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Abstract

:

The present paper is concerned with introducing an effective direct power control (DPC) approach for a sensor-less doubly fed induction generator (DFIG). The derivation of the proposed DPC approach is performed in a systematic manner in which the design of the rotor current controllers is well analyzed, which clarifies the real base of the control system as when and why it works properly. The operation of the proposed DPC approach is based on the stator voltage-oriented control principle in which the stator voltage is aligned with the quadrature axis of the rotating reference frame. To obtain maximum generation efficiency, the reactive power reference value is derived based on a loss minimization criterion (LMC) that is described and analyzed in detail. To enhance the robustness of the control system, an effective rotor position estimator is proposed that is robust against the system uncertainties, such as the parameters’ variation. To validate the effectiveness of the proposed sensor-less DPC approach, the DFIG dynamic performance is tested for a wide range of operating speeds. The obtained results confirm and emphasize the feasibility of the proposed control approach and its LMC methodology in improving the generation efficiency and in obtaining high dynamic performance from the DFIG.
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1. Introduction


Recently, generating electricity from wind energy systems has been given great attention due to sustainability, cheapness, economic operation and harvesting capabilities [1,2]. Several research studies have been concerned with introducing robust control techniques for achieving the maximum power extraction from the wind energy systems [3,4,5]. The corresponding studies used different forms of generation units; some of them have utilized the squirrel-cage-type induction generators (SC IGs) with a capacitor bank connected across the stator terminals to provide the reactive power as reported in [6,7,8], while the others have utilized the synchronous generators that have stator terminals connected to the grid through a converter as stated in [9,10,11,12]. The problems related with these generation units were the disability to operate at variable wind speed, and the difficulty to recover the excessive power to the grid [13,14]. The superiority of the doubly fed induction generator (DFIG) over the other types of wind generators, such as the SC IG, can be clarified through analyzing the mechanism by which the generation unit can handle the power for the variable speed operation. For example, when the SC IG is used, it is required that the rotor speed must be higher than the synchronous speed; but when it is used for large wind turbine systems with large power production, this requires increasing the rotor speed to extra higher values, which make the speed regulation very difficult [15]. The difficulty comes from the fact that the stator terminals of SC IGs are connected directly to the grid through a power converter, and, when handling large power rates, large currents will pass through the power converters, which cannot be afforded by the used converters. At this stage, the DFIG can solve this issue thanks to its physical construction, which enabled it to handle fractions of rated power by managing the frequency of the rotor currents depending on the principle of energy exchange between the stator and rotor sides [16]. This has motivated the researchers to investigate more on the operation analysis of DFIG which became the most widely used generation unit [17,18,19,20]. Many advantages have been brought with the DFIG such as the capability of working at variable wind speeds, the ability of controlling the power flow from and to the machine through the rotor terminals, which contributed to reducing the power ratings of the converters to the fractions of rated power, and thus saving the cost and reducing the switching losses as well [21,22,23].



Some of the introduced control procedures for the DFIG have adopted the vector control concept, in which the reference voltages were calculated using the field oriented control (FOC) or the direct torque control (DTC) techniques [24,25,26,27]. The FOC control has suffered from the system complexity due to the need for performing several co-ordinates transformation. Moreover, in several cases, the proper design of proportional-integral (PI) current regulators was not ensured which resulted in deteriorating the transient response of the system [28,29]. Some attempts have been carried out to make the selection of the PI gains more precise as in [30,31], which used the neural and fuzzy systems to optimally select the gains. However, good results have been obtained, but the system complexity is increased; this is besides adding a delay in the system response. The DTC technique solved the complexity issue via utilizing two hysteresis regulators for the torque and the flux instead of incorporating the PI regulators [32,33,34]. However, the main issue of the DTC was the remarkable torque and current oscillations due to the imprecise selection of voltage vectors [35]. The imprecise voltage selection under the DTC can be referred to the mechanism by which the DTC works, as when a voltage vector is selected from the look-up table, it will be applied for the entire sampling interval, and during this interval it may happens that the torque or flux error decreases, which means that the applied vector is no longer valid in this situation and thus it can result in increasing the torque or flux deviation, which finally increases the ripples. The most significant control topology, which has been tested with the DFIG based on the vector control principle, was the direct power control (DPC) in which the generated active and reactive powers were controlled by regulating the direct (d) and quadrature (q) axes components of the rotor current [36,37,38,39]. This technique has contributed in well understanding the DFIG dynamic behavior and in obtaining high dynamic performance from the drive. However, most of the introduced DPC control techniques did not introduce a detailed investigation about the core principle based upon which the current controllers have been designed, which made it difficult to understand the base operation of the DPC. For example, investigating the inherent coupling between the d-axis and q-axis component of the controlled variables (rotor voltages and currents) has not been properly handled. Based upon this, the current paper presents a detailed analysis for the derivation of the vector control system through which the coupling analysis and its restricting mechanism are introduced and analyzed.



Improving the DFIG efficiency has not been given a sufficient concern from the previous studies; this has been noticed in several studies in which the control system was designed considering a constant zero value of reactive power reference to realize a unity power factor during the operation. To avoid this deficiency, the current paper introduces an effective losses minimization criterion (LMC) through which the DFIG losses can be minimized and the efficiency can be consequently improved. In the proposed LMC, the reactive power reference value is derived via utilizing the value of the d-axis component of stator current, which achieves minimum losses (copper and iron) for the DFIG.



Another important aspect about the DFIG is the realization of a sensor-less operation to increase the reliability of the system. Many sensor-less control procedures have been introduced for the DFIG [40,41,42,43], some of which have utilized the model reference adaptive system (MRAS) observers that extract the speed information and the rotor position through comparing two values of the estimated rotor flux [40,41]. The main issue of these techniques was the dependency on the machine parameters, mainly the stator resistance, which is subjected to variation under different operating conditions. A lot of attempts were made to increase the robustness of the estimator against the parameters’ variations (mainly the stator resistance), but this has resulted in increasing the system complexity via adding extra computation parts to the system [42,43]. In [44,45], the extended kalman filter has been introduced for estimating the speed and rotor position for the DFIG. The problem with the kalman filter was that it considered the linear models of the system and observer, which was not so precise especially when applied with highly non-linear system such as the DFIG; adding to this, was the complexity of the system. Another study has proposed an estimator in which the rotor position was obtained through estimating the rotor current in two different frames (stationary and rotor) [46,47,48]. The main problem with this estimator was the dependency on the machine parameters (mainly stator resistance) when estimating the rotor current position in stationary frame.



For this purpose, the current paper introduces a robust rotor position estimator, which extracts the rotor position with minimal dependency on the machine parameters to achieve precise co-ordinate transformation.



The contributions of the paper are summarized as follows:




	
A new design procedure for the direct power control of the DFIG has been introduced.



	
The new control design has been described and analyzed in a systematic manner, which enables understanding the control dynamics: when and why it works properly.



	
An effective losses minimization criterion (LMC) has been formulated in order to improve the DFIG efficiency. The derivation of the LMC has been described in detail.



	
A robust rotor position estimator has been designed and tested for various operating speeds. The proposed estimator is simple in construction and non-sensitive to the machine parameters’ variation.



	
Extensive tests are carried out to validate the proposed DPC control system and the LMC with the position estimator. The obtained results confirm the feasibility of the system and its ability to achieve the desired dynamic performance with high precision.








The paper starts by introducing the mathematical model and the equivalent circuit of the DFIG, and then the proposed DPC and the design of the rotor current controllers are described in detail. After that, the proposed losses minimization criterion (LMC) is introduced and analyzed. Finally, the proposed sensor-less position estimator is introduced and described and then the testing results and conclusion are presented.




2. Proposed DPC Approach


2.1. Design of Rotor Current Controllers


In order to construct the proposed DPC and design the current controllers, a mathematical model for the DFIG defined in a reference frame rotating with the synchronous angular speed of stator voltage is presented. The mathematical model is derived using the circuit shown in Figure 1.



In Figure 1, the superscript ‘sv’ refer to the stator voltage frame in which the stator voltage vector is aligned with the q-axis of the rotating reference frame. The parameters    R s    and    R r    denote to the stator and rotor resistances, while the parameters    L m   ,    L  ls     and    L  lr     denote to the magnetizing, leakage stator and leakage rotor inductances, respectively. The variables      i ¯   s  sv     and      i ¯   r  sv     refer to the stator and rotor currents defined in the synchronous frame, while      ψ ¯   s  sv     and      ψ ¯   r  sv     refer to the stator and rotor fluxes. The angular speeds    ω     u ¯   s      and    ω  me     refer to synchronous and mechanical angular speeds, respectively. The voltage vectors      u ¯   s  sv     and      u ¯   r  sv     refer to the stator and rotor voltages defined in the rotating frame.



The voltage balance in the circuit of Figure 1 can be expressed by:


     u ¯   s  sv   =  R s     i ¯   s  sv   +      d  ψ ¯    s  sv     dt   +    j ω       u ¯   s       ψ ¯   s  sv    



(1)






     u ¯   r  sv   =  R r     i ¯   r  sv   +      d  ψ ¯    r  sv     dt   + j  (   ω     u ¯   s    −  ω  me    )     ψ ¯   r  sv    



(2)







The vectors’ allocation in different reference frames can be shown in Figure 2. Form this figure, it can be noticed that the stator voltage vector      u ¯   s  sv     is aligned with  q -axis of the rotating reference frame (rotates with    ω     u ¯   s     ) and thus the stator flux supposed to be lagged with angle of 90° behind the stator voltage. Moreover, it can be noticed that the rotor current vector      i ¯   r  sv     makes an angle of    θ     i ¯   r   s    with the    d s   -axis of stationary frame, while it makes an angle of    θ     i ¯   r   r    with the    d r   -axis of the rotor reference frame. Thus, it can be deduced that the difference between the two positions of the rotor current vectors gives the rotor position    θ  me   =  θ     i ¯   r   s  −  θ     i ¯   r   r   , as will be explained later.



With the help of Figure 2, and under stator voltage oriented (SVO) control, the following relationships are obtained under steady-state operating conditions:


    u  qs   sv   =  |     u ¯   s  sv    |    ,   and    u  ds   sv   = 0.0   



(3)






    ψ  ds   sv   ≅  |     ψ ¯   s  sv    |    ,   and    ψ  qs   sv   ≅ 0.0   



(4)




where    u  ds   sv     and    u  qs   sv     are the d-q components of stator voltage vector. Meanwhile,    ψ  ds   sv     and    ψ  qs   sv     are the d-q components of the stator flux vector, all defined in a synchronous frame.



Then, the generated active (   P s   ) and reactive power (   Q s   ) can be also evaluated under SVO control using (3) and (4) by


    P s  = 1.5  u  qs   sv    i  qs   sv     ,   and    Q s  = 1.5  u  qs   sv    i  ds   sv     



(5)




where    i  ds   sv     and    i  qs   sv     are the d-q components of stator current vector represented in the rotating frame.



Using the flux–current relationships, the active and reactive powers can be expressed in terms of rotor current components as follows


    P s  = − 1.5    L m     L s     u  qs   sv    i  qr   sv     ,   and    Q s  = 1.5    L m     L s     u  qs   sv    (     u  qs   sv      L m   ω    u ¯  s      −  i  dr   sv    )    



(6)




where    i  dr   sv     and    i  qr   sv     are the d-q components of rotor current vector expressed in the rotating frame.



From (6), it can be realized that the active and reactive powers of the DFIG can be controlled via regulating the quadrature and direct axes components of rotor current (   i  dr   sv     and    i  qr   sv    ), respectively. Upon this hypothesis, the design of rotor current controllers is derived and analyzed as follows:



From (1) and (2), and by taking the Laplace transform, it results:


     U ¯   s  sv    ( s )  =  (   R s  +   sL  s  +    j ω       u ¯   s     L s   )     I ¯   s  sv    ( s )  +  (    sL  m  +    j ω       u ¯   s     L m   )       I ¯   r  sv    ( s )   



(7)






     U ¯   r  sv    ( s )  =  (   R r  +   sL  r  + j  (   ω     u ¯   s    −  ω  me    )   L r   )     I ¯   r  sv    ( s )  +  (    sL  m  + j  (   ω     u ¯   s    −  ω  me    )   L m   )     I ¯   s  sv    ( s )   



(8)




where s refers to the Laplace domain.



From (7) and (8) and after some mathematical derivations, the rotor current can be expressed by:


     I ¯   r  sv    ( s )  =      U ¯   r  sv    ( s )  ∗  (   R s  +  (  S +    j ω       u ¯   s     )   L s   )  −  (  S + j  (   ω     u ¯   s    −  ω  me    )   )   L m  ∗  (     U ¯   s  sv    ( s )  −  (  S +    j ω       u ¯   s     )   L m     I ¯   r  sv    ( s )   )     (   R s  +  (  S +    j ω       u ¯   s     )   L s   )  ∗  (   R r  +  (  S + j  (   ω     u ¯   s    −  ω  me    )   )   L r   )     



(9)







Via utilizing (9), the transfer function    (       I ¯   r  sv    ( s )       U ¯   r  sv    ( s )     )    can be derived to show the effect of rotor current variation respecting to the applied rotor voltage, while the response of      I ¯   r  sv    ( s )    respecting to the stator voltage      U ¯   s  sv    ( s )    is considered as a disturbance, which, at this stage, can be neglected, then the transfer function    (       I ¯   r  sv    ( s )       U ¯   r  sv    ( s )     )    can be expressed by:


       I ¯   r  sv    ( s )       U ¯   r  sv    ( s )    =    R s  +  (  S +    j ω       u ¯   s     )   L s     (   R s  +  (  S +    j ω       u ¯   s     )   L s   )  ∗  (   R r  +  (  S + j  (   ω     u ¯   s    −  ω  me    )   )   L r   )  −  (  S + j  (   ω     u ¯   s    −  ω  me    )   )  ∗  (  S +    j ω         u ¯   s     )   L m 2     



(10)







Assuming that the rotor is rotating with an angular speed of    ω  me   =  ω     u ¯   s     , then the slip will be zero and this will simplify (10) to derive the poles and zeros of the transfer function as follows:


       I ¯   r  sv    ( s )       U ¯   r  sv    ( s )    =   Num  ( S )    Den  ( S )    =    R s  +  (  S +    j ω       u ¯   s     )   L s     S 2   (   L s   L r  −  L m 2   )  + S  [   R s   L r  +  R r   L s  +    j ω       u ¯   s     (   L s   L r  −  L m 2   )   ]  +  (   R s  +    j ω         u ¯   s     L s   )   R r     



(11)







From (11), it can be realized that the denominator has complex coefficients, which means that the real axis component of the applied input vector (which is here    u  dr   sv    ) affects both components of the outputs (   i  dr   sv     and    i  qr   sv    ) and the same is applied to the imaginary part of the applied input vector (   u  qr   sv    ). This behavior therefore indicates the presence of cross-coupling between the two axes (d and q) of the reference system and this fact has to be taken into consideration while designing the current regulators.



By substituting the DFIG parameters values into (11), and after analyzing the roots of the nominator and denominator, the zeros (Z) and poles (   P 1   ,   P 2   ) of the transfer function can be determined and then the transfer function can be represented by:


       I ¯   r  sv    ( s )       U ¯   r  sv    ( s )    =   1 −  S Z     R r   (  1 −  S   P 1     )   (  1 −  S   P 2     )     



(12)







The transfer function (11) outlines the characteristics of the rotor current regulators and can be represented using the block diagram in Figure 3, in which R(s) denotes to the current regulator and    I r *   ( S )    is the reference rotor current.



To avoid the coupling issue, a possible choice for the regulator R(s) is to carry out pole-zero and zero-pole cancellations with the transfer function    (       I ¯   r  sv    ( s )       U ¯   r  sv    ( s )     )    and placing a pole in the origin so as to realize the fundamental condition of having zero error. In other words, a proportional integrator-derivative (PID)-type regulator is created using the following expression:


  R  ( S )  =  K S     (  1 −  S   P 1     )   (  1 −  S   P 2     )     (  1 −  S Z   )     



(13)







The pole-zero deletion eliminate the cross coupling between the two axes, and thus the block diagram in Figure 3 will be reconfigured to be as in Figure 4 in which the factor     K ′   =  K   R r      and K is the gain of the proportional part.



From Figure 4, it is possible to write the two components of the rotor current vector      I ¯   r  sv    ( s )    as follows:


   I  dr   sv    ( S )  +   jI   qr   sv    ( S )  =    K ′   S   (   ε  dr   +    j ε    qr    )   



(14)







From (14), it can be realized that each current component depends only on the error relating to its own axis (   ε  dr     and    ε  qr    ) and not on both of them, and this is achieved only if a perfect decoupling is ensured through the proper choice of the gain K.



To achieve the perfect decoupling, the regulator R(s) has to be represented in a scalar form so that it can be possible to derive the d-q components of the reference output through which the decoupling can be checked. This action can be realized via substituting the values of Z,    P 1    and    P 2    with their real parameters given in Appendix A into (13), then it results:


  R  ( S )  =   A + jB   Den   =  K S   [    6.366  e  − 8    s 3  + 1.86  e  − 5    s 2  +  (  6.399  e  − 3   − j 2.49  e  − 6    )  s + 1   1.014  e  − 5    s 2  + 8.74  e  − 5   s + 1    ]   



(15)







By utilizing (15), the d-q components of the rotor voltage vector (output of the current controller) can be calculated as follows:


     U ¯   r  sv    ( s )  =  U  dr   sv    ( s )  +   jU   qr   sv    ( s )  = R  ( S )  ∗  (   ε  dr   +    j ε    qr    )  =  K S  ∗   A + jB   Den   ∗  (   ε  dr   +    j ε    qr    )   



(16)







By separating the d-q components in (16), it results:


    U  dr   sv    ( s )  =  K   S ∗ Den     (     A ε    dr   −    B ε    qr    )    ,   and    U  qr   sv    ( s )  =  K   S ∗ Den     (     A ε    qr   +    B ε    dr    )    



(17)







From (17), it is clear that there is a coupling between the two components of rotor voltage vector and here the role of the gain K comes into consideration. As the DFIG is connected to a wind turbine system, so it is sufficient for the control to be able to follow the wind variations which supposed to be relatively slow and therefore it is suitable to select a band-pass frequency of 10–15 Hz for the current loops, which, after calculation, gives a value of K equals 10.



Figure 5 confirms the validity of the selected value of K, as it can be seen that the two current loops (represented by their d and q components) are stable with phase margin of 90° for three different values of K. So, it can be concluded that the precise decoupling is achieved.



In conclusion of the design procedure, the schematic diagram of the rotor current regulators can be constructed as shown in Figure 6 via utilizing the relationships (16) and (17). The important role that the term      B ′    Den     plays in limiting the coupling between the two axes is very clear, and this can be investigated through the results shown in Figure 6 in which a comparison is made between the response of the rotor current components to their references with and without incorporating the term      B ′    Den     into the control scheme. In Figure 6a, in which the term      B ′    Den     is incorporated, the decoupling is achieved between the d-q components, while, in Figure 6b, with removing the term      B ′     Den ′      a noticeable coupling is exist between the two axes. The constant    B ′    refers to     B ′   =  B S   .



Moreover, in order to have a perfect decoupling, the estimation of rotor position    θ  me     has to be precise, as the co-ordinates’ transformation requires the rotor position information. For this reason, a robust position estimator is presented and described in Section 3.



The references      (   I  dr  *   )    sv     and      (   I  qr  *   )    sv     are obtained using (6) in which the references active and reactive powers are utilized. The active power reference value    P s *    is directly imposed according to the generation requirements, while the reactive power reference is applied based on a certain criterion, which is the minimization of DFIG losses (copper+ iron), as described in the following subsection.




2.2. Losses Minimization Criterion


To calculate the losses (copper and iron) of DFIG, the iron loss has to be considered when modeling the DFIG. The magnetizing branch of the DFIG model when taking the iron loss into consideration can be represented as shown in Figure 7.



The relationships that outline the dynamics in the magnetizing branch of Figure 7 are expressed by:


   ω     u ¯   s     ψ  qm   sv   = −  R i   i  di   sv   +      d ψ    dm   sv     dt    



(18)






   ω     u ¯   s     ψ  dm   sv   =  R i   i  qi   sv   −      d ψ    qm   sv     dt    



(19)




where      i ¯   m  sv     is the magnetizing current and      i ¯   i  sv     is the iron branch current and      ψ ¯   m  sv     is the magnetizing flux and    R i    is the iron resistance.



Under normal grid conditions, the variation in the magnetizing flux can be ignored, and the relationships (18) and (19) tend to be:


    ω     u ¯   s     ψ  qm   sv   = −  R i   i  di   sv     ,   and    ω     u ¯   s     ψ  dm   sv   =  R i   i  qi   sv     



(20)







Moreover, under SVO control, the following relationships are obtained:


   ψ  qs   sv   = 0.0 =  ψ  qm   sv   +  L  ls    i  qs   sv    



(21)






   ψ  ds   sv   =  ψ  dm   sv   +  L  ls    i  ds   sv    



(22)







By substituting from (21) and (22) into (20), the d-q components of the current in the iron branch are calculated by:


    i  di   sv   =    ω     u ¯   s       R i     L  ls    i  qs   sv     ,   and    i  qi   sv   =    ω     u ¯   s       R i     (   ψ  ds   sv   −  L  ls    i  ds   sv    )    



(23)







The iron losses (   P  losses   ir    ) for the DFIG can be calculated using the iron loss current components as applied for the IM in [49], and extended here to the DFIG as follows:


   P  losses   ir   = 1.5  R i   (     (   i  di   sv    )   2  +    (   i  qi   sv    )   2   )   



(24)







Moreover, under SVO control, the developed electromagnetic torque of the DFIG can be expressed by:


   T e  = 1.5    p ψ    ds   sv    i  qs   sv    



(25)




where p is the pole pairs. Then, via utilizing (23) and (25) and by substituting in (24), the iron losses yields to:


   P  losses   ir   = 1.5    ω     u ¯   s   2     R i     [     L  ls  2       (  1.5 p  )   2       (     T e     ψ  ds   sv      )   2  +  ψ  ds   sv     2  − 2  L  ls    i  ds   sv    ψ  ds   sv   +  L  ls  2   i  ds   sv     2   ]   



(26)







The second type of losses is the copper losses (   P  losses   cu    ), which can be evaluated by:


   P  losses   cu   = 1.5  R s   (     (   i  ds   sv    )   2  +    (   i  qs   sv    )   2   )  + 1.5  R r   (     (   i  dr   sv    )   2  +    (   i  qr   sv    )   2   )   



(27)







Through utilizing the currents–fluxes relationships under SVO control, (27) tends to be:


   P  losses   cu   = 1.5  [   i  ds   sv     2   (   R s  +    (     L s     L m     )   2   R r   )  − 2    L s   R r     L m 2     ψ  ds   sv    i  ds   sv   +  1     (  1.5 p  )   2       (     T e     ψ  ds   sv      )   2   (   R s  +    (     L s     L m     )   2   )  +    (     ψ  ds   sv      L m     )   2   R r   ]   



(28)







Until now, the total losses can be evaluated by adding (26) to (28), which results in:


   P  losses   total   =  P  losses   ir   +  P  losses   cu    



(29)







From (29), it can be concluded that the total losses can be evaluated using the d-axis component of stator current    i  ds   sv     in case of normal grid conditions under which the stator flux    ψ  ds   sv     is assumed to be constant. Thus, by differentiating (29) with respect to    i  ds   sv     and equalizing the result to zero, the optimal current value    i  ds   sv , opt    , which achieves minimum losses, can be obtained by:


   i  ds   sv , opt   =    (   L  ls    L m 2   ω     u ¯   s   2  +  R r   R i   L s   )   ψ  ds   sv      (   L  ls    L m 2   ω     u ¯   s   2  +  R s   R i   L m 2  +  R r   R i   L s 2   )     



(30)







Now, by utilizing (30) and substituting in (5), the optimal reactive power reference    Q s  * ,  opt     , which achieves minimum losses, can be expressed by:


   Q s  * ,  opt    = 1.5  u  qs   sv    i  ds   sv ,  opt     



(31)







Until now, the rotor current references to be utilized by the DPC system shown in Figure 8 can be calculated by:


   i  dr   sv , *   =    u  qs   sv      L m   ω     u ¯   s      −    Q s  * ,  opt      1.5  (   L m  /  L s   )   u  qs   sv      



(32)






   i  qr   sv , *   =   −  P s *    1.5  (   L m  /  L s   )   u  qs   sv      



(33)







The last important part in the control scheme is the rotor position estimator, which is described in the following section.





3. Estimation of Rotor Position


As can be noticed from Figure 8, the precise estimation of rotor position is mandatory; this is to ensure the correct transformation between different reference frames (mainly between the rotor and synchronous frames). The proposed rotor position estimator is designed ensuring the minimum dependency on the machine parameters while keeping the system as simple as possible. The proposed position estimator avoids the direct integration of stator flux in order to overcome the integration and DC drift problems.



The proposed estimator utilizes Figure 2, which illustrates the space displacements between different vectors. For example, the rotor current vector has an angular displacement of    θ     i ¯   r   s    with the direct axis of stator frame; meanwhile, it has an angular displacement of    θ     i ¯   r   r    with the direct axis of rotor frame. The difference between the two displacments (   θ     i ¯   r   s    and    θ     i ¯   r   r   ) formulates the rotor position according to the following relationship


     θ ^    me   =  θ     i ¯   r   s  −  θ     i ¯   r   r   



(34)







For the DFIG, both stator and rotor currents can be measured directly each in their relative frames, but the rotor current and its position    θ     i ¯   r   s    cannot be measured in the stator frame, and thus they must be estimated.



The rotor current vector      i ¯   r s    can be estimated in the stator frame by:


     i ¯   r s  =  1   L m     (     ψ ¯   s s  −  L s     i ¯   s s   )   



(35)







In addition, the magnetizing current can be estimated in the stator frame by:


     i ¯   m s  =      ψ ¯   s s     L m    =  (  1 +  σ s   )     i ¯   s s  +    i ¯   r s   



(36)




where    σ s  =    L s     L m    − 1  , is the leakage factor of stator.



By representing (1) in stator frame (   ω     u ¯   s    = 0  ), it results:


     u ¯   s s  =  R s     i ¯   s s  +      d  ψ ¯    s s    dt    



(37)







The stator resistance    R s    and its voltage drop can be neglected, and thus a displacement angle of 90° is formulated between the stator voltage (     u ¯   s s   ) and stator flux (     ψ ¯   s s   ) vectors.



From Figure 2, it can be realized that the current vector      i ¯   m s    and flux vector      ψ ¯   s s    have a displacement angle of    (   θ     u ¯   s   s  − 90  )    with respect to the direct axis of stator the frame. Then, by utilizing (36), the    d s   -   q s    components of the current vector      i ¯   m s    can be calculated by:


   i  md  s  =  |     i ¯   m s   |  cos  (   θ     u ¯   s   s  − 90  )  =  |     i ¯   m s   |  sin  θ     u ¯   s   s   



(38)






   i  mq  s  =  |     i ¯   m s   |  sin  (   θ     u ¯   s   s  − 90  )  = −  |     i ¯   m s   |  cos  θ     u ¯   s   s   



(39)







Using (38) and (39), the    d s   -   q s    components of rotor current vector can be obtained as follows:


    i  dr  s  =  i  md  s  −  (  1 +  σ s   )   i  ds  s    ,   and    i  qr  s  =  i  mq  s  −  (  1 +  σ s   )   i  qs  s    



(40)






  ,   and    |       i ¯   r s   |  =      (   i  dr  s   )   2  +    (   i  qr  s   )   2     



(41)







Using (40) and (41), the unit vectors of rotor current position    θ     i ¯   r   s    expressed in stationary frame can be calculated by:


   cos  θ     i ¯   r   s  =    i  dr  s     |     i ¯   r s   |      ,   and   sin  θ     i ¯   r   s  =    i  qr  s     |     i ¯   r s   |      



(42)







Alternatively, the unit vectors of rotor current position    θ     i ¯   r   r    defined in the rotor frame can be evaluated by:


   cos  θ     i ¯   r   r  =    i  dr  r     |     i ¯   r r   |      ,   and   sin  θ     i ¯   r   r  =    i  qr  r     |     i ¯   r r   |      



(43)







Now, by applying (42) and (43), the unit vectors of the rotor position      θ ^    me     can be calculated as follows:


  sin    θ ^    me   = sin  (   θ     i ¯   r   s  −  θ     i ¯   r   r   )  = sin  θ     i ¯   r   s  cos  θ     i ¯   r   r  − sin  θ     i ¯   r   r  cos  θ     i ¯   r   s   



(44)






  cos    θ ^    me   = cos  (   θ     i ¯   r   s  −  θ     i ¯   r   r   )  = cos  θ     i ¯   r   s  cos  θ     i ¯   r   r  + sin  θ     i ¯   r   s  sin  θ     i ¯   r   r   



(45)







The relationships (44) and (45) report that the estimation accuracy is mainly depended on the magnetizing current    |     i ¯   m s   |    as all other variables can be directly measured. The estimated value of      i ¯   m s    is obtained using (36), and thus the current      i ¯   m s    is calculated in terms of the flux vector      ψ ¯   s s   , which is estimated using the voltage model of the machine through integration.



The sensitivity of stator voltage to the noise is very high in case that no precautions are taken during the measurement. The accompanied noise will be magnified if the pure integration is applied, and finally the estimated flux quality is deteriorated. In addition, to avoid any saturation problem, the value of    L m    must be accurately acknowledged. This requires the use of an online adaptation mechanism of    L m   , which inreases the complexity of the control system.



To avoid the dependency on    L m    and the voltage integration problems, a re-computation mechanism is used to estimate    |     i ¯   m s   |   . In this technique, it is assumed that the variations of stator flux and magnetizing current vectors are very slow with respect to the sampling time (   T s   ).



The re-computation process is formulated by discretizing the control cycles into sampling periods k   T s   , (k+1)     T   s   , (k+2)     T   s   ,…, so that    |     i ¯   m s   |    can be calculated at k   T s    using the sampled quantities at the anticipated interval (k−1)   T s    as follows:


   i  dr , k    s ′    =  i  dr , k  r  cos    θ ^    me , k − 1   −  i  qr , k  r  sin    θ ^    me , k − 1    



(46)






   i  qr , k    s ′    =  i  qr , k  r  cos    θ ^    me , k − 1   +  i  dr , k  r  sin    θ ^    me , k − 1    



(47)







Using (46) and (47), the d-q components of      i ¯   m s    can be evaluated at instant k   T s    by:


    i  md , k    s ′    =    L s     L m     i  ds  s  +  i  dr , k    s ′      ,   and    i  mq , k    s ′    =    L s     L m     i  qs  s  +  i  qr , k    s ′      



(48)







Then, the current    |   i  m , k    s ′     |    can be calculated by:


   |   i  m , k    s ′     |  =      (   i  md , k    s ′     )   2  +    (   i  mq , k    s ′     )   2     



(49)







A low pass filter is then used to smooth any expected error in the values that are calculated at instant (k−1)   T s    using (48).



By substituting from (49) into (38) and (39), and following the calculation procedure from (41) to (45), the rotor position      θ ^    me     can be evaluated. The layout of the rotor position estimator is shown in Figure 9 which summarizes the steps from (34) to (49).



As the control starts in flight, it is difficult to assign an initial value of      θ ^    me    . Despite that, the initial value of    |     i ¯   m s   |    can be easy applied. This is remarked with dashed red lines in Figure 9. The initial value of    |     i ¯   m s   |    is obtained using the following expression:


   |     i ¯   m s   |  =    |     u ¯   s s   |     ω     u ¯   s     L m     



(50)







The value of (50) is applied during the first few sampling times and then it switches to the re-computation technique, as shown in Figure 9.



It can be concluded that the proposed rotor position estimator is independent of the variations in the stator voltage and stator frequency as well as the machine parameters. The only parameter that is present during the estimation is the stator leakage factor    σ s   , which is a very small percentage of stator inductance    L s    and it is not subjected to any saturation. Moreover, the estimated rotor position is calculated in terms of the unit vectors (  sin    θ ^    me        and   cos    θ ^     me    ) and not the inverse trigonometric function (    tan   − 1    ), which suffers from discontinuity at definite operating times, which, as a result, deteriorates the estimation precision. Until now, all parts of the control system are designed, starting from Figure 8 passing through Figure 9, then the complete system configuration of the proposed sensor-less DPC for the DFIG can be constructed as shown in Figure 10.




4. Test Results


4.1. Testing Without LMC at Super-Synchronous Speed


To testify the feasibility of the proposed sensor-less DPC control approach for the DFIG, extensive simulation tests using Matlab/Simulink environment are carried out. The tests are carried out for two ranges of operating speed, the first when the rotor shaft is driven at the super synchronous speed (1.2 of synchronous speed), while the other when the rotor is driven at very low speed (nearly 1% of synchronous speed); this is to investigate the effectiveness of the sensor-less rotor position estimator at the specified operating speeds.



The tests start with applying a reference value of reactive power    Q s *    equal to zero to maintain the unity power factor condition. The active power reference    P s *    is set at starting with a value of 25 Kw and then increased at time t = 2.5 s to a value of 55 Kw. The rotor shaft is driven at the 1.2 times of the synchronous speed. The reference d-q current components    I  dr  *    and    I  qr  *    are derived using the relationships (32) and (33), respectively, to be used by the control system, as illustrated in Figure 10. The obtained results are shown in Figure 11, which illustrates the active power profile and through which the effectiveness of the proposed controller is investigated as the real power tracks precisely its reference. The same can be realized through Figure 12, in which the reactive power is maintained effectively at zero value. MoreoverFigure 13 and Figure 14 show the profiles of d-q components of the rotor current, respectively. Through these figures, it can be seen that the d-axis    I  dr     tracks definitely its reference which is considered as a translation to the variation in the reactive power reference according to (32). While the q-axis    I  qr     follows the change in its reference with high matching degree, the latter is considered as a translation to the active power variation according to (33). Thus, the full decoupling has been achieved between the active and reactive power via utilizing the designed rotor current controllers.



In Figure 15, the d-q components of the stator flux are shown, which confirm the validity of the proposed DPC in achieving the decoupling when adopting the stator voltage orientation (SVO), which specifies that the q-axis component is equal zero and the total stator flux is aligned to the direct axis. Figure 16 and Figure 17 give the stator and rotor current profiles, which are used then to calculate the total power losses (iron+ copper) as shown in Figure 18. It is expected that the variation in Figure 18 should follow proportionally the variation in the active power.



The most significant figures that outline the performance of the sensor-less rotor position estimator are shown in Figure 19 and Figure 20, which illustrate the actual and estimated unit vectors of the rotor position   sin    θ ^    me     and the error between them, respectively. A mismatch is made in the value of    σ s    by 50% to check the robustness of the position estimator. In Figure 19, the effectiveness and precision of the estimator have been confirmed as the estimated values track precisely the actual values. Moreover, the calculated errors in Figure 20 are very small and can be neglected, which reconfirms the robustness of the estimator against the parameters’ variation. The same thing can be noticed through Figure 21 and Figure 22, which illustrate the actual and estimated values of the unit vector   cos    θ ^    me     and the error between them, respectively. The obtained error values in Figure 22 assure the validity of the estimator.



In addition, to introduce a focused view about the starting intervals of the estimation procedure, Figure 23 and Figure 24 show the first instants of the estimation process, which reveals that the estimator does not take a long time to align the estimated position with its actual position, which confirms the validity of the position estimator when a mismatch in    σ s    is present.




4.2. Testing with LMC at Super-Synchronous Speed


The second test is carried out to validate the loss minimization criterion and show its effect on the losses minimization. The test is carried out for the same operating conditions of the previous test in which    Q s *    was set to zero. In the current test, the reactive power reference value (   Q s *   ) is obtained using the formulation (32) to get    Q s  * , opt    . The obtained results confirm the superiority of the LMC in limiting the DFIG total losses (iron+ copper) in comparison with previous test with constant    Q s *   . Moreover, the dynamic behavior of the DFIG presents high performance through achieving the decoupling between the active and reactive powers as shown in Figure 25 and Figure 26, respectively. It can be noticed from Figure 26 that the reactive power exhibits a reduction at instant t = 2.5 s, and this is due to the reduction in the d-axis component of stator current which results from the increase in the d-axis component of rotor current    I  dr     as shown in Figure 27. The variation in the reactive power and    I  dr     can be investigated using the relationships (32) and (31), respectively. Figure 28 illustrates the behavior of the q-axis component of rotor current    I  qr    , which follows the variation in the active power according to the relationship (33). In Figure 29, the d-q components of stator flux are illustrated through which it can be concluded that the stator voltage orientation control is achieved by aligning the q-axis component to the null or zero value, while aligning the d-axis component to the total flux value.



The most significant effect of the LMC can be investigated through the current profiles. Figure 30 illustrates the stator currents waveforms, while Figure 31 shows the rotor currents profile through which it can be noticed that the rotor currents exhibit less values compared with the values in Figure 17, which confirms the effectiveness of the LMC in limiting the absorbed currents and thus limiting the losses. This can be investigated through Figure 32 which gives a comparison between the total losses for the two cases (without and with LMC), from which it is confirmed that the losses are effectively reduced using the LMC which improves the generation efficiency.



The unit vectors of the estimated rotor position   sin    θ ^    me     and   cos    θ ^    me     are illustrated with their corresponding errors in Figure 33, Figure 34, Figure 35 and Figure 36, respectively. In Figure 33, the estimated unit vector ‘  sin    θ ^    me    ’ of the rotor position tracks precisely its actual value which makes the error almost null as shown in Figure 34 and which improves the co-ordinates transformation process. The estimator effectiveness is confirmed through checking Figure 35 and Figure 36, which show the estimated and actual unit vector   cos    θ ^    me     of the rotor position and its correspondence error, respectively. The calculated error values in Figure 36 are very small and can be neglected. All of these results are obtained under a mismatch in the stator leakage factor    σ s    of 50%, which reveals the robustness of the observer against the system uncertainties. Finally, Figure 37 and Figure 38 give a detailed view about the behavior of the estimator at a starting period until a complete match between the estimated and actual values is obtained.




4.3. Testing with LMC at Low Speed


The third test is carried out to investigate the performance of the sensor-less estimation procedure at low operating speeds (at 5 rad/s = 1% of synchronous speed). In this test, the reference value of the reactive power    Q *    is applied using the LMC as in the second test. The reference value of the active power    P *    is kept the same as in the previous two tests. The obtained results reconfirm the feasibility of the proposed sensor-less DPC for this operating range in achieving fast and accurate system response for the variations in the active and reactive powers. Moreover, the estimation of rotor position at very low speed is achieved with minimum estimation error.



Figure 39 and Figure 40 illustrate the active and reactive power profiles, which confirm the validity of the current controllers’ design. Moreover, Figure 41 and Figure 42 reveal the behaviors of the direct and quadrature axes of the rotor currents respecting to their references, respectively. The d-q components of the rotor current follow precisely their references, which initially follow the reactive and active powers’ variation, respectively.



Full decoupling has been achieved between the direct and quadrature axes’ components of the stator flux, and this can be viewed through Figure 43, which reveals that the correct stator voltage orientation is achieved via aligning the stator flux to the d-axis component and making the q-axis component equals zero.



The profiles of stator and rotor currents are illustrated in Figure 44 and Figure 45, respectively. The rotor current profile shows a reduction compared with its profile in Figure 17, which confirms the validity of the LMC. The later action can also be investigated through Figure 46, which shows the total losses and presents a reduction compared with the losses in Figure 18.



The most important figures that analyze the estimator performance are shown in Figure 47, Figure 48, Figure 49 and Figure 50. These figures give the behaviors of the estimated unit vectors of the rotor position and their actual values. For example, Figure 47 shows the   sin    θ ^    me     unit vector of the rotor position from which it can be realized that a precise estimation is achieved, while Figure 48 illustrates the error between the estimated and actual values, which gives null values and can be neglected. In the same manner, Figure 49 shows the estimated   cos    θ ^    me     unit vector that tracks precisely its actual value, which makes the estimation error very small and can be ignored.




4.4. Evaluating the Performance of Previous Estimation Procedure


As stated earlier, the proposed rotor position estimator is robust against the parameters’ variation, and this has been confirmed through estimating the rotor position for different operating speeds while changing the parameter (   σ s   ), which has an effect on the estimator. The obtained results confirm the high robustness of the estimator against the possible system uncertainties that prove the effectiveness of the proposed control methodology in comparison with some previous estimators that suffered from the sensitivity to the parameters’ variation. To confirm the superiority of the proposed sensor-less procedure over a selected previous sensor-less scheme, the proposed DPC is tested when implementing the rotor position estimator presented in [46,47,48]. In these studies, the rotor position is extracted through determining the rotor current position in two different frames: the first is the position in the rotor frame, which is directly obtained through current measurement, while the other is the position of the rotor current vector in stationary frame, and this has been estimated through utilizing the machine voltage model and flux–current relationships as follows:



By defining the stator voltage equation in a stationary frame, the stator flux vector can be evaluated by:


    ψ ¯  s s  =  ∫   (    u ¯  s s  −  R s    i ¯  s s   )  d t  



(51)







Moreover, the stator flux vector can be represented in terms of stator and rotor currents as follows:


     ψ ¯   s s  =  L s     i ¯   s s  +  L m     i ¯   r s   



(52)







Then, by substituting from (52) into (51), the rotor current vector      i ¯   r s    can be estimated in the stationary frame as follows:


     i ¯   r s  =  1   L m     [   ∫   (     u ¯   s s  −  R s     i ¯   s s   )  dt −  L s     i ¯   s s   ]   



(53)







From Figure 2, to convert quantities between the stator and rotor frames, the rotor position (   θ  me    ) is utilized, and this can be applied to the rotor current vector when transformed from the rotor to stator frame as follows:


     i ¯   r s  =    i ¯   r r   e     j θ    me      



(54)




where      i ¯   r s    and      i ¯   r r    are the rotor current vectors represented in stator and rotor frames, respectively.



The exponential in (54) can be expressed using the unit vectors. Then, from (53) and (54), it results:


   (   i  dr  r  +   ji   qr  r   )   (  cos  θ  me   + j sin  θ  me    )  =  1   L m     [   ∫   (   (   u  ds  s  +   ju   qs  s   )  −  R s   (   i  ds  s  +   ji   qs  s   )   )  dt −  L s   (   i  ds  s  +   ji   qs  s   )   ]   



(55)







The only unknown variables in (55) are the position unit vectors (  sin  θ  me     and   cos  θ  me    ); then, by separating the d and q components in (55), we get:


     i    d r    r   cos   θ    m e    −   i    q r    r   sin   θ    m e    =      1    L   m      [   ∫   (    u    d s    s   −   R   s     i    d s    s    )   d t  −   L   s     i    d s    s    ]    ︷     A       i  qr  r  cos  θ  me   +  i  dr  r  sin  θ  me   =      1   L m     [   ∫   (   u  qs  s  −  R s   i  qs  s   )  dt −  L s   i  qs  s   ]     ︷    B     



(56)







After some derivations, the unit vectors of rotor position can be expressed by:


   sin  θ  me   =     Bi   dr  r  −   Ai   qr  r       |      i   ¯  r r   |   2      ,   and   cos  θ  me   =     Ai   dr  r  +   Bi   qr  r       |     i ¯   r r   |   2      



(57)







Then, it is conclude that the estimated unit vectors in (5) are depending on the machine parameters (mainly    R s   ,      L   s    and    L m   ) and this makes the estimator very sensitive to any variation in these quantities. To investigate this, the previous tests, which are performed using the new proposed estimator are also carried out using the estimator described by the relationships from (51) to (57) and which were implemented in several studies in the literature [46,47,48]. The test results show that the estimation process is drastically affected by the parameters’ variation, which confirms the superiority of the proposed new estimator against the previous method. The test results for the old estimation technique are shown as follows:



4.4.1. Testing at Super Synchronous Speed


With a Mismatch in Stator Resistance (   R s   ) of 50%.


In this test, the performance of the estimator modeled by (51) to (57) is tested when applying a variation in stator resistance at time t = 2.5 s while applying the same conditions in the previous tests. The DFIG is running at super synchronous speed. As shown in Figure 51 and Figure 52, that varying the resistance affects the calculated value of the unit vectors (  sin  θ  me     and   cos  θ  me    ), which affects negatively the transformation between different frames.




With a Mismatch in Stator Inductance (   L s   ) of 5%.


A mismatch in the stator inductance (   L s   ) with 5% is applied at time t = 2.5 s. The results are shown in Figure 53 and Figure 54, which illustrate that the estimated values of the unit vectors are affected by the applied variation.




With a mismatch in mutual inductance (   L m   ) of 10%.


A variation of 10% in the value of mutual inductance is applied at time t = 2.5 s. The results are shown in Figure 55 and Figure 56, which illustrate the noticeable deviation between the estimated and actual values of the unit vectors after applying the mismatch.





4.4.2. Testing at Low Speed


With a Mismatch in Stator Resistance (   R s   ) of 50%.


The parameters’ variation is also verified at a low-speed operation with the same operating power conditions in the previous tests. The obtained results show that the estimated unit vectors are negatively affected when a parameter mismatch is present. Figure 57 and Figure 58 show the unit vectors profiles under a mismatch in    R s    of 50%.




With a Mismatch in Stator Inductance (   L s   ) of 5%.


A test has been carried out to show the response of the estimated signals to a variation of 5% in stator inductance. As illustrated in Figure 59 and Figure 60, a deviation between the real and estimated unit vectors is noticed.




With a Mismatch in Mutual Inductance (   L m   ) of 10%.


The last test for the low-speed operation is carried out when changing the value of mutual inductance to 1.1 times of its real value at time t = 2.5 s. The results are recorded in Figure 61 and Figure 62, which show that the estimated signals make a shift with the actual quantities due to the effect of    L m    variation.



From the previous tests, which are carried out to test the performance of the previous estimator, it can be concluded that the proposed estimator in the current paper has succeeded in avoiding the problem of the parameters’ variation, which makes the proposed estimator very robust against the system uncertainties.







5. Conclusions


The paper has presented a robust sensor-less direct power control (DPC) approach for a doubly fed induction generator (DFIG). The design of the rotor current controllers is carried out in a systematic manner and illustrates the base principle of the proposed control approach, which makes the understanding of control steps easier. An effective losses minimization criterion (LMC) has been utilized to limit the iron and copper losses of the DFIG, which improves the generation efficiency. For enhancing the system robustness, an effective sensor-less procedure for estimating the rotor position has been proposed. The advantage of the proposed estimator is that it is independent of parameters variation compared with the previous estimation procedures. The feasibility of the proposed sensor-less DPC approach has been confirmed through carrying out extensive tests for a wide change in operating speeds, from a super-synchronous speed down to a very low speed (about 1% of the synchronous speed). The obtained results confirm and emphasize the robust performance of the rotor position estimator in estimating precisely the rotor position with minimal errors even under the parameters’ variation. Moreover, the LMC has proved its capability in improving the generation efficiency of the DFIG.
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Table A1. Parameters of DFIG and control system.






Table A1. Parameters of DFIG and control system.





	Parameters
	Value
	Parameters
	Value





	Rated power
	55 kW
	Lm
	16 mH



	Rs
	70 mΩ
	Ri
	150 Ω



	Rr
	87 mΩ
	Usn (nominal stator voltage)
	380 V



	Ls
	16.25 mH
	Urn (nominal rotor voltage)
	365 V



	Lr
	16.3 mH
	Isn (nominal stator current)
	115 A
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Figure 1. Equivalent circuit of a doubly fed induction generator (DFIG) in a synchronous reference frame. 
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Figure 2. Spatial distribution of the vectors in different reference frames. 
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Figure 3. Schematic of rotor current controller. 
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Figure 4. Simplified form of rotor current controller. 
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Figure 5. Bode plot of transfer function R(s) for different K gain values. 
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Figure 6. Rotor current dynamics using the proposed current controllers. (a) Rotor current response with the term      B ′    Den    ; (b) rotor current response with the term      B ′    Den     excluded. 
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Figure 7. Magnetization branch considering iron losses under SVOC. 
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Figure 8. Configuration of rotor current controllers for a DFIG. 
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Figure 9. Proposed rotor position estimator. 
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Figure 10. Complete system configuration for the proposed sensor-less direct power control (DPC) of DFIG. 
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Figure 11. Active power (W). 
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Figure 12. Reactive power (Var). 
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Figure 13. d-component of rotor current (A). 
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Figure 14. q-component of rotor current (A). 
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Figure 15. d-q components of stator flux (Vs). 
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Figure 16. Stator currents (A). 
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Figure 17. Rotor currents (A). 
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Figure 18. Total losses (W). 
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Figure 19. Actual and estimated   sin    θ ^    me     (Rad). 
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Figure 20. Error between actual and estimated   sin    θ ^    me     (Rad). 
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Figure 21. Actual and estimated   cos    θ ^    me     (Rad). 
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Figure 22. Error between actual and estimated   cos    θ ^    me     (Rad). 
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Figure 23. Actual and estimated   sin    θ ^    me     at starting period(Rad). 
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Figure 24. Actual and estimated   cos    θ ^    me     at starting period(Rad). 
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Figure 25. Active power (W). 
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Figure 26. Reactive power (Var). 
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Figure 27. d-component of rotor current (A). 
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Figure 28. q-component of rotor current (A). 
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Figure 29. d-q components of stator flux (Vs). 
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Figure 30. Stator currents (A). 
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Figure 31. Rotor currents (A). 
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Figure 32. Total losses (W). 
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Figure 33. Actual and estimated   sin    θ ^    me     (Rad). 
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Figure 34. Error between actual and estimated   sin    θ ^    me     (Rad). 
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Figure 35. Actual and estimated   cos    θ ^    me     (Rad). 
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Figure 36. Error between actual and estimated   cos    θ ^    me     (Rad). 
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Figure 37. Actual and estimated   sin    θ ^    me     at starting period(Rad). 
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Figure 38. Actual and estimated   cos    θ ^    me     at starting period(Rad). 
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Figure 39. Active power (W). 
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Figure 40. Reactive power (Var). 
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Figure 41. d-component of rotor current (A). 
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Figure 42. q-component of rotor current (A). 
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Figure 43. d-q components of stator flux (Vs). 
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Figure 44. Stator currents (A). 
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Figure 45. Rotor currents (A). 
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Figure 46. Total losses (W). 
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Figure 47. Actual and estimated   sin    θ ^    me     (Rad). 
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Figure 48. Error between actual and estimated   sin    θ ^    me     (Rad). 
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Figure 49. Actual and estimated   cos    θ ^    me     (Rad). 
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Figure 50. Error between actual and estimated   cos    θ ^    me     (Rad). 
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Figure 51. Actual and estimated   sin    θ ^    me     under variation of    R s    (Rad). 
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Figure 52. Actual and estimated   cos    θ ^    me     under variation of    R s    (Rad). 
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Figure 53. Actual and estimated   sin    θ ^    me     under variation of    L s    (Rad). 
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Figure 54. Actual and estimated   cos    θ ^    me     under variation of    L s    (Rad). 
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Figure 55. Actual and estimated   sin    θ ^    me     under variation of    L m    (Rad). 
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Figure 56. Actual and estimated   cos    θ ^    me     under variation of    L m    (Rad). 
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Figure 57. Actual and estimated   sin    θ ^    me     under variation of    R s    (Rad). 
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Figure 58. Actual and estimated   cos    θ ^    me     under variation of    R s    (Rad). 
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Figure 59. Actual and estimated   sin    θ ^    me     under variation of    L s    (Rad). 
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Figure 60. Actual and estimated   cos    θ ^    me     under variation of    L s    (Rad). 
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Figure 61. Actual and estimated   sin    θ ^    me     under variation of    L m    (Rad). 
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Figure 62. Actual and estimated   cos    θ ^    me     under variation of    L m    (Rad). 
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