18), the error in the stator current can be collectively written as:


   I  s , e r r   =  I  S   k + 1     −  I  S   k + 1    *   



(27)







Using (16) and (17)


   I  s , e r r   =   1 −    t  i n t   R    L s       I  s  k    +    t  i n t      L s     V  s  k    −  ω r   I  s  k     t  i n t   −    t  i n t      L s     E  s  k    −  I  S   k + 1    *   



(28)







Here the control objective is to asymptotically minimize error    I  s , e r r    . The Lyapunove error function is written as


  L    I  s , e r r     =  1 2       I  s , e r r      2   



(29)







For a stable system, the derivative of Lyapunove function i.e.,   Δ L    I  s , e r r      , should be negative while    I  s , e r r     converges to zero. Therefore,    I  s , e r r     will lead to zero only if   Δ L    I  s , e r r     < 0  . From (27), the time derivative of the Lyapunove function becomes:


  Δ L    I  s , e r r     =  1 2        1 −    t  i n t   R    L s       I  s  k    +    t  i n t      L s     V  s  k    −  ω r   I  s  k     t  i n t   −    t  i n t      L s     E  s  k       2  −  1 2       I  s , e r r  k       2   



(30)







To ensure negative derivative of   Δ L    I  s , e r r      , (4) in discrete form will be the future value of the voltage vector and can be written as:


   V s  = −  ω r     L s     t  i n t      I  s   k + 1     +  E  s  k    +    L s     t  i n t      L  s  k     



(31)







The criteria to be met by the system for Lyapunove stability is:


  L    I  s , e r r  k      ≥  D 1  |  I  s , e r r  k     | ℶ    ,   ∀  I  s , e r r  k    ∈  Υ   










  L    I  s , e r r  k      ≥  D 2  |  I  s , e r r  k     | δ  ,   ∀  I  s , e r r  k    ∈  Γ   










  L    I  s , e r r   k + 1       − L    I  s , e r r  k      <  −  D 3   |  I  s , e r r  k     | δ  +  D 4   










    D 1  ,    D 2  ,    D 3  ,    D 4  ∈  ℝ +      ,   δ ≥ 1   ,   Υ ∈  ℝ +    ,   Γ ⊂ Υ   



(32)







Substituting (31) into (30), we get


   1 2         t  i n t     L s      2   l 2  −  1 2       I  s  k       2  ≥ Δ  L   k     



(33)




where l   ∈  ℝ +    is the quantization error. Using (32),


   D 1  =  D 2  = 1 ,    D 3  = 0.5 ,    D 4  =  1 2         t  i n t     L s      2   l 2   











Consequently, controlled parameters are limited within the bounded region, which is in accordance with Lyapunove stability criteria.





4. Simulation Results and Discussions


To monitor and evaluate the performance of the suggested FCS-MPC strategy, the following two scenarios are considered and performed in MATLAB/Simulink environment.



	(a)

	
P and Q transient performance with fixed and variable WFs.




	(b)

	
LVRT performance under symmetrical and asymmetrical faults on the grid.







In addition, comparisons are drawn between the proposed controller strategy and the PI controller to assess the operational performance during LVRT operations for the WECS [40]. The aforementioned control scheme is implemented by decoupling the d- and q-axes currents by using two PI controllers with feed-forward paths. In both loops, the PI controllers are tuned by plotting Bode plots of the open-loop transfer functions. To achieve critical damping behavior, the proportional gain has been set to get the frequency crossover in safe a margin, while integral gain has been set to get the highest gain without overshoots. The specification of the GCWT system is given in Table 4.



4.1. Analysis of Step-Change in Power (Active/Reactive)


The transient response of the FCS-MPC scheme is explored for different WFs operating conditions.



	(a) 

	
Step-change in Active Power (    P  r e f     )







In this scenario, the decoupling ability is investigated with WFs fixed at unity, with a step change of 0 to 1 MW in reference active power    P  r e f    , whereas the reactive power reference    Q  r e f     is fixed at zero. During the transient period, the Q component experienced an unwanted cross-coupling in the case of fixed WFs. The cross-coupling on Q sustains for around 2.3 s, as shown in Figure 8a.



With variable WFs applied, the proposed FCS-MPC scheme successfully eliminates cross-couplings and reduces disturbances to insignificant values throughout the transient phase, as depicted in Figure 9a. Figure 8b illustrates the case of fixed WFs with unity value, while in the case of variable WFs, the Yd (as shown in Figure 9b) is adjusted, agreeing with the adjustment rule described in Table 3.



	(b) 

	
Step-change in Reactive Power (    Q  r e f     )







In this section, the FCS-MPC transient performance is examined in an alternative operating scenario, where    Q  r e f     is suddenly changed from 0–1 MVAr, while keeping    P  r e f     at zero. Transient responses were examined with fixed and variable WFs, and the results are presented in Figure 10 and Figure 11, respectively. FCS-MPC systems with variable WFs experienced a settling time of around 0.4 s, which is less than the case of fixed WFs systems, where it is around 0.9 s.



In the findings illustrated in Figure 11a, the proposed FCS-MPC scheme with variable WFs, the cross-coupling is alleviated to a negligible level, and the disturbance is effectively mitigated during the transient phase. In this case, the value of Yq is regulated at 0.8.




4.2. Fault Analysis on the Grid Side


	(a) 

	
Symmetrical Fault Analysis







Symmetrical voltage fault of 30% (0.3 p.u.) of grid voltage is introduced for 0.5 seconds i.e., from t = 2.5 s to t = 3 s, as presented in Figure 12. The three-phase grid voltage and resulting grid current waveforms during grid voltage sag are depicted in Figure 12a. During nominal grid conditions before the 3-phase fault, the active power is generated at 1 p.u., while no reactive power injection is done from the PMSG by keeping    i  q g , r e f     at zero. As the voltage dip occurs at the PCC, Figure 12b shows that the DC-link voltage is regulated at the reference value of 1150 V by virtue of the proposed MPC scheme. During the voltage dip on the grid, the active power reduces in relation to the voltage drop, as a mismatch of mechanical generated power and electrical supplied power happens. Figure 12d depicts the reactive power injection to support the grid in accordance with (27), as active power decreases during fault. Execution of this limitation scheme provides the supplementary capacity to GSC for reactive power injection for grid code compliance. The proposed MSC controller in this case regulates the generator speed so that it keeps the value of DC-link voltage near the reference value. Moreover, the system inertia takes care of the power mismatch with increased mechanical speed as shown in Figure 13.



In comparison to FCS-MPC, the conventional PI control method does not exhibit a satisfactory transient response, with the DC-link voltage ripple reaching 1490 V, as depicted in Figure 14b. Moreover, the PI controller fails to ensure optimum reactive compensation, with added delay to reach the steady-state value after the fault clears (Figure 14d).



	(b) 

	
Asymmetrical Fault Analysis







The time and severity of the asymmetrical fault remained similar to the previous case. In the case of asymmetrical faults on the grid, a performance comparison of the proposed MPC controller is examined, as shown in Figure 15. Note that DC-link voltage remained stable with reduced fluctuations as shown in Figure 15b. The proposed controller is faster than the PI scheme in providing reactive power compensation is supplied to the grid as active power decreases with increased grid current due to the faulty condition.



With the PI methodology, in addition to DC-link voltage overshoot, the active power fluctuation with almost double the grid frequency is apparent in Figure 16d. Although GSC regulates the active and reactive power, the second-order DC-link oscillations adversely affect the converter operation. The settling time of the PI regulator is inferior, as it takes more time to achieve steady state as compared to the proposed predictive control scheme. This shows that the PI controller cannot deliver reasonable performance, indicating that the proposed MPC approach offers better LVRT performance.




4.3. Experimental Results


In order to validate the performance of the proposed controller, an experimental setup is used as shown in Figure 17. The experimental verification is realized by OPAL-RT (OP5700) platform. The parameters of experimental tests are similar to those of simulation results. The sampling frequency of the FCS-MPC algorithm is 20 kHz, while the data sampling frequency is either 16 or 20 kHz, contingent upon the data logging duration as well as memory constraints.



Similar to simulation results, a symmetrical voltage sag of 30% is introduced at the grid side. As a result, dip in the grid voltage is evident, along with rise in inverter current in Figure 18. Furthermore, net DC-link voltage is upheld within at the reference value with very low ripple oscillations under sag conditions, as depicted in Figure 19.



The active and the reactive power are being regulated, corresponding to LVRT operation conditions. The dynamic response of the proposed predictive control is efficient in providing grid support by increasing in the reactive power injection along with active power reduction as the grid fault occurs. Thus, the results of the experimental setup presented here approve that the enhanced LVRT compliance can be achieved robustly by using the proposed FSC-MPC scheme.




4.4. Parameter Robustness Analysis


With FCS-MPC being a model-based method, adequate system parameter values are pivotal for an overall robust control. Thus, the variation in the values of PMSG’s resistance and inductance (Ls) do have a direct or indirect effect on the system performance, as can be seen from (16) and (17). The detuned PMSG model is used to examine the parameter robustness and sensitivity by variation in the values of Ls. The sensitivity of the proposed strategy is investigated by changing the Ls from 50% to 150% of its measured value. From Figure 20, it can be seen that dq-frame stator currents have higher oscillations in case of detuned parameter conditions as compared to real values. Nevertheless, the proposed FCS-MPC applied on the MSC side still manages to track the reference value under varying Ls conditions. The value of the stator current THDs in case of generator inductance variations of 50% and 150% are 7.35% and 8.81% respectively. Finally, a comparison of the proposed FCS-MPC and PI control with respect to parameter tuning, complexity, response, and computation cost/burden is summarized in Table 5. The computation burden here is the measure of execution time for the two control schemes. The execution time for the proposed scheme is longer than the simulation time, as FCS-MPC is required to execute at least three cycles to compute the predicted voltage vector values.





5. Conclusions


In this paper, time domain modeling and analysis of a direct-drive PMSG-based wind turbine along with FCS-MPC scheme with improved LVRT performances have been presented. In GCWT systems, the issues of cross-coupling of the active and reactive power during transient states have been addressed by efficiently incorporating variable WFs with the FCS-MPC scheme. The performance of the proposed controller is analyzed by fast selection and application of switching states on the MSC and GSC inverters during symmetrical and asymmetrical grid faults. Moreover, the abrupt increase in DC-link voltage in case of voltage dips is regulated using excess active power in rotor inertia of PMSG-based wind turbine during the faulty condition. The suggested FCS-MPC scheme shows better LVRT capability in comparison with the conventional PI control approach with enhanced DC-link voltage stability and reactive power compensation during various fault conditions.
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Figure 1. PMSG based GCWT System. 
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Figure 2. PMSG-based Grid-connected Inverter with FCS-MPC. 
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Figure 3. Selection of optimum switching vectors. 
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Figure 4. MSC with proposed FCS-MPC scheme. 
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Figure 5. GSC with proposed FCS-MPC scheme. 
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Figure 6. Flowchart of FCS-MPC with weight factor adjustment. 
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Figure 7. Flowchart of LVRT Scheme. 
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Figure 8. Step-response of FCS-MPC during fixed WFs. (a) Active power and Reactive power (b) Dynamics of WFs. 
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Figure 9. Step-response of FCS-MPC during Variable WFs. (a) Active power and Reactive power (b) Dynamics of WFs. 
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Figure 10. Step-response of FCS-MPC during fixed WFs. (a) Active power and Reactive power (b) Dynamics of WFs. 






Figure 10. Step-response of FCS-MPC during fixed WFs. (a) Active power and Reactive power (b) Dynamics of WFs.



[image: Mathematics 10 04266 g010]







[image: Mathematics 10 04266 g011 550] 





Figure 11. Step response of FCS-MPC during variable WFs. (a) Active and Reactive power (b) Dynamics of WFs. 
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Figure 12. LVRT Performance of proposed scheme during symmetrical grid fault. (a) Grid voltage (b) Inverter current (c) DC-link voltage (d) Active and Reactive power. 
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Figure 13. Increased rotor speed during fault. 
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Figure 14. LVRT Performance of PI controller during symmetrical grid fault. (a) Grid voltage (b) Inverter current (c) DC-link voltage (d) Active and Reactive power. 






Figure 14. LVRT Performance of PI controller during symmetrical grid fault. (a) Grid voltage (b) Inverter current (c) DC-link voltage (d) Active and Reactive power.



[image: Mathematics 10 04266 g014]







[image: Mathematics 10 04266 g015 550] 





Figure 15. Enhanced LVRT capability of the proposed MPC scheme during asymmetrical grid faults. (a) Grid voltage (b) Inverter current (c) DC-link voltage (d) Active and Reactive power. 
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Figure 16. LVRT Performance of PI controller during asymmetrical grid fault. (a) Grid voltage (b) Inverter current (c) DC-link voltage (d) Active and Reactive power. 
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Figure 17. Experimental Steup. 
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Figure 18. Grid Voltages and Inverter current under Symmetrical grid fault. 
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Figure 19. DC-link voLtage and Power regulation. 
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Figure 20. Parameter robustness analysis under inductance variation (a) d-axis stator current (b) q-axis stator current. 
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Table 1. Operating and switching states.






Table 1. Operating and switching states.





	State
	Sa
	Sb
	Sc
	Vector





	0
	0
	0
	0
	0



	1
	1
	0
	0
	VDC



	2
	1
	1
	0
	VDC



	3
	0
	1
	0
	VDC



	4
	0
	1
	1
	VDC



	5
	0
	1
	1
	VDC



	6
	1
	0
	1
	VDC



	7
	1
	1
	1
	0
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Table 2. Subsequent probable states for the proposed controller scheme.
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	States
	Existing States
	Subsequent States

   (  S x         S y         S z  )   





	0
	(000)
	(000) (001) (100) (010)



	1
	(100)
	(000) (100) (101) (110)



	2
	(110)
	(100) (010) (110) (111)



	3
	(010)
	(000) (010) (011) (110)



	4
	(011)
	(001) (010) (011) (111)



	5
	(001)
	(000) (001) (011) (101)



	6
	(101)
	(001) (100) (101) (111)



	7
	(111)
	(101) (011) (110) (111)
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Table 3. WFs assortment criteria.
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	Parameter
	Abrupt Active Power Change Sp < Sq
	Steady-State Sp = Sq
	Abrupt Reactive Power Change Sp > Sq





	    γ d    
	(0.4–1)
	1
	1



	    γ q    
	1
	1
	(0.2–0.8)
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Table 4. Parameters of the GCWT system.
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	Parameter
	Value





	Rated Power
	1.50 MW



	Grid Voltage
	576 V



	DC link voltage
	1150 V



	Stator Resistor
	3.2 mΩ



	Stator Resistor
	3.05 mH



	Switching Frequency
	20 KHz



	DC-Link Capacitor
	0.025 F



	Filter Resistor
	3.154 mΩ



	Filter Inductor
	0.44 mH
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Table 5. Comparison of FCS-MPC and classical PI controller.
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	Features
	PI Controller
	FCS MPC





	Parameter Decoupling
	External
	Internal



	Tuning
	Retuning required
	Easy, no retuning needed



	Secondary axis current control
	Additional PI regulators required
	Single cost function for error mitigation



	Dynamic response
	Slow
	Fast



	Computation burden
	Medium
	High
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