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Abstract

:

The present paper aims to introduce an effective control system which enhances the dynamics of a doubly fed induction generator (DFIG) operating at fixed and variable speeds. To visualize the effectiveness of the formulated control algorithm, the performance of the DFIG is evaluated using other control techniques as well. Each control algorithm is primarily described by showing its operation principles and how it is adapted to manage the DFIG’s operation. The main used control strategies are stator voltage-oriented control (SVOC), model predictive current control (MPCC), model predictive direct torque control (MPDTC), and the formulated predictive voltage control (PVC) algorithm. A detailed comparison is performed between the controllers’ performances, through which the advantages and shortcomings of each method are outlined, and finally, the most effective technique is identified amongst them. The obtained results reveal that the proposed PVC approach possesses multiple advantages such as a faster dynamic response and simpler control structure when compared with SVOC and a faster dynamic response, reduced ripples, and reduced computational burdens when compared with the MPCC and MPDTC approaches. In addition, the robustness of the proposed PVC scheme is confirmed by performing extensive performance evaluation tests considering the parameters’ variation.
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1. Introduction


The escalating demand for clean energy sources in our lives forces developers to think about new control techniques to achieve maximum power extraction from renewable energy sources, such as wind, geothermal, solar, and wave energies [1,2]. There are various topologies of the electric generators used with wind energy conversion systems, such as synchronous generators (SGs), self-excited induction generators (SEIGs), and doubly fed induction generators (DFIGs) [3,4,5,6,7,8,9,10,11]. The DFIG has commonly been used with wind turbines during recent years and is still being used as it has many features; the most attractive one is the ability to generate output voltages with constant amplitude and frequency irrespective of the wind speed variations [12,13,14,15]. Another major feature of the DFIG is the flexibility of the control, as it can be controlled either from the stator side or the rotor side [16]. Controlling the DFIG from the rotor side leads to reducing the rating of the power electronic devices used in the inverter as they only need to process the slip power, which reduces the converter losses and, accordingly, the total cost [17,18,19,20].



Due to the several advantages of the DFIG as a generation unit, researchers have made great efforts to develop various control techniques and then test them with the DFIG. In [21,22,23,24,25], the vector orientation control (VOC) technique is performed, while in [26,27,28], the direct torque control (DTC) technique is used. The VOC technique has been performed in various configurations according to the selected variable to be aligned with the direct (d) axis of the rotating synchronous frame. For instance, in [21], the stator field was chosen to rotate with a speed equal to that of the synchronous frame, while in [22], the stator voltage was chosen to be aligned with the direct axis of the synchronous frame. In [23,24,25], the rotor field was chosen to be oriented in the same direction as the direct axis of the rotating frame. The VOC schemes have succeeded in improving the torque response and reducing ripples; consequently, a smooth dynamic response for the DFIG is achieved. However, the VOC schemes still have some defects, such as that they depend on the machine parameters during the variables’ estimation, which can be influenced by environmental factors such as temperature change. Furthermore, they require coordinate transformations and utilize PI regulators, which affects the system simplicity and causes a delay in the dynamic response, in addition to the need to use a modulation stage.



An attempt was made to overcome the complexity of the VOC structure by replacing the PI regulators with hysteresis torque and rotor flux comparators, which formulated the DTC of DFIGs [26,27,28]. DTC offers the advantage of a fast response, but the ripples issue remains the main challenge [29]. Recently, researchers have tried to think about a new control method which obviates the defects of VOC and DTC, so predictive control (PC) came to light [30,31,32,33,34,35]. It uses a cost function, which replaces the PI regulators and current control loops of VOC and the hysteresis comparators used by DTC. This has contributed to achieving a quick dynamic response, producing a better steady-state performance, and minimizing the complication and ripples as well. The adopted cost function has two components of the absolute error of the variables that need to be controlled; it also has the merit of flexibility and ability to handle different control objectives at the same time. Model PC (MPC) is used in many applications; in [36], it is used to improve the performance of the power system, and in [37], it is used with a microgrid system. PC has two topologies which are usually adopted with a DFIG: finite control set predictive control (FCS PC), which was adopted in [30,38], and continuous control set predictive control (CCS PC), which was adopted in [32,39]. CCS PC has a fixed switching frequency as it requires a PWM modulator so that the selected optimal voltages can be applied to the machine; meanwhile, FCS PC does not need a modulator as it chooses the voltages from specific vectors (usually eight vectors (six active and two null)), which reduces the system’s complexity, but on the other hand, its switching frequency is variable. FCS PC reduces the switching actions in comparison with CCS PC, resulting in a lower number of commutations. The control structures of FCS PC and CCS PC are shown in Figure 1 and Figure 2, respectively, clarifying the difference between the two topologies. The vector u(k) refers to the controlled variable and S(k) refers to the switching state, while d(k) refers to the duty ratio.



To overcome some of the DTC defects such as increased ripples, model predictive DTC (MPDTC), which adopted FCS PC, has been used. MPDTC aims to minimize the error between the reference and predicted values of the torque and rotor flux. MPDTC, unfortunately, suffers from some defects: firstly, the cost function requires a weighting factor      ω f    ,   which is necessary to achieve the equilibrium between the torque and rotor flux. Furthermore, the ripples in the torque and rotor flux are exposed to increase due to any inadequate selection of    ω f   . Another defect facing MPDTC is that the components of the cost function need to be estimated, so any mismatch or change in the model parameters can influence the estimated variables. Moreover, the computational burden is considered a dilemma for MPDTC, as it requires estimation and prediction of the rotor flux and torque [20,40,41,42,43,44].



To overcome the shortages of MPDTC—especially the noticeable ripples—some modifications were made by implementing more than one vector within the same sampling interval [45,46]. This action contributed effectively to reducing the flux and torque fluctuations around their references; however, the computation time increased again. Other researchers adopted an online adaptation of the weighting factor in order to achieve an optimal balance between the flux and torque variations [47]. A good performance was obtained using the online weighting update, but the system’s computational burden was increased, which made this solution unfit for all applications in which the execution capacity of the micro-processors is restricted. Other studies considered the insertion of adaptive flux estimators so as to achieve smooth flux and torque variations [48,49]. Appropriate results were obtained using the adaptive estimators; however, the system’s complexity was negatively affected.



Another topology of PC is model predictive current control (MPCC), which tries to overcome some of the defects of MPDTC; it has lower torque and flux ripples compared with MPDTC. Furthermore, its cost function does not need a weighting factor scale, which formulates the simplicity of this controller. MPCC agrees with MPDTC on disposing of the PI regulators which are commonly adopted by the VOC technique [38,48]. Unfortunately, the response of MPCC is slower than that of MPDTC, and it still suffers from high computational burden. Moreover, its cost function includes variables that need to be estimated using the machine model, which can be easily influenced by the operating conditions [50,51].



To achieve a compromise between the suitable computational burden and reduced ripples when considering predictive control, the design of a cost function and its terms must be suitably performed [52,53,54]. For this reason, the current study presents a design for predictive control that uses a cost function with similar terms. The components of the cost function are the differences between the actual and reference values of the (d–q) components of the rotor voltage. The main factor that affects the operation of the designed PVC is the generation of voltage commands. The d-q voltage references can be obtained using the deadbeat principle. However, considering the deadbeat principle to generate the reference voltages is not a perfect solution as it depends on utilizing the machine physical model, liable to uncertainties, which can result in steady-state offset and oscillatory output [55,56,57,58]. This fact was determined by analyzing the mechanism by which deadbeat control works. Deadbeat control is concerned with eliminating the system poles by making the nominator of the controller equal to the denominator of the system; in practice, there is always a modeling mistake or parameter perturbation that changes the actual system. Therefore, the mathematical controller will not work properly. Thus, in the current study, the reference voltages are developed using two designed proportional–integral regulators instead of direct calculation using the machine model.



Furthermore, a fair comparison between different control topologies for the DFIG must be presented to outline the most effective procedure in terms of dynamic response, structure simplicity, ripples, and computational burdens. For these reasons, in the present paper, different control topologies for the DFIG are explored, clarifying the base operation principle of each. In addition, an effective PVC technique is formulated for managing the operation of the DFIG. In addition, in order to visualize the features of each technique, a comparison of the dynamic performance is performed between the formulated PVC and three other control topologies: SVOC, MPCC, and MPDTC. The performance analysis is carried out under two different operating conditions: in the first one, the reference active power is kept constant while the driven speed is varied, whereas in the second condition, the reference power is varied but the driven speed is kept constant. Eventually, the features of each control technique will be outlined and the most appropriate technique can be identified.



The contributions of the paper are as follows:




	-

	
The paper formulates an effective predictive voltage control (PVC) approach which overcomes the shortages present in previous DFIG control schemes.




	-

	
The paper presents a comprehensive performance analysis for the DFIG using the formulated PVC scheme and other control techniques under different operating conditions.




	-

	
The paper introduces a detailed description for the presented control algorithms in order to visualize the base principle of each method, showing when it works properly and when it fails.




	-

	
The obtained results reveal and confirm the superiority of the formulated PVC over the other control schemes in terms of the fast dynamic response, simplicity, and reduced ripples and computational burdens.




	-

	
Compared with recent control schemes that adopt an equivalent operating theory, the proposed PVC proves its enhanced robustness against parameter variation.




	-

	
The designed PVC scheme can be used with other machine configurations after considering the structure and operation theory of each type.









The article is arranged as follows. Firstly, the mathematical model of the DFIG is presented, and then, the SVOC, MPCC, and MPDTC schemes and the formulated PVC scheme are described in a systematic manner. The following section introduces the test results and its related analysis, and lastly, the conclusions are presented.




2. Mathematical Model of DFIG


In the model of the DFIG shown in Figure 3, the stator voltage was chosen to be aligned with the direct axis of the rotating synchronous frame, so the frame in which the variables are expressed rotates with a speed equal to that of the stator voltage vector (   ω    u ¯  s    )  .



Here, the variables     u ¯  s  s v   ,     u ¯  r  s v   ,     i ¯  s  s v   ,     i ¯  r  s v   ,     Ψ ¯  s  s v    , and     Ψ ¯  r  s v     are the stator voltage vector, rotor voltage vector, stator current vector, rotor current vector, stator flux vector, and rotor flux vector, respectively; the superscript    ′  s v ′     means that all variables are defined in the stator voltage frame which rotates with the synchronous speed      ω  u ¯     s     ;    R s  ,    R r  ,    L  l s   ,    L  l r    , and    L m    are the stator resistance, rotor resistance, stator leakage inductance, rotor leakage inductance, and mutual inductance respectively; and    ω  m e     is the rotor mechanical speed.



From Figure 1, and using a sampling time      T s     , the voltage balance in the stator and rotor can be expressed at instant     K  T s      as follows:


    u ¯   s . k   s v   =  R s    l ¯   s , k   s v   +   d   Ψ ¯   s , k   s v     d t   + j  ω    u ¯   s , k       Ψ ¯   s , k   s v    



(1)






    u ¯   r , k   s v   =  R r    l ¯   r , k   s v   +   d   Ψ ¯   r , k   s v     d t   + j        ω    u ¯   s , k     −  ω  m e , k      ︷     ω  s l i p , k       Ψ ¯   r , k   s v    



(2)







Using the flux-current equations, the stator and rotor flux linkages can be expressed by the following:


    Ψ ¯   s , k   s v   =  L s    l ¯   s , k   s v   +  L m    l ¯   r , k   s v    



(3)






    Ψ ¯   r , k   s v   =  L r    l ¯   r , k   s v   +  L m    l ¯   s , k   s v    



(4)




where    L s    and    L r    are the stator and rotor inductances, respectively, which can be defined as


   L s  =  L  l s   +  L m   



(5)






   L r  =  L  l r   +  L m   



(6)







Using Equations (1) and (2), the dynamic model of the DFIG in this coordinate system can be represented as follows:


    d   Ψ ¯   s , k   s v     d t   =   u ¯   s , k   s v   −  R s    l ¯   s , k   s v   − j  ω  u ¯      s , k     Ψ ¯   s , k   s v    



(7)






    d   Ψ ¯   r . k   s v     d t   =   u ¯   r , k   s v   −  R r    l ¯   r , k   s v   − j  ω  u ¯      s l i p , k     Ψ ¯   r , k   s v    



(8)






    d  ω  m e , k     d t   =  p J     T  m e , k   −  T  d , k      



(9)




where  p  and  J  are the number of pole pairs and inertia of the DFIG, respectively, and    T  m e     and    T d    are the mechanical torque applied to the shaft and the torque developed by the DFIG, respectively.



The torque developed by the DFIG can be defined by the following:


   T  d , k   = 1.5 p  L m     i  d r , k   s v    i  q s , k   s v   −  i  q r , k   s v    i  d s , k   s v      



(10)







After deriving the mathematical model of the DFIG, it can be used to construct the control schemes as described in the following section.




3. Control Techniques of DFIG


3.1. SVOC Technique


VOC is a strategy that depends in its operation on decomposing the stator current into two components: the torque component, which produces the torque, and the magnetizing component, which produces the flux. Thereafter, the two components are decoupled and individually controlled.



In [20], the SVOC principle is adopted, in which the stator voltage vector     u ¯   s , k     is set in the direction of the d-axis of the synchronous frame, which rotates with a speed of    ω  u ¯      s , k    , as shown in Figure 4, so there is no voltage along the q-axis. As noted in Figure 4, there are three reference frames: the stationary reference frame (   α s  −  β s   ), the rotor reference frame (   d r  −  q r   ), and the synchronous rotating frame (   d    u ¯  s    −  q    u ¯  s     ).



Thus, by considering the orientations presented in Figure 4, the following relations can be concluded under SVOC:


   u  d s , k   s v   =     u ¯   s , k   s v                             and                          u  q s , k   s v   = 0    



(11)







Equation (1) can be represented in the d–q axes as follows:


   u  d s , k   s v   =  R s   i  d s , k   s v   +   d  Ψ  d s , k   s v     d t   −  ω    u ¯   s , k      Ψ  q s , k   s v    



(12)






   u  q s , k   s v   =  R s   i  q s , k   s v   +   d  Ψ  q s , k   s v     d t   +  ω    u ¯   s , k      Ψ  d s , k   s v    



(13)







Using Equations (12) and (13), and taking into consideration that the stator voltage drop on the resistance    R s    is very small compared with the other terms and can be neglected, it is found that     d   Ψ ¯   s , k   s v     d t   ≅ 0.0   under steady-state operation, and the following relationships can be derived:


   Ψ  d s , k   s v   ≈    u  q s , k   s v      ω    u ¯   s , k       ≈ 0.0    and     Ψ  q s , k   s v   ≈     Ψ ¯   s , k   s v     ≈ −    u  d s , k   s v      ω    u ¯   s , k        



(14)







Using Equation (14), Equation (3) can be represented in the d–q axes as follows:


   Ψ  d s , k   s v   =  L s   i  d s , k   s v   +  L m   i  d r , k   s v   ≈ 0.0  



(15)






   Ψ  q s , k   s v   =  L s   i  q s , k   s v   +  L m   i  q r , k   s v   ≈ −    u  d s , k   s v      ω    u ¯   s , k        



(16)







From Equations (15) and (16), the following can be concluded:


   i  d s , k   s v   = −      L m     L s       i  d r , k   s v    



(17)






   i  q s , k   s v   =    Ψ  q s , k   s v      L s    −      L m     L s       i  q r , k   s v   = −      L m     L s       i  q r , k   s v   −    u  d s , k   s v      ω    u ¯   s , k      L s     



(18)







Using Equations (11), (17) and (18), the active power (   P  s , k    ) and reactive power (   Q  s , k    ) of the DFIG under SVOC can be calculated as follows:


   P  s , k   = 1.5    u  d s , k   s v    i  d s   s v   +  u  q s , k   s v    i  q s   s v     = 1.5  u  d s , k   s v    i  d s   s v   = − 1.5    L m     L s     u  d s , k   s v    i  d r , k   s v    



(19)






   Q  s , k   = 1.5    u  q s , k   s v    i  d s   s v   −  u  d s , k   s v    i  q s   s v     = − 1.5  u  d s , k   s v    i  q s   s v   = 1.5      L m     L s     u  d s , k   s v    i  q r , k   s v   +     (  u  d s , k   s v   )  2     ω    u ¯   s , k      L s       = 1.5    L m     L s     u  d s , k   s v      i  q r , k   s v   +    u  d s , k   s v      ω    u ¯   s , k      L m       



(20)







Furthermore, the developed torque    T  e , k     can be reformulated by substituting from Equations (17) and (18) into (10) as follows:


    T  e , k   = 1.5 p  L m     i  d r , k   s v     −    L m     L s     i  q r , k   s v   −    u  d s , k   s v      ω    u ¯   s , k      L s      +  i  q r , k   s v        L m     L s       i  d r , k   s v        = 1.5 p    L m     L s      −  L m   i  d r , k   s v    i  q r , k   s v   −    u  d s , k   s v      ω    u ¯   s , k        i  d r , k   s v   +  L m   i  d r , k   s v    i  q r , k   s v     = − 1.5 p    L m     L s   ω    u ¯   s , k        u  d s , k   s v    i  d r , k   s v     



(21)







Equations (19)–(21) show that the active power and developed torque can be controlled by adjusting the torque current component    i  d r , k   s v    , while the reactive power can be controlled by adjusting the excitation current component    i  q r , k   s v    .



Using Equations (19) and (20), the reference values of the rotor current    i  d r , k  *    and    i  q r , k  *    can be calculated as follows:


   i  d r , k  *  = −    L s    1.5  L m   u  d s , k   s v      P  s , k  *   



(22)






   i  q r , k  *  =    L s    1.5  L m   u  d s , k   s v      Q  s , k  *  −    u  d s , k   s v      ω    u ¯   s , k      L m     



(23)







Equation (4) can be represented in the d–q axes as follows:


   Ψ  d r , k   s v   =  L r   i  d r , k   s v   +  L m   i  d s , k   s v    



(24)






   Ψ  q r , k   s v   =  L r   i  q r , k   s v   +  L m   i  q s , k   s v    



(25)







Using Equation (17), Equation (24) can be represented as follows:


   Ψ  d r , k   s v   =  L r   i  d r , k   s v   +  L m    −    L m     L s     i  d r , k   s v     =    L s   L r  −  L m 2     L s     i  d r , k   s v   = σ  L r   i  d r , k   s v    



(26)




where     σ =    L s   L r  −  L m 2     L s   L r    = 1 −    L m 2     L s   L r        is the leakage factor.



Equation (26) can be reformulated in a general case as the following:


   Ψ  d r , k   s v   =    L m     L s     Ψ  d s , k   s v   + σ  L r   i  d r , k   s v    



(27)







Using Equation (18), Equation (25) can be represented as follows:


   Ψ  q r , k   s v   =  L r   i  q r , k   s v   +  L m       Ψ  q s , k   s v      L s    −    L m     L s     i  q r , k   s v     =    L m     L s     Ψ  q s , k   s v   +    L s   L r  −  L m 2     L s     i  q r , k   s v   =    L m     L s     Ψ  q s , k   s v   + σ  L r   i  q r , k   s v    



(28)







Equation (2) can be represented in the d–q axes as follows:


   u  d r , k   s v   =  R r   i  d r , k   s v   +   d  Ψ  d r , k   s v     d t   −  ω  s l i p , k    Ψ  q r , k   s v    



(29)






   u  q r , k   s v   =  R r   i  q r , k   s v   +   d  Ψ  q r , k   s v     d t   +  ω  s l i p , k    Ψ  d r , k   s v    



(30)







Using Equations (26) and (28), and being       d   Ψ ¯   s , k   s v     d t   ≅ 0.0     under-steady state operation, Equations (29) and (30) can be reformulated as follows:


   u  d r , k   s v   =      R r   i  d r , k   s v   + σ  L r    d  i  d r , k   s v     d t    ︸     u  d r , k  ′  = A c t i v e t e r m   −      ω  s l i p , k        L m     L s     Ψ  q s , k   s v   + σ  L r   i  q r , k   s v      ︸    Δ  u  d r , k   s v   = C o m p e n s a t i o n t e r m    



(31)






   u  q r , k   s v   =  R r   i  q r , k   s v   +    L m     L s      d  Ψ  q s , k   s v     d t   + σ  L r    d  i  q r , k   s v     d t   +  ω  s l i p , k   σ  L r   i  d r , k   s v                                              =      R r   i  q r , k   s v   + σ  L r    d  i  q r , k   s v     d t    ︸     u  q r , k  ′  = A c t i v e t e r m   +   +    ω  s l i p , k   σ  L r   i  d r , k   s v    ︸    Δ  u  q r , k   s v   = C o m p e n s a t i o n t e r m    



(32)







Equations (31) and (32) formulate the base operation of SVOC, as the reference d–q rotor voltage components are obtained by summing the active voltage terms provided by the PI current controllers and the compensating terms calculated in terms of motor variables.



Figure 5 provides a schematic for SVOC, in which the reference components of the rotor current can be calculated using the reference values of the active and reactive powers; then, they are compared with their actual components. After that, the errors are fed to the PI current regulators to generate the active terms of rotor voltage    u  d r , k  ′    and    u  q r , k  ′   ; then, a phase-locked loop (PLL) is used to evaluate the stator voltage angle      θ    u ¯  s        which is required for the coordinates’ transformation and further used in calculating the slip frequency, which is needed for calculating the compensation voltage components   Δ  u  d r , k   s v     and   Δ  u  q r , k   s v    . Finally, the rotor voltage components    u  d r , k   s v     and    u  q r , k   s v     can be easily obtained after adding the compensation terms to the active terms as stated in Equations (31) and (32).




3.2. MPCC Technique


MPCC utilizes a simple cost function consisting of two similar terms, which are the errors between the actual and reference values of the rotor current, so it does not need a weighting factor. The actual rotor current components    i  d r , k + 1   s v     and    i  q r , k + 1   s v     can be predicted using Taylor expansion, while the reference values of the rotor current    i  d r , k + 1  *    and    i  q r , k + 1  *    can be directly obtained using the reference values of the active and reactive powers.



The scheme of MPCC can be constructed as shown in Figure 6. First, the stator voltage, stator current, and rotor current are measured and then sampled. The rotor speed (   ω  m e , k    ) is measured and then integrated to find the rotor position      θ  m e , k      . The rotor position can be estimated at instant     k + 1    T s    using the following formulation:


   θ  m e , k + 1   =  θ  m e , k   +      θ  m e , k   −  θ  m e , k − 1     Δ T      T s   



(33)







In the same manner, the stator voltage angle      θ    u ¯   s , k         can be evaluated using a phase-locked loop (PLL) and then estimated at instant     k + 1    T s    using the following formulation:


   θ    u ¯   s , k + 1     =  θ    u ¯   s , k     +      θ    u ¯   s , k     −  θ    u ¯   s , k − 1       Δ T      T s   



(34)







Prediction of the actual values of the rotor current can be implemented using Taylor expansion as follows:


   i  d r , k + 1   s v   =  i  d r , k   s v   +     d  i  d r , k   s v     d t      T s   



(35)






   i  q r , k + 1   s v   =  i  q r , k   s v   +     d  i  q r , k   s v     d t      T s   



(36)







The derivatives of the rotor current components can be found using Equations (31) and (32), as introduced in [56,57,58], as follows:


    d  i  d r , k   s v     d t   =    L m 2  +  L r   L t     L r 2   L t       u  d r , k   s v   −  R r   i  d r , k   s v   +    L r     L m     ω  s l i p , k      Ψ  q s , k   s v   −  L t   i  q s , k   s v       −    L m     L r   L t       u  d s , k   s v   −  R s   i  d s , k   s v   +  ω    u ¯   s , k      Ψ  q s , k   s v      



(37)






    d  i  q r , k   s v     d t   =    L m 2  +  L r   L t     L r 2   L t       u  q r , k   s v   −  R r   i  q r , k   s v   −    L r     L m     ω  s l i p , k      Ψ  d s , k   s v   −  L t   i  d s , k   s v       −    L m     L r   L t       u  q s , k   s v   −  R s   i  q s , k   s v   −  ω    u ¯   s , k      Ψ  d s , k   s v      



(38)




where      L t  =    L s   L r  −  L m 2     L r    =  L s  −    L m 2     L r    = σ  L s      is the stator transient inductance. The stator flux components    Ψ  d s , k   s v     and    Ψ  q s , k   s v     can be calculated using Equations (15) and (16). Equations (37) and (38) prove that the cost function of MPCC depends on the machine parameters as it includes estimated variables.



Equations (22) and (23) can be reformulated to evaluate the reference values of the rotor current at instant     k + 1    T s    as follows:


   i  d r , k + 1  *  = −    L s    1.5  L m   u  d s , k + 1   s v      P  s , k + 1  *   



(39)






   i  q r , k + 1  *  =    L s    1.5  L m   u  d s , k + 1   s v      Q  s , k + 1  *  −    u  d s , k + 1   s v      ω    u ¯   s , k + 1      L m     



(40)







Finally, the actual and reference rotor current components are fed to the cost function, which can be expressed by the following:


   Γ i  =      i  d r , k + 1    *      −  i  d r , k + 1   s v      i  +      i  q r , k + 1  *  −  i  q r , k + 1   s v      i   



(41)




where the superscript i denotes the sectors (0, …., 7).



The cost function (41) represents the core of the MPCC, based upon which the optimal voltage vectors are selected.




3.3. MPDTC Technique


MPDTC depends in its operation on regulating the torque and rotor flux [55], which can be accomplished by eliminating the difference between the reference and predicted actual torque signals      T  e , k + 1  *     and     T  e , k + 1       and between the reference and predicted actual rotor flux signals       Ψ ¯   r , k + 1  *     and      Ψ ¯   r , k + 1   s v      ; thus, the cost function can be expressed as follows:


   Λ i  =      T  e , k + 1  *  −  T  e , k + 1      i  +         Ψ ¯   r , k + 1  *    −     Ψ ¯   r , k + 1   s v        i   



(42)







Equation (42) includes variables that need to be evaluated using the machine parameters; it also requires current calculation, which is used for estimating and predicting the torque and rotor flux, and all of this increases the computation time. Furthermore, the function needs a weighting value that is required for ensuring the equilibrium between the torque and rotor flux. If the weighting factor is inappropriately selected, the torque and rotor flux ripples are negatively affected. As mentioned in [55], there is a procedure which tried to choose the optimal weighting factor in an online manner, which reduced the deviations in the torque and rotor flux, but unfortunately, the computational burden was affected. Hence, the weighting factor is still a major obstacle to MPDTC.



The reference value of rotor flux       Ψ ¯   r , k + 1  *      can be evaluated as follows:


      Ψ ¯   r , k + 1  *    =        Ψ  d r , k + 1  *     2  +      Ψ  q r , k + 1  *     2     



(43)




where    Ψ  d r , k + 1  *    and    Ψ  q r , k + 1  *    can be calculated as follows:


   Ψ  d r , k + 1  *  =  L r   i  d r , k + 1  *  +  L m   i  d s , k + 1  *   



(44)






   Ψ  q r , k + 1  *  =  L r   i  q r , k + 1  *  +  L m   i  q s , k + 1  *   



(45)




where    i  d r , k + 1  *    and    i  q r , k + 1  *    are directly computed using Equations (39) and (40), while    i  d s , k + 1  *    and    i  q s , k + 1  *    can be expressed as follows:


   i  d s , k + 1  *  =    P  s , k + 1     1.5  u  d s , k + 1   s v      



(46)






   i  q s , k + 1  *  =    Q  s , k + 1     − 1.5  u  d s , k + 1   s v      



(47)







The reference value of the torque at instant     k + 1    T s    can be represented as follows:


   T  e , k + 1  *  = − 1.5 p    L m     L s   ω    u ¯   s , k + 1        u  d s , k + 1   s v    i  d r , k + 1  *   



(48)







The actual value of the rotor flux      Ψ  d r , k + 1   s v       can be predicted and calculated at instant     k + 1    T s    in the following manner:


      Ψ ¯   r , k + 1   s v     =        Ψ  d r , k + 1   s v      2  +      Ψ  q r , k + 1   s v      2     



(49)




where    Ψ  d r , k + 1   s v     and    Ψ  q r , k + 1   s v     can be formulated as follows:


   Ψ  d r , k + 1   s v   =  L r   i  d r , k + 1   s v   +  L m   i  d s , k + 1   s v    



(50)






   Ψ  q r , k + 1   s v   =  L r   i  q r , k + 1   s v   +  L m   i  q s , k + 1   s v    



(51)




where the rotor current components    i  d r , k + 1   s v     and    i  q r , k + 1   s v     can be predicted using Equations (35)–(38), and the stator current components    i  d s , k + 1   s v     and    i  q s , k + 1   s v     can be predicted in the same manner.



The actual predicted value of the torque    T  e , k + 1     can be expressed by the following:


   T  e , k + 1   = 1.5 p  L m     i  d r , k + 1   s v    i  q s , k + 1   s v   −  i  q r , k + 1   s v    i  d s , k + 1   s v      



(52)







The scheme of MPDTC is illustrated in Figure 7, in which the stator voltage, stator current, and rotor current are measured and then sampled. The rotor speed (   ω  m e , k    ) is measured and then integrated to find the rotor position      θ  m e , k     ,   and then, the rotor position can be estimated at instant     k + 1    T s    as stated in Equation (33). The stator voltage angle      θ    u ¯   s , k         can be estimated at instant     k + 1    T s    as stated in Equation (34). The actual values of the stator and rotor currents are predicted using Taylor expansion, and these components are then used to calculate the actual values of the torque and rotor flux. The reference values of the stator and rotor currents are calculated using the reference active and reactive powers; after that, these components are used to compute the reference values of the torque and rotor flux. Finally, the reference and actual predicted values of the torque and rotor flux are fed to the cost function in Equation (42).




3.4. Proposed PVC Technique


The proposed PVC utilizes a very simple cost function which has two similar terms, which are the errors between the reference and actual values of the rotor voltage. The actual rotor voltage components    u  d r , k + 1   s v     and    u  q r , k + 1   s v     can be easily obtained using the switching states of the voltage source inverter (VSI), while the reference values of the rotor voltage    u  d r , k + 1    *        and    u  q r , k + 1  *    are obtained using two PI current regulators, which are designed as follows.



In order to design the PI rotor current regulators, the transfer function between the inputs, which are the rotor currents, and the outputs, which are the rotor voltages, must be formulated, and this can be performed under the SVOC principle and by reformulating Equations (31) and (32) to be represented at instant     k + 1    T s    as follows:


   u  d r , k + 1   s v   =      R r   i  d r , k + 1   s v   + σ  L r    d  i  d r , k + 1   s v     d t    ︸     u  d r , k + 1  ′  = A c t i v e t e r m   −      ω  s l i p , k + 1        L m     L s     Ψ  q s , k + 1   s v   + σ  L r   i  q r , k + 1   s v      ︸    Δ  u  d r , k + 1   s v   = C o m p e n s a t i o n t e r m    



(53)






   u  q r , k + 1   s v   =  R r   i  q r , k + 1   s v   +    L m     L s      d  Ψ  q s , k + 1   s v     d t   + σ  L r    d  i  q r , k + 1   s v     d t   +  ω  s l i p , k + 1   σ  L r   i  d r , k + 1   s v    =      R r   i  q r , k + 1   s v   + σ  L r    d  i  q r , k + 1   s v     d t    ︸     u  q r , k + 1  ′  = A c t i v e t e r m   +      ω  s l i p , k + 1   σ  L r   i  d r , k + 1   s v    ︸    Δ  u  q r , k + 1   s v   = C o m p e n s a t i o n t e r m    



(54)







The actual values of the rotor current    i  d r , k + 1   s v     and    i  q r , k + 1   s v     are predicted using Equations (35)–(38). In the same manner,    i  q s , k + 1   s v     can be predicted, which will then be utilized to evaluate    Ψ  q s , k + 1   s v     using Equation (16) after being reformulated at instant     k + 1    T s   .



The disturbances can be suppressed with the help of the compensation terms, while the active terms are used to achieve the desired change in the rotor current and drive the transfer function, which determines the response of the rotor voltage to any change in the rotor current. Then, the Laplace transform is applied to the active terms, assuming the initial current to be zero, resulting in the following:


   u  d r , k + 1  ′   s  =  R r   i  d r , k + 1   s v    s  + σ  L r    s  i  d r , k + 1   s v    s  −  i  d r , k + 1   s v    0     










   u  d r , k + 1  ′   s  =  R r   i  d r , k + 1   s v    s  + σ  L r  s  i  d r , k + 1   s v    s   










   u  d r , k + 1  ′   s  =  i  d r , k + 1   s v    s     R r  + σ  L r  s    










     i  d r , k + 1   s v    s     u  d r , k + 1  ′   s    =  1   R r  + σ  L r  s    



(55)







In the same manner, the following formulation can be obtained:


     i  q r , k + 1   s v    s     u  q r , k + 1  ′   s    =  1   R r  + σ  L r  s    



(56)







The transfer function of the PI rotor current regulators can also be represented by the following:


   u  d r , k + 1  ′   s  =        k p  +    k i   s     ︷    P I          i  d r , k + 1    *       s  −  i  d r , k + 1   s v    s     ︷    d − c u r r e n t e r r o r    



(57)






   u  q r , k + 1  ′   s  =        k p  +    k i   s     ︸    P I          i  q r , k + 1    *       s  −  i  q r , k + 1   s v    s     ︸    q − c u r r e n t e r r o r    



(58)







In Equations (55)–(58), the transfer function of both PI rotor current regulators is similar, which can be derived as follows.



By dividing both sides of Equations (57) and (58) on    i  d r , k + 1   s v    s    and    i  q r , k + 1   s v    s   , respectively, we obtain


     u  d r , k + 1  ′   s     i  d r , k + 1   s v    s    =      k p  s +  k i   s         i  d r , k + 1    *       s     i  d r , k + 1   s v    s    − 1    



(59)






     u  q r , k + 1  ′   s     i  q r , k + 1   s v    s    =      k p  s +  k i   s         i  q r , k + 1    *       s     i  q r , k + 1   s v    s    − 1    



(60)







Then, by substituting the voltage component      u  d r , k + 1  ′   s      from Equation (55) into Equation (59), it results in the following:


     i  d r , k + 1   s v    s     i  d r , k + 1   s v    s       R r  + σ  L r  s   =      k p  s +  k i   s         i  d r , k + 1    *       s     i  d r , k + 1   s v    s    − 1    










   R r  + σ  L r  s =    k p  s +  k i   s       i  d r , k + 1    *       s     i  d r , k + 1   s v    s      −    k p  s +  k i   s   










     k p  s +  k i   s       i  d r , k + 1    *       s     i  d r , k + 1   s v    s      =  R r  + σ  L r  s +    k p  s +  k i   s   










     i  d r , k + 1    *       s     i  d r , k + 1   s v    s    =      R r  s + σ  L r   s 2  +  k p  s +  k i   s    *  s   k p  s +  k i     










     i  d r , k + 1   s v    s     i  d r , k + 1    *       s    =    k p  s +  k i    σ  L r   s 2  +    R r  +  k p    s +  k i     



(61)







In the same manner, we can obtain


     i  q r , k + 1   s v    s     i  q r , k + 1    *       s    =    k p  s +  k i    σ  L r   s 2  +    R r  +  k p    s +  k i     



(62)







The denominator of both Equations (61) and (62) is considered as the characteristic equation which controls the dynamics of the PI current regulators, and this equation should have negative real roots to achieve system stability; then, the following must be accomplished:


  σ  L r   s 2  +    R r  +  k p    s +  k i  = 0  



(63)







By dividing both sides of Equation (63) by     σ  L r     , we obtain


   s 2  +      R r  +  k p      σ  L r    s +    k i    σ  L r    = 0  



(64)







Then, to calculate the parameters    k p    and    k i    of the PI rotor current regulators, we must compare the terms of Equation (64) with that of the characteristic equation of the second-order system, which is represented by


   s 2  + 2 D  ω n  s +  ω n 2  = 0  



(65)







Finally, by comparing Equations (64) and (65), the parameters of the PI current regulators can be calculated as follows:


   k p  = 2 D  ω n  σ  L r  −  R r      and      k i  = σ  L r   ω n 2   



(66)




where (D) is the damping factor and (ωn) is the natural frequency of the system.



After completing the design of the PI current regulators, the reference components of the rotor voltage    u  d r , k + 1    *        and    u  q r , k + 1  *    can be obtained and then utilized by the cost function. Figure 8 presents the scheme of the designed PVC, which starts with measuring the stator voltage and stator current and then sampling these signals. As mentioned previously, Taylor expansion is used to predict the actual components of the stator and rotor current, as stated in Equations (35)–(38). The actual rotor current components    i  d r , k + 1   s v     and    i  q r , k + 1   s v     are then compared with the reference d-q rotor current components    i  d r , k + 1    *        and    i  q r , k + 1  *   , which can be evaluated using Equations (39) and (40), respectively. After that, the errors of the rotor current components are fed to the two designed PI current regulators to obtain the active term components of the rotor voltage    u  d r , k + 1    ′      and    u  q r , k + 1  ′   , which are then added to the compensation voltage components   Δ  u  d r , k + 1   s v     and   Δ  u  q r , k + 1   s v     to obtain the reference d-q components of the rotor voltage    u  d r , k + 1    *        and    u  q r , k + 1  *    as stated in Equations (53) and (54), respectively. As mentioned earlier, the actual components of the rotor voltage    u  d r , k + 1   s v     and    u  q r , k + 1   s v     are directly obtained using the switching states of the inverter. Finally, the actual and reference rotor voltage components are utilized by the cost function, which can be expressed by


   C i  =      u  d r , k + 1    *      −  u  d r , k + 1   s v        i  +      u  q r , k + 1  *  −  u  q r , k + 1   s v      i   



(67)







In Equation (67), there is no need for a weighting factor, which leads to avoiding the wrong selection, which may occur with MPDTC. Furthermore, it does not involve any estimated variables that depend on the machine parameters as in MPCC and MPDTC. All of these modifications make PVC more robust and more suitable to be utilized.





4. Test Results


Tests were carried out using MATLAB simulation (Simulink) for the four control techniques (SVOC, MPCC, MPDTC, and proposed PVC) under two different operating conditions. In the first one, the active and reactive power reference values      P  s , k  *     and     Q  s , k  *      were kept constant and set to 50 kW and 0.0 var, respectively, while the DFIG was driven by various wind-driven operating speeds (sub-synchronous =   − 30  %    o f    ω    u ¯   s , k      ; synchronous =    ω    u ¯   s , k      ; super-synchronous =   + 30  %    o f  ω    u ¯   s , k      ), as shown in Figure 9. The DFIG was driven by different operating speeds to ensure the control’s ability to maintain the desired power ratings regardless of the speed variations. Meanwhile, in the second condition, the reference power was initially set to 25 kW and then changed to 50 kW while maintaining the reactive power at 0.0 var. Regarding the wind-driven speed, it was kept constant and set to a synchronous speed      ω    u ¯   s , k     = 314   r a d / s    . The parameters of DFIG are presented in Table A1 in Appendix A.



4.1. Testing with SVOC Technique


The DFIG’s performance was tested with the SVOC technique for two different operating regimes: the first under speed variation as shown in Figure 9 and the other under a fixed speed of 314 rad/s. The results obtained for both conditions, which are shown in Figure 10, Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15 for the variable speed and constant active power and in Figure 16, Figure 17, Figure 18, Figure 19 and Figure 20 for the fixed speed and variable active power profile, demonstrate that the active power, reactive power, developed torque, and rotor flux smoothly follow their reference values. In addition, the stator and rotor currents track the power change as shown in Figure 21 and Figure 22. It can be concluded that the SVOC is ripple-free, and the estimated values of the powers, torque, and rotor flux are tracking their references in a good manner. The main shortages are the control system complexity and the delayed dynamic response caused by the current regulators.




4.2. Testing with MPCC Technique


The DFIG’s performance was tested with the MPCC technique for the same operating conditions presented in Section 4.1. The results are shown in Figure 23, Figure 24, Figure 25, Figure 26, Figure 27, Figure 28 and Figure 29 for variable speed operation and in Figure 30, Figure 31, Figure 32, Figure 33, Figure 34, Figure 35 and Figure 36 for fixed speed operation. The captured results indicate that the actual values of the active and reactive powers, torque, and rotor flux follow their references with a dynamic response faster than that of the SVOC principle; however, its ripples are remarkable in comparison with the SVOC technique.




4.3. Testing with MPDTC Technique


The DFIG’s performance was tested with the MPDTC technique, and the results for both operating conditions are respectively shown in Figure 37, Figure 38, Figure 39, Figure 40, Figure 41, Figure 42, Figure 43, Figure 44, Figure 45, Figure 46, Figure 47, Figure 48, Figure 49 and Figure 50, which illustrate that the actual values of the powers, torque, and rotor flux follow their references with a dynamic response faster than that of the MPCC and SVOC principles, but unfortunately, it has more ripples than the MPCC and SVOC techniques.




4.4. Testing with Proposed PVC


The DFIG’s performance was tested with the proposed PVC technique, and the results are shown in Figure 51, Figure 52, Figure 53, Figure 54, Figure 55, Figure 56 and Figure 57 for the variable speed operation and Figure 58, Figure 59, Figure 60, Figure 61, Figure 62, Figure 63 and Figure 64 for the fixed speed operation. These results prove and confirm that the proposed PVC control system has successfully achieved its targets, as the actual estimated values of the powers, torque, and rotor flux follow their references with high precision in the two conditions. Furthermore, the ripples’ content is effectively suppressed compared to the values under MPDTC and MPCC. In addition, the dynamic response of PVC is the fastest in comparison with that of the MPDTC, MPCC, and SVOC techniques.




4.5. Testing under Proposed PVC with Parameter Variation


In this section, a robustness test for the proposed PVC and another control scheme recently introduced in [55,56,57,58] which adopts a similar operation mechanism is introduced. The purpose of this is to visualize the superiority of the proposed PVC in terms of system robustness.



4.5.1. Testing under Proposed PVC with 20% Variation of Rs


In order to visualize the performance of the designed PVC under parameter mismatch, the following tests were performed. For the variable speed operation shown in Figure 65, a mismatch in stator resistance of 20% was applied at time t = 4 s (Figure 66). The obtained results reveal that the designed PVC succeeded in maintaining the proper operation under the resistance variation. This was confirmed by the maintained actual values of active and reactive powers, torque and rotor flux (Figure 67, Figure 68, Figure 69 and Figure 70) for variable speed operation. The same robust behavior is also maintained for fixed speed operation (Figure 71) under a resistance variation of 20% applied at time t = 2.5 s (Figure 72). The obtained results for active and reactive powers (Figure 73 and Figure 74) and for torque, and rotor flux (Figure 75 and Figure 76) are confirming the robust dynamic behavior of the DFIG.




4.5.2. Testing under Proposed PVC with 20% Variation of Rr


The second parameter variation was made with the rotor resistance value with an increase of 20%. The values of active and reactive powers, torque and rotor flux for variable wind speed shown in Figure 77 with Rs variation (Figure 78) are presented in Figure 79, Figure 80, Figure 81 and Figure 82, respectively. Similarly, for the fixed speed operation (Figure 83) with Rs variation (Figure 84), the results are illustrated for the same variables in Figure 85, Figure 86, Figure 87 and Figure 88, respectively. The obtained results present an adequate performance under the resistance variation, which again confirms the robustness of the designed PVC scheme.




4.5.3. Testing under Proposed PVC with 15% Variation of Ls


The performance of the DFIG under PVC was also tested for the variable speed operation (Figure 89) while considering a mismatch of 15% in the stator inductance (Ls) value (Figure 90). The obtained results for the active and reactive powers, torque and rotor flux are presented in Figure 91, Figure 92, Figure 93 and Figure 94. A similar test is applied under the fixed speed operation (Figure 95) with a Ls variation (Figure 96), and the results are presented in Figure 97, Figure 98, Figure 99 and Figure 100, respectively. The obtained results reveal that the DFIG maintains an appropriate operation even under the inductance variation.




4.5.4. Testing under Proposed PVC with 15% Variation of Lr


The performance of the DFIG under PVC was also tested for the variable speed operation (Figure 101) while considering a mismatch of 15% in the stator inductance (Lr) value (Figure 102). The obtained results for the active and reactive powers, torque and rotor flux are presented in Figure 103, Figure 104, Figure 105 and Figure 106. A similar test is applied under the fixed speed operation (Figure 107) with a Lr variation (Figure 108), and the results are presented in Figure 109, Figure 110, Figure 111 and Figure 112, respectively. The captured figures confirm the ability of the designed PVC to keep the actual values within their predefined references.




4.5.5. Testing under Proposed PVC with 15% Variation of Lm


The last performance test of the DFIG for the variable speed operation (Figure 113) while considering a mismatch of 15% in the magnetizing inductance (Lm) value (Figure 114). The obtained results for the active and reactive powers, torque and rotor flux are presented in Figure 115, Figure 116, Figure 117 and Figure 118. A similar test is applied under the fixed speed operation (Figure 119) with a Lm variation (Figure 120), and the results are presented in Figure 121, Figure 122, Figure 123 and Figure 124, respectively. The results reveal that the actual variables still stayed within their relevant reference ranges, which validates the effectiveness of the designed PVC.





4.6. Testing Using Deadbeat Based Predictive Control (DBPC) Scheme with Parameter Variation


4.6.1. Testing the DBPC Scheme with 20% Variation of Rs


In order to visualize the performance of the DFIG under the PVC technique, which uses the deadbeat principle [55,56,57,58] for generating the reference voltages under parameter mismatch, the following tests were performed. Section 4.6.1 presents the dynamic performance of the DFIG for variable speed operation (Figure 125) when a mismatch in stator resistance of 20% was applied at time t = 4 s (Figure 126). The obtained results reveal that this scheme of PVC failed in maintaining the proper operation under the resistance variation. This fact can be confirmed by following up the deviation of the actual values of active and reactive powers, torque and rotor flux (Figure 127, Figure 128, Figure 129 and Figure 130, respectively). A similar test under fixed speed operation (Figure 131) is applied with a resistance variation at time t = 2.5 s (Figure 132). The obtained results in Figure 133, Figure 134, Figure 135 and Figure 136 reveal the obvious deviation of the actual values from their references. As a result, it is confirmed that the validity and robustness of our designed PVC against parameter change compared with this scheme is ensured.




4.6.2. Testing the DBPC Scheme with 20% Variation of Rr


The dynamic performance of the DFIG for variable speed operation (Figure 137) when a mismatch in rotor resistance of 20% was applied (Figure 138). The obtained results reveal that DBPC scheme failed in maintaining the proper operation under the resistance variation. This fact can be confirmed by following up the deviation of the actual values of active and reactive powers, torque and rotor flux (Figure 139, Figure 140, Figure 141 and Figure 142, respectively). A similar test under fixed speed operation (Figure 143) is applied with a resistance variation at time t = 2.5 s (Figure 144). The obtained results in Figure 145, Figure 146, Figure 147 and Figure 148 reveal the obvious deviation of the actual values from their references.




4.6.3. Testing the DBPC Scheme with 15% Variation of Ls


The performance of the DFIG under the DBPC scheme was also tested while considering a mismatch of 15% in the stator inductance (Ls) value. For the variable speed operation (Figure 149) when a mismatch in Ls of 15% was applied (Figure 150). The obtained results reveal that DBPC scheme failed in maintaining the proper operation under the inductance variation. This fact can be confirmed by following up the deviation of the actual values of active and reactive powers, torque and rotor flux (Figure 151, Figure 152, Figure 153 and Figure 154, respectively). A similar test under fixed speed operation (Figure 155) is applied with an inductance variation at time t = 2.5 s (Figure 156). The test results in Figure 157, Figure 158, Figure 159 and Figure 160 prove the effectiveness and robustness of our designed PVC against parameter change compared with the DBPC scheme.




4.6.4. Testing the DBPC Scheme with 15% Variation of Lr


For the variable speed operation (Figure 161), a mismatch in Lr of 15% was applied (Figure 162). The obtained results reveal that DBPC scheme failed in maintaining the proper operation under the inductance variation. This fact is illustrated via checking the deviation of the actual values of active and reactive powers, torque and rotor flux (Figure 163, Figure 164, Figure 165 and Figure 166, respectively). A similar test under fixed speed operation (Figure 167) is applied with a Lr variation at time t = 2.5 s (Figure 168). The results in Figure 169, Figure 170, Figure 171 and Figure 172 reveal the deficiency of the DBPC in handling the system uncertainties.




4.6.5. Testing the DBPC Scheme with 15% Variation of Lm


The last performance test of the DFIG for the variable speed operation (Figure 173) while considering a mismatch of 15% in the magnetizing inductance (Lm) value (Figure 174). The obtained results for the active and reactive powers, torque and rotor flux are presented in Figure 175, Figure 176, Figure 177 and Figure 178. A similar test is applied under the fixed speed operation (Figure 179) with a Lm variation (Figure 180), and the results are presented in Figure 181, Figure 182, Figure 183 and Figure 184, respectively. The results reveal that the actual variables are still deviated from their relevant reference ranges under the mutual inductance variation, which validates the robustness and superiority of our proposed PVC.





4.7. Comparison Study


Finally, a comparison was performed to study the dynamic performance of the DFIG under the four control techniques to enable the selection of the most appropriate technique to be used with the DFIG. The control effectiveness was measured in terms of ripples content, dynamic response time, and computational burden. The results are shown in Figure 185, Figure 186, Figure 187, Figure 188 and Figure 189, which outline the active power, reactive power, developed torque, and rotor flux magnitude for the variable speed operation, and illustrated in Figure 190, Figure 191, Figure 192, Figure 193 and Figure 194 the fixed speed operation, respectively. Table 1 introduces a comparison of the response time for each technique to clarify, with the aid of the results, which technique has a shorter response time and consequently possesses the fastest dynamic response. As noted in Table 1, the actual values under the proposed PVC technique show a shorter response time in comparison with the other control approaches, as the controlled variables in PVC are the voltage vectors, which are the nearest electrical value applied to the machine windings. Table 2 presents a comparison of the ripples content in the four principles and proves, with the help of the results, that the ripples content of the PVC technique is lower than that of the MPCC approach. It can thus be concluded that the proposed PVC technique is the most appropriate control scheme to be used with the DFIG for the following reasons: it achieves system simplicity; its dynamic response is the fastest compared to that of the MPCC, MPDTC, and SVOC principles; and its ripples content is lower than that of the MPCC and MPDTC approaches.



The computation time for predictive control schemes is a critical issue, as it is known that model predictive controllers are time-consuming. For this reason, a comparison was also made between the three presented predictive controllers (MPDTC, MPCC, and designed PVC) in terms of number of performed commutations during the code execution. As we know, the switching states of the inverter switches are changed as the voltage index (i) is varied, so we could identify the number of commutations using the voltage index as follows. In the beginning, for each of the three inverter legs (a, b, and c), we calculated the binary variance between each logical state and its previous one; then, we took the summation of the different resultant terms. Finally, we could easily estimate the number of performed commutations in each predictive control technique and performed a comparison between them, as illustrated in Table 3. From these analytics, it was revealed that the designed PVC has the lowest number of performed commutations and thus has a shorter computation time compared with the MPDTC and MPCC approaches, which reduces the switching losses of the inverter. The used embedded code for calculating the number of performed commutations is presented in Figure 195.





5. Conclusions


The paper has presented a comprehensive dynamic performance analysis for a doubly fed induction generator using different control algorithms under different operating speeds. The control algorithms used are stator voltage-oriented control (SVOC), model predictive current control (MPCC), and model predictive direct torque control (MPDTC) as classic types and a newly formulated predictive voltage control (PVC) approach as an enhanced type. Compared with the classic predictive controllers, the cost function of the formulated PVC is very simple as it does not contain a weighting factor, in addition to not containing any variables that need to be estimated. This leads to limiting the ripples and minimizing the computation time under PVC. The finite control set (FCS) is used with the designed PVC to select the optimal voltages from a specified set of vectors, which leads to stopping the use of a PWM, thus making the system configuration simpler. The comparison results between the four controllers revealed that the proposed PVC approach succeeded in attaining the control targets and obviating the defects faced by the other control approaches. The designed PVC system improves the dynamic performance of the DFIG through presenting the fastest dynamic response, reducing the ripples content, and minimizing the number of commutations, which results in reducing the computation time. The designed PVC scheme also has a confirmed high robustness against parameter mismatch, which was illustrated through performing extensive performance evaluation tests.
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Table A1. DFIG and control system parameters.






Table A1. DFIG and control system parameters.





	Parameters
	Value
	Parameters
	Value





	Rated power
	55 kW
	Pole pairs (p)
	3



	Rs
	70 mΩ
	Usn (nominal stator voltage)
	380 V



	Rr
	87 mΩ
	Kp and Ki (rotor current regulators)
	3 and 100



	Ls
	16.25 mH
	Operating frequency
	50 Hz



	Lr
	16.3 mH
	Inertia of the DFIG
	0.1 kg·m2



	Lm
	16 mH
	Sampling time
	10−4 s
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Figure 1. FCS PC structure. 
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Figure 2. CCS PC structure. 
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Figure 3. Equivalent circuit model of DFIG. 
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Figure 4. Relationships between reference frames. 
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Figure 5. SVOC technique for the DFIG. 
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Figure 6. MPCC technique for the DFIG. 
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Figure 7. MPDTC technique for the DFIG. 
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Figure 8. Proposed PVC technique for the DFIG. 
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Figure 9. Prime mover operating speeds (rad/s). 
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Figure 10. Active power under SVOC (Watt). 
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Figure 11. Reactive power under SVOC (var). 
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Figure 12. Developed torque under SVOC (Nm). 
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Figure 13. Rotor flux under SVOC (Vs). 
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Figure 14. Stator currents under SVOC (A). 
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Figure 15. Rotor currents under SVOC (A). 
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Figure 16. Prime mover operating speed (rad/s). 
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Figure 17. Active power under SVOC (Watt). 
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Figure 18. Reactive power under SVOC (var). 
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Figure 19. Developed torque under SVOC (Nm). 






Figure 19. Developed torque under SVOC (Nm).



[image: Processes 10 00456 g019]







[image: Processes 10 00456 g020 550] 





Figure 20. Rotor flux under SVOC (Vs). 
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Figure 21. Stator currents under SVOC (A). 
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Figure 22. Rotor currents under SVOC (A). 
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Figure 23. Prime mover operating speeds (rad/s). 
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Figure 24. Active power under MPCC (Watt). 
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Figure 25. Reactive power under MPCC (var). 
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Figure 26. Developed torque under MPCC (Nm). 
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Figure 27. Rotor flux under MPCC (Vs). 
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Figure 28. Stator currents under MPCC (A). 






Figure 28. Stator currents under MPCC (A).



[image: Processes 10 00456 g028]







[image: Processes 10 00456 g029 550] 





Figure 29. Rotor currents under MPCC (A). 
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Figure 30. Prime mover operating speed (rad/s). 
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Figure 31. Active power under MPCC (Watt). 
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Figure 32. Reactive power under MPCC (var). 
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Figure 33. Developed torque under MPCC (Nm). 
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Figure 34. Rotor flux under MPCC (Vs). 
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Figure 35. Stator currents under MPCC (A). 
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Figure 36. Rotor currents under MPCC (A). 
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Figure 37. Prime mover operating speeds (rad/s). 
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Figure 38. Active power under MPDTC (Watt). 
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Figure 39. Reactive power under MPDTC (var). 
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Figure 40. Torque under MPDTC (Nm). 
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Figure 41. Rotor flux under MPDTC (Vs). 
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Figure 42. Stator currents under MPDTC (A). 
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Figure 43. Rotor currents under MPDTC (A). 
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Figure 44. Prime mover operating speed (rad/s). 
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Figure 45. Active power under MPDTC (Watt). 
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Figure 46. Reactive power under MPDTC (var). 
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Figure 47. Torque under MPDTC (Nm). 
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Figure 48. Rotor flux under MPDTC (Vs). 
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Figure 49. Stator currents under MPDTC (A). 
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Figure 50. Rotor currents under MPDTC (A). 
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Figure 51. Prime mover operating speeds (rad/s). 
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Figure 52. Active power under PVC (Watt). 
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Figure 53. Reactive power under PVC (var). 
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Figure 54. Developed torque under PVC (Nm). 
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Figure 55. Rotor flux under PVC (Vs). 
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Figure 56. Stator currents under PVC (A). 
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Figure 57. Rotor currents under PVC (A). 
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Figure 58. Prime mover operating speed (rad/s). 
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Figure 59. Active power under PVC (Watt). 
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Figure 60. Reactive power under PVC (var). 
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Figure 61. Developed torque under PVC (Nm). 
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Figure 62. Rotor flux under PVC (Vs). 
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Figure 63. Stator currents under PVC (A). 
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Figure 64. Rotor currents under PVC (A). 
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Figure 65. Prime mover operating speeds (rad/s). 
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Figure 66. Variation of Rs (Ω). 
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Figure 67. Active power under PVC (Watt). 
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Figure 68. Reactive power under PVC (var). 
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Figure 69. Developed torque under PVC (Nm). 
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Figure 70. Rotor flux under PVC (Vs). 






Figure 70. Rotor flux under PVC (Vs).



[image: Processes 10 00456 g070]







[image: Processes 10 00456 g071 550] 





Figure 71. Prime mover operating speeds (rad/s). 
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Figure 72. Variation of Rs (Ω). 
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Figure 73. Active power under PVC (Watt). 
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Figure 74. Reactive power under PVC (var). 






Figure 74. Reactive power under PVC (var).



[image: Processes 10 00456 g074]







[image: Processes 10 00456 g075 550] 





Figure 75. Developed torque under PVC (Nm). 
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Figure 76. Rotor flux under PVC (Vs). 
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Figure 77. Prime mover operating speeds (rad/s). 
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Figure 78. Variation of Rr (Ω). 
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Figure 79. Active power under PVC (Watt). 
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Figure 80. Reactive power under PVC (var). 
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Figure 81. Developed torque under PVC (Nm). 
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Figure 82. Rotor flux under PVC (Vs). 
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Figure 83. Prime mover operating speeds (rad/s). 
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Figure 84. Variation of Rr (Ω). 
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Figure 85. Active power under PVC (Watt). 
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Figure 86. Reactive power under PVC (var). 






Figure 86. Reactive power under PVC (var).
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Figure 87. Developed torque under PVC (Nm). 






Figure 87. Developed torque under PVC (Nm).
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Figure 88. Rotor flux under PVC (Vs). 






Figure 88. Rotor flux under PVC (Vs).
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Figure 89. Prime mover operating speeds (rad/s). 
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Figure 90. Variation of Ls (H). 
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Figure 91. Active power under PVC (Watt). 
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Figure 92. Reactive power under PVC (var). 
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Figure 93. Developed torque under PVC (Nm). 






Figure 93. Developed torque under PVC (Nm).
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Figure 94. Rotor flux under PVC (Vs). 






Figure 94. Rotor flux under PVC (Vs).
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Figure 95. Prime mover operating speeds (rad/s). 
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[image: Processes 10 00456 g095]







[image: Processes 10 00456 g096 550] 





Figure 96. Variation of Ls (H). 
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Figure 97. Active power under PVC (Watt). 
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Figure 98. Reactive power under PVC (var). 
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Figure 99. Developed torque under PVC (Nm). 
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Figure 100. Rotor flux under PVC (Vs). 
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Figure 101. Prime mover operating speeds (rad/s). 
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Figure 102. Variation of Lr (H). 
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Figure 103. Active power under PVC (Watt). 
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Figure 104. Reactive power under PVC (var). 
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Figure 105. Developed torque under PVC (Nm). 
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Figure 106. Rotor flux under PVC (Vs). 






Figure 106. Rotor flux under PVC (Vs).
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Figure 107. Prime mover operating speeds (rad/s). 






Figure 107. Prime mover operating speeds (rad/s).
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Figure 108. Variation of Lr (H). 






Figure 108. Variation of Lr (H).
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Figure 109. Active power under PVC (Watt). 






Figure 109. Active power under PVC (Watt).
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Figure 110. Reactive power under PVC (var). 






Figure 110. Reactive power under PVC (var).
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Figure 111. Developed torque under PVC (Nm). 






Figure 111. Developed torque under PVC (Nm).
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Figure 112. Rotor flux under PVC (Vs). 
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Figure 113. Prime mover operating speeds (rad/s). 
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Figure 114. Variation of Lm (H). 
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Figure 115. Active power under PVC (Watt). 
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Figure 116. Reactive power under PVC (var). 






Figure 116. Reactive power under PVC (var).
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Figure 117. Developed torque under PVC (Nm). 






Figure 117. Developed torque under PVC (Nm).
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Figure 118. Rotor flux under PVC (Vs). 






Figure 118. Rotor flux under PVC (Vs).



[image: Processes 10 00456 g118]







[image: Processes 10 00456 g119 550] 





Figure 119. Prime mover operating speeds (rad/s). 
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Figure 120. Variation of Lm (H). 
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Figure 121. Active power under PVC (Watt). 
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Figure 122. Reactive power under PVC (var). 
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Figure 123. Developed torque under PVC (Nm). 
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Figure 124. Rotor flux under PVC (Vs). 
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Figure 125. Prime mover operating speeds (rad/s). 
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Figure 126. Variation of Rs (Ω). 
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Figure 127. Active power under PVC (Watt). 
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Figure 128. Reactive power under PVC (var). 






Figure 128. Reactive power under PVC (var).



[image: Processes 10 00456 g128]







[image: Processes 10 00456 g129 550] 





Figure 129. Developed torque under PVC (Nm). 






Figure 129. Developed torque under PVC (Nm).
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Figure 130. Rotor flux under PVC (Vs). 
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Figure 131. Prime mover operating speeds (rad/s). 
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Figure 132. Variation of Rs (Ω). 
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Figure 133. Active power under PVC (Watt). 
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Figure 134. Reactive power under PVC (var). 
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Figure 135. Developed torque under PVC (Nm). 
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Figure 136. Rotor flux under PVC (Vs). 
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Figure 137. Prime mover operating speeds (rad/s). 
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Figure 138. Variation of Rr (Ω). 
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Figure 139. Active power under PVC (Watt). 
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Figure 140. Reactive power under PVC (var). 
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Figure 141. Developed torque under PVC (Nm). 
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Figure 142. Rotor flux under PVC (Vs). 
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Figure 143. Prime mover operating speeds (rad/s). 
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Figure 144. Variation of Rr (Ω). 
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Figure 145. Active power under PVC (Watt). 
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Figure 146. Reactive power under PVC (var). 
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Figure 147. Developed torque under PVC (Nm). 
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Figure 148. Rotor flux under PVC (Vs). 
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Figure 149. Prime mover operating speeds (rad/s). 
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Figure 150. Variation of Ls (H). 
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Figure 151. Active power under PVC (Watt). 
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Figure 152. Reactive power under PVC (var). 
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Figure 153. Developed torque under PVC (Nm). 
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Figure 154. Rotor flux under PVC (Vs). 
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Figure 155. Prime mover operating speeds (rad/s). 
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Figure 156. Variation of Ls (H). 
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Figure 157. Active power under PVC (Watt). 
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Figure 158. Reactive power under PVC (var). 
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Figure 159. Developed torque under PVC (Nm). 
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Figure 160. Rotor flux under PVC (Vs). 
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Figure 161. Prime mover operating speeds (rad/s). 
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Figure 162. Variation of Lr (H). 
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Figure 163. Active power under PVC (Watt). 






Figure 163. Active power under PVC (Watt).



[image: Processes 10 00456 g163]







[image: Processes 10 00456 g164 550] 





Figure 164. Reactive power under PVC (var). 
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Figure 165. Developed torque under PVC (Nm). 
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Figure 166. Rotor flux under PVC (Vs). 
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Figure 167. Prime mover operating speeds (rad/s). 
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Figure 168. Variation of Lr (H). 
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Figure 169. Active power under PVC (Watt). 
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Figure 170. Reactive power under PVC (var). 
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Figure 171. Developed torque under PVC (Nm). 
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Figure 172. Rotor flux under PVC (Vs). 
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Figure 173. Prime mover operating speeds (rad/s). 
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Figure 174. Variation of Lm (H). 
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Figure 175. Active power under PVC (Watt). 
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Figure 176. Reactive power under PVC (var). 
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Figure 177. Developed torque under PVC (Nm). 






Figure 177. Developed torque under PVC (Nm).
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Figure 178. Rotor flux under PVC (Vs). 






Figure 178. Rotor flux under PVC (Vs).
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Figure 179. Prime mover operating speeds (rad/s). 
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Figure 180. Variation of Lm (H). 






Figure 180. Variation of Lm (H).
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Figure 181. Active power under PVC (Watt). 






Figure 181. Active power under PVC (Watt).
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Figure 182. Reactive power under PVC (var). 
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Figure 183. Developed torque under PVC (Nm). 






Figure 183. Developed torque under PVC (Nm).
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Figure 184. Rotor flux under PVC (Vs). 
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Figure 185. Prime mover operating speeds (rad/s). 






Figure 185. Prime mover operating speeds (rad/s).
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Figure 186. Comparison between active powers of four techniques (Watt). 
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Figure 187. Comparison between reactive powers of four techniques (var). 






Figure 187. Comparison between reactive powers of four techniques (var).
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Figure 188. Comparison between torques of four techniques (Nm). 






Figure 188. Comparison between torques of four techniques (Nm).
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Figure 189. Comparison between rotor fluxes of four techniques (Vs). 






Figure 189. Comparison between rotor fluxes of four techniques (Vs).
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Figure 190. Prime mover operating speed (rad/s). 






Figure 190. Prime mover operating speed (rad/s).
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Figure 191. Comparison between active powers of four techniques (Watt). 






Figure 191. Comparison between active powers of four techniques (Watt).
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Figure 192. Comparison between reactive powers of four techniques (var). 






Figure 192. Comparison between reactive powers of four techniques (var).
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Figure 193. Comparison between torques of four techniques (Nm). 






Figure 193. Comparison between torques of four techniques (Nm).
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Figure 194. Comparison between rotor fluxes of four techniques (Vs). 






Figure 194. Comparison between rotor fluxes of four techniques (Vs).
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Figure 195. Embedded code for calculating the number of commutations for predictive controllers. 
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Table 1. Response time taken by the actual values to reach to their references values in 2nd condition.






Table 1. Response time taken by the actual values to reach to their references values in 2nd condition.





	Technique
	Time Taken by Active Power Profile
	Time Taken by Torque Profile
	Time Taken by Rotor Flux Profile





	SVOC
	0.55 ms
	0.65 ms
	6.5 ms



	MPCC
	0.16065 ms
	0.156 ms
	2.4 ms



	MPDTC
	0.1604 ms
	0.151 ms
	0.14 ms



	PVC
	0.14 ms
	0.135 ms
	0.057 ms
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Table 2. Ripples content of the actual values above their references values.






Table 2. Ripples content of the actual values above their references values.





	
Technique

	
Ripples of

Active Power (Watt)

	
Ripples of

Reactive Power

(var)

	
Ripples of Developed Torque

(Nm)

	
Ripples of

Rotor Flux

(Vs)




	
Case

1

	
Case

2

	
Case

1

	
Case

2

	
Case

1

	
Case

2

	
Case

1

	
Case

2






	
SVOC

	
740

	
670

	
274

	
281

	
9.2

	
9.9

	
0.012

	
0.013




	
MPCC

	
7040

	
7580

	
7865

	
7673

	
171.1

	
183.4

	
0.023

	
0.02




	
MPDTC

	
7890

	
8140

	
10080

	
9846

	
193.3

	
185

	
0.024

	
0.022




	
PVC

	
2980

	
3070

	
4043

	
3804

	
85

	
104.1

	
0.016

	
0.014
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Table 3. Comparison in terms of performed commutations by the predictive controllers.






Table 3. Comparison in terms of performed commutations by the predictive controllers.





	Technique
	Variable Speed Operation
	Fixed Speed Operation





	MPCC
	8830
	3732



	MPDTC
	8588
	2461



	PVC
	7057
	1409
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