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Abstract

:

In a wind turbine system, a doubly-fed induction generator (DFIG), with nonlinear and high-dimensional dynamics, is generally subjected to unbalanced grid voltage and unknown uncertainty. This paper proposes a novel adaptive-gain second-order sliding mode direct power control (AGSOSM-DPC) strategy for a wind-turbine-driven DFIG, valid for both balanced and unbalanced grid voltage. The AGSOSM-DPC control scheme is presented in detail to restrain rotor voltage chattering and deal with the scenario of unknown uncertainty upper bound. Stator current harmonics and electromagnetic torque ripples can be simultaneously restrained without phase-locked loop (PLL) and phase sequence decomposition using new active power expression. Adaptive control gains are deduced based on the Lyapunov stability method. Comparative simulations under three DPC schemes are executed on a 2-MW DFIG under both balanced and unbalanced grid voltage. The proposed strategy achieved active and reactive power regulation under a two-phase stationary reference frame for both balanced and unbalanced grid voltage. An uncertainty upper bound is not needed in advance, and the sliding mode control chattering is greatly restrained. The simulation results verify the effectiveness, robustness, and superiority of the AGSOSM-DPC strategy.
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1. Introduction


Over the past decade, renewable energy generation has continued to grow rapidly due to widely known problems such as environmental pollution and resource shortage [1]. Wind power generation accounted for 21% of renewable generating capacity until the end of 2018 [2]. The doubly-fed induction generator (DFIG) has become the most widely used electric generator in wind turbine systems, owing to its inherent advantages including high system efficiency, low converter rating, four-quadrant active and reactive power capability, variable wind speed operation, and controllable power factor [3,4].



DFIG control is one of the most difficult issues in a wind turbine system because DFIG dynamics is intrinsically nonlinear and high-dimensional; system model parameters are uncertain; and the encountered wind speed is random [5,6]. Currently, the main control techniques for DFIG in industrial application are vector control (VC) and direct power control (DPC) [7]. Although the VC method has outstanding steady-state performance, its dynamic performance is rather disillusionary due to the hysteresis of proportional integral (PI) control [8]. Many studies improved the traditional VC [9,10,11,12], but some inherent problems still exist, such as that the control algorithm is complex, and synchronous coordinate transform and phase-locked loop (PLL) are still prerequisites [13,14].



DPC is a useful alternative to improve dynamic performance. Current rotor control loops are not required for a DPC scheme, and a switching table is directly used to select a suitable switching vector. Hence, the control structure is easy to implement, and excellent dynamic performance is achieved [15]. Many modified achievements have been published based on this traditional DPC idea [16,17,18]. However, the switching frequency is unfixed, unacceptable power ripples still exist, and system robustness should be improved [19].



Among all the nonlinear control approaches, sliding mode control, which is used in wind turbine systems, is a robust control method capable of providing finite-time convergence, disturbance suppression, fast response, and simple implementation [20,21]. Some studies have evaluated the direct power sliding mode control for DFIG [22,23,24,25,26,27]. Although good results were achieved, some drawbacks still exist, and positive and negative sequence decomposition is needed [23]; all these studies focused on the conventional first-order sliding mode (FOSM), with unsatisfactory control switching and variable switching frequency. These intrinsic drawbacks caused by the FOSM may produce torque ripple, harmonic current, overheating of the windings, etc. [28].



The well-known super-twisting second order sliding mode (SOSM)method hides a discontinuous item under the integral and generates continuous control action to propel the sliding mode vector and its derivative to the origin in finite time, and then the control chattering can be greatly attenuated [29]. Some literature discussed the applications for DFIG [30,31,32], which need synchronous rotating frame transformation and were mainly concentrated on SOSMVC control.



In recent years, some scholars set about studying the second-order sliding mode(SOSM) DPC under stationary reference frames. Susperregui et al. [33] proposed a fixed-frequency PWM-based rotor converter control and a reactive power control under balanced grid voltage. In the study following [33], Reference [34] achieved power regulation and grid synchronization based on a SOSM control scheme. Yet, it was also verified under a balanced grid voltage. Martinez presented a SOSM global control scheme for DFIG suffering from unbalanced and distorted grid voltage [35]. Both rotor side and grid side power converters were controlled via a super-twisting algorithm. However, the mechanism of dealing with unbalanced grid voltage condition was not mentioned and the upper bound of uncertainty, which cannot be easily estimated in many practical cases, was hypothetically known. Reference [36] presented a super-twisting DPC scheme for adjusting active and reactive power in detail. Yet, the strategy only focused on a balanced voltage scenario. Unbalanced grid voltage, natural flux, and uncertainty upper bound conditions were not considered. As the continuity of the study presented in Reference [36], the controller in Reference [37] was designed with adaptive control gain to handle the unknown uncertainty upper bound. Yet, the unbalanced grid voltage condition, which may cause a severe power harmonic, was still undiscussed.



As mentioned above, some key issues should be considered simultaneously in a DPC scheme, including the following: (a) The scheme should deal with the uncertainty upper bound scenario. The overestimation of uncertainty can produce redundant control gain. (b) Switching frequency is fixed and control chattering can be significantly restrained. (c) The scheme needs a simple control structure, needless of phase sequence decomposition, coordinate transformation, and PLL. (d) The scheme should be valid for both balanced and unbalanced grid voltage, and stator current harmonic and electromagnetic torque ripple can be restrained simultaneously. (e) The scheme needs to filter the roughly static stator flux component. Hence, this paper proposes an adaptive-gain SOSM (AGSOSM-DPC) scheme for DFIG subjected to balanced and unbalanced grid voltage. First, a new active power expression is applied based on a detailed phase sequence analysis. Then, an adaptive control gain law of SOSM DPC is designed via the Lyapunov stability method to solve the unknown upper bound of uncertainty. A band-pass filter was also used to calculate stator flux and avoid stator natural flux. The main contributions of the paper include the following: (1) Under a two-phase stationary reference frame, a novel AGSOSM-DPC strategy for DFIG is proposed that can solve the abovementioned key issues simultaneously; (2) using adaptive control gain, the upper bound of uncertainty is not necessarily known in advance; and (3) rotor voltage control chattering is highly suppressed via a super-twisting algorithm.



The rest of the paper is organized as follows: An elaborated model analysis is presented as Section 2. Section 3 presents the controller design and stability analysis. Section 4 shows the comparative simulation results obtained on a 2-MW DFIG. Finally, Section 5 provides the conclusions.




2. Model Analysis


The diagrammatic drawings of DFIG-based wind turbine system and DFIG equivalent circuit under a two-phase stationary reference frame are shown in Figure 1. To facilitate the analysis and design, the DFIG equivalent model under two-phase stationary frame can be presented as follows [22]:


       ψ  s α β   =  L s   I  s α β   +  L m   I  r α β        ψ  r α β   =  L r   I  r α β   +  L m   I  s α β        U  s α β   =  R s   I  s α β   +   d  ψ  s α β     d t        V  r α β   =  R r   I  r α β   +   d  ψ  r α β     d t   − j  ω r   ψ  r α β        T e  =  3 2  p Im {  ψ  s α β  *   I  s α β   }      S s  =  P s  + j  Q s  =  3 2   I  s α β  *   U  s α β        



(1)







Although phase sequence decomposition is not needed in the proposed control scheme, both positive and negative sequence components of stator voltage and current are listed to analyze the effect of DPC when DFIG is subjected to unbalanced grid voltage.


       U  s α β   =  u  s α   + j  u  s β   =  U  s α β  +  +  U  s α β  −       U  s α β  +  =  u  s α  +  + j  u  s β  +  ,  U  s α β  −  =  u  s α  −  + j  u  s β  −       u  s α  +  = |  U  s α β  +  | cos (  ω s  t +  θ u +  ) ,  u  s β  +  = |  U  s α β  +  | sin (  ω s  t +  θ u +  )      u  s α  −  = |  U  s α β  −  | cos (  ω s  t +  θ u −  ) ,  u  s β  −  = |  U  s α β  −  | sin (  ω s  t +  θ u −  )      



(2)






       I  s α β   =  i  s α   + j  i  s α   =  I  s α β  +  +  I  s α β  −       I  s α β  +  =  i  s α  +  + j  i  s β  +  ,  I  s α β  −  =  i  s α  −  + j  i  s β  −       i  s α  +  = |  I  s α β  +  | cos (  ω s  t +  θ i +  ) ,  i  s β  +  = |  I  s α β  +  | sin (  ω s  t +  θ i +  )      i  s α  −  = |  I  s α β  −  | cos (  ω s  t +  θ i −  ) ,  i  s β  −  = |  I  s α β  −  | sin (  ω s  t +  θ i −  )      



(3)




where   |  U  s α β  +  |  ,   |  U  s α β  −  |  ,   |  I  s α β  +  |  , and   |  I  s α β  −  |   are the amplitudes of positive and negative sequence components of stator voltage and stator current. The values    θ u +   ,    θ u −   ,    θ i +   , and    θ i −    are the corresponding initial phase angles.



Substituting Formulas (2) and (3) into Formula (1), the stator instantaneous power can be deduced as follows:


       P s  =  P  s 0   +  P  s 1   +  P  s 2        Q s  =  Q  s 0   +  Q  s 1   +  Q  s 2       ,  



(4)




where    P  s 0     and    Q  s 0     are the average values of active and reactive power;    P  s 1    ,    P  s 2    ,    Q  s 1    , and    Q  s 2     are the oscillating components at twice the grid frequency of active and reactive power, respectively. According to Formulas (2) and (3), these oscillating components can be represented as follows:


       P  s 1   =  3 2  (  u  s α  +   i  s α  −  +  u  s β  +   i  s β  −  ) =  3 2  |  U  s α β  +  | |  I  s α β  −  | cos ( 2  ω s  t +  θ  u +   −  θ  i −   )      P  s 2   =  3 2  (  u  s α  −   i  s α  +  +  u  s β  −   i  s β  +  ) =  3 2  |  U  s α β  −  | |  I  s α β  +  | cos ( 2  ω s  t +  θ  i +   −  θ  u −   )      



(5)






       Q  s 1   =  3 2  (  u  s β  +   i  s α  −  −  u  s α  +   i  s β  −  ) =  3 2  |  U  s α β  +  | |  I  s α β  −  | sin ( 2  ω s  t +  θ  u +   −  θ  i −   )      Q  s 2   =  3 2  (  u  s β  −   i  s α  +  −  u  s α  −   i  s β  +  ) =  3 2  |  U  s α β  −  | |  I  s α β  +  | sin ( 2  ω s  t +  θ  i +   −  θ  u −   )      



(6)







This clearly indicates that    P  s 1    ,    Q  s 1     and    P  s 2    ,    Q  s 2    , caused by positive sequence voltage and negative sequence current and negative sequence voltage and positive sequence current, respectively, are the oscillating parts with twice the grid frequency. A third harmonic current is generated and causes severe harmonic distortion if active and reactive power are both simultaneously maintained as a constant under the unbalanced grid voltage condition.



Considering Formulas (2) and (3), the electromagnetic torque can be expressed as follows:


   T e  =  T  e 0   +  T  e 1   +  T  e 2   ,  



(7)




where    T  e 0     is the average value of electromagnetic torque;    T  e 1     and    T  e 2     are the oscillating parts with twice the grid frequency. To neglect the effect of stator resistance,    T  e 1     and    T  e 2     can be denoted as follows:


       T  e 1   =  3  2  ω 1    (  u  s α  +   i  s α  −  +  u  s β  +   i  s β  −  ) =  3  2  ω 1    |  U  s α β  +  | |  I  s α β  −  | cos ( 2  ω s  t +  θ  u +   −  θ  i −   )      T  e 2   =  3  2  ω 1    (  u  s α  −   i  s α  +  +  u  s β  −   i  s β  +  ) =  3  2  ω 1    |  U  s α β  −  | |  I  s α β  +  | cos ( 2  ω s  t +  θ  i +   −  θ  u −   )      



(8)







In Formula (8), it is clearly indicated that    T  e 1     and    T  e 2     are caused by positive sequence voltage and negative sequence current, and negative sequence voltage and positive sequence current, respectively, and are the oscillating parts with twice the grid frequency, which may generate bearing chattering and influence the service life.



To achieve active and reactive power tracking under balanced grid voltage, and also to suppress stator current harmonics and electromagnetic torque ripples under unbalanced grid voltage, a new active power expression is used to track instead of the traditional active expression [18,25,38]. The new active power can be expressed as follows:


   P  s n   = −  3 2  Im (   I ^   s α β     U ⌢   s α β   )  



(9)







In Formula (9),     U ⌢   s α β     is the value which lags    U  s α β     by 90 electrical degrees.



The delayed value of stator voltages can be represented as follows:


        u ⌢   s α  +  = |  U  s α β  +  | cos (  ω s  t +  θ u +  −  π / 2  ) = |  U  s α β  +  | sin (  ω s  t +  θ u +  ) =  u  s β  +        u ⌢   s β  +  = |  U  s α β  +  | sin (  ω s  t +  θ u +  −  π / 2  ) = − |  U  s α β  +  | cos (  ω s  t +  θ u +  ) = −  u  s α  +        u ⌢   s α  −  = |  U  s α β  −  | cos ( −  ω s  t +  θ u −  +  π / 2  ) = − |  U  s α β  −  | sin ( −  ω s  t +  θ u −  ) = −  u  s β  −        u ⌢   s β  −  = |  U  s α β  −  | sin ( −  ω s  t +  θ u −  +  π / 2  ) = |  U  s α β  −  | cos ( −  ω s  t +  θ u −  ) =  u  s α  −       



(10)







According to Formulas (1), (9), and (10), the representations of new active power and traditional active power are consistent when only positive sequence voltage exists. This indicates that the power tracking strategy can still work well via the new active power under balanced grid voltage.



   P  s n     can be then further denoted as follows:


   P  s n   =  P  s n 0   +  P  s n 1   +  P  s n 2    



(11)







The equation    P  s n 0   =  P  s 0     can be easily satisfied, and    P  s n 1     and    P  s n 2     are represented as follows:


       P  s n 1   =  3 2      u ⌢   s α  +   i  s β  −  −   u ⌢   s β  +   i  s α  −    =  3 2     u  s β  +   i  s β  −  +  u  s α  +   i  s α  −    =  3 2  |  U s +  | |  I s −  | cos ( 2  ω s  t +  θ u +  −  θ i −  )      P  s n 2   =  3 2      u ⌢   s α  −   i  s β  +  −   u ⌢   s β  −   i  s α  +    = −  3 2     u  s β  −   i  s β  +  +  u  s α  −   i  s α  +    = −  3 2  |  U s −  | |  I s +  | cos ( 2  ω s  t +  θ i +  −  θ u −  )      



(12)







According to Formulas (8) and (12):


       T  e 1   =    P  s n 1      ω s         T  e 2   =    P  s n 2      ω s         



(13)







Because    θ u +   ,    θ u −   ,    θ i +   , and    θ i −    are the initial phase angles of positive and negative parts of voltage and current, then:


   θ i +  −  θ u +  = − (  θ i −  −  θ u −  )  



(14)







Then:


    sin (  θ u +  +  θ u −  −  θ i +  −  θ i −  ) = sin ( 2  ω s  t +  θ u +  −  θ i −  ) cos ( 2  ω s  t +  θ i +  −  θ u −  )     − cos ( 2  ω s  t +  θ u +  −  θ i −  ) sin ( 2  ω s  t +  θ i +  −  θ u −  )      = 0    



(15)







Therefore:


    cos ( 2  ω s  t +  θ i +  −  θ u −  )   sin ( 2  ω s  t +  θ i +  −  θ u −  )   =   cos ( 2  ω s  t +  θ u +  −  θ i −  )   sin ( 2  ω s  t +  θ u +  −  θ i −  )    



(16)







   P  s n 1   +  P  s n 2   = 0   and    Q  s 1   +  Q  s 2   = 0   can be satisfied simultaneously according to Formulas (6), (12), and (16). Thus, if the reference active power is placed as a constant and to track    P  s n    , first,    P  s n 1   +  P  s n 2   = 0   is satisfied, and then    Q  s 1   +  Q  s 2   = 0   is established. Thus, a harmonic attenuation for reactive power can be achieved. Moreover, in terms of Formula (13),    T e  =  T  e 0     is satisfied and electromagnetic torque ripples are restrained.



According to Formula (9), the derivatives of    P s    and    Q s    can be represented as follows:


        d  P s    d t   = −  3 2  Im (   d   I ^   s α β     d t     U ⌢   s α β   +   I ^   s α β     d   U ⌢   s α β     d t   )       d  Q s    d t   =  3 2  Im (   d   I ^   s α β     d t    U  s α β   +   I ^   s α β     d  U  s α β     d t   )      



(17)







Considering Formula (1) and neglecting the effect of stator resistance and rotor resistance, the derivative of stator current can be deduced as follows:


    d  I  s α β     d t   = −  1  ρ  L m       V  r α β   −    L r     L m     U  s α β   + j  ω r  ( − ρ  L m   I  s α β   +    L r     L m     ψ  s α β   )   ,  



(18)




where   ρ = (  L r   L s  /  L m 2  − 1 )  .



The derivative of stator voltage under stationary reference frame can be denoted as follows:


    d  U  s α β     d t   = − j  ω s  |  U  s α β  +  |  e  j (  ω s  t +  θ u +  )   − j  ω s  |  U  s α β  −  |  e  j ( −  ω 1  t +  θ u −  )   = j  ω s   U  s α β  +  − j  ω 1   U  s α β  −  = −  ω s    U ⌢   s α β    



(19)








     d   U ⌢   s α β     d t   = ( − j ) j  ω s   U  s α β  +  + j ( − j  ω 1   U  s α β  −  ) =  ω 1   U  s α β  +  +  ω 1   U  s α β  −  =  ω 1   U  s α β     



(20)





By substituting Formulas (18)–(20) into Formula (17), and converting to the matrix form:


     d  d t    [     P  s n        Q s     ]  =   −  3  2 ρ  L m     [      −   u ⌢   s β         u ⌢   s α          u  s β       −  u  s α        ]   [       V  r α          V  r β        ]  +   3  L r    2 ρ  L m 2     [       u  s β     u ⌢   s α   −  u  s α     u ⌢   s β        0     ]       −   3  L r   ω r    2 ρ  L m 2     [       ψ  s β     u ⌢   s α   −  ψ  s α     u ⌢   s β          ψ  s α    u  s β   −  ψ  s β    u  s α        ]  +  [      −  ω 1   Q s  − 3 / 2  ω r  (   u ⌢   s α    i  s β   −   u ⌢   s β    i  s α   )        ω 1   P  s n   + 3 / 2  ω r  (  u  s α    i  s α   +  u  s β    i  s β   )      ]     



(21)








3. Second-Order Sliding Mode Direct Power Controller Design


Control tasks for DPC are to track the new active power,    P  s n    , and reactive power,    Q s   . The tracking errors are as follows:


       e P  =  P  s n r e f   −  P  s n        e Q  =  Q  s r e f   −  Q s       



(22)







For the sake of reducing steady state error and maintaining good dynamic performance, the integral form sliding mode surface can be adopted. Therefore, sliding mode surfaces are designed as follows:


       σ P  =  e P  +  k P     ∫ 0 t    e P  ( τ ) d τ         σ Q  =  e Q  +  k Q     ∫ 0 t    e Q  ( τ ) d τ        ,  



(23)




where   σ =          σ P       σ Q         T   ,    k P      k Q    are respectively integral gains of new active power and reactive power.



The first-order time derivative of the sliding mode function is calculated as follows:


   σ ˙  = F + G  V  r α β    



(24)








    F = −   3  L r    2 ρ  L m 2           u  s β     u ⌢   s α   −  u  s α     u ⌢   s β        0      +   3  L r   ω r    2 ρ  L m 2           ψ  s β     u ⌢   s α   −  ψ  s α     u ⌢   s β          ψ  s α    u  s β   −  ψ  s β    u  s α         −       −  ω 1   Q s  − 3 / 2  ω r  (   u ⌢   s α    i  s β   −   u ⌢   s β    i  s α   )        ω 1   P  s n   + 3 / 2  ω r  (  u  s α    i  s α   +  u  s β    i  s β   )       +        K p   e p         K q   e q        +         P ˙   s n r e f           Q ˙   s r e f            G =  3  2 ρ  L m          −   u ⌢   s β         u ⌢   s α          u  s β       −  u  s α           ,    V  r α β   =   [  V  r α         V  r β   ]  T  .    









As most known parts of  F  and  G  in Formula (24) are regarded as uncertainties, control chattering can be serious if the constant speed FOSM or the super-twisting SOSM are directly applied to Formula (24). Therefore, the controller is constructed as two parts. Formula (24) is firstly represented as known and unknown parts, as follows:


     σ ˙  =  F ¯  +  Δ F  + (  G ¯  +  Δ G  )  V  r α β       =  F ¯  +  G ¯   u  r α β   +  Δ F  +  Δ G   V  r α β       =  F ¯  +  G ¯   V  r α β   + Δ    



(25)




where   F ¯  ,   G ¯   are the known part and   Δ =   [  Δ  1          Δ 2  ]  T    contain uncertainty parameters, measuring errors, unmodeled dynamics, and so on. The value  Δ  is related to physical parameters; thus,   |   Δ ˙  1  | ≤  L  Δ 1    ,   |   Δ ˙  2  | ≤  L  Δ 2     are undoubtedly satisfied.    L  Δ 1     and    L  Δ 2     are constants.



Feedback control is designed as follows:


   V  r α β   =      V  r α        V  r β       =   G ¯   − 1   ( − F +      u  r α        u  r β       )  



(26)




where    u  r α     and    u  r β     are auxiliary control. Then:


   σ ˙  =       σ ˙  P        σ ˙  Q      =  F ¯  +  G ¯   V  r α β   + Δ =      u  r α        u  r β       + Δ ,  



(27)




where    u  r α     and    u  r β     are designed based on a super-twisting algorithm [28], as follows:


       u  r α   = −  λ  r α   |  σ P   |   1 / 2    s i g n (  σ P  ) +  u  r α v         u ˙   r α v   = −  γ  r α   s i g n (  σ P  )     ,  



(28)






       u  r β   = −  λ  r β   |  σ Q   |   1 / 2    s i g n (  σ Q  ) +  u  r β v         u ˙   r β v   = −  γ  r β   s i g n (  σ Q  )     ,  



(29)




where    λ  r α    ,    γ  r α    ,    λ  r β    , and    γ  r β     are control parameters of the super-twisting SOSM.



Finite time stability can be achieved as long as the SOSM, with respect to  σ , can be established and maintained in finite time. The control parameters    λ  r α    ,    γ  r α    ,    λ  r β    , and    γ  r β     can be chosen according to Reference [39], in which the parameters are required as follows:


       γ  r α   >  L  Δ 1   ,       λ  r α   >    γ  r α   +  L  Δ 1          γ  r β   >  L  Δ 2   ,       λ  r β   >    γ  r β   +  L  Δ 2          



(30)







The values    L  Δ 1     and    L  Δ 2     should be calculated and analyzed according to actual operating environment in the wind turbine system. Yet, the accurate values of    L  Δ 1     and    L  Δ 2     are usually difficult to acquire. Thus, it has practical meaning to design the adaptive control parameters    λ  r α    ,   γ  r α    ,   λ  r β    , and    γ  r β    .



The next procedure is to construct an adaptive law for    λ  r α    ,   γ  r α    ,   λ  r β    , and    γ  r β    , establish SOSM with respect to    σ P   ,   σ Q    in finite time, and track    P  s n    ,   Q s   . The design procedure of    λ  r β       γ  r β     are similar to    λ  r α       γ  r α    .



Combining Formulas (27) and (28) and introducing state variable    σ  P v   =  Δ 1  −  γ  r α      ∫ 0 t   s i g n (  σ P  )    d τ  , then:


        σ ˙  P  = −  λ  r α   |  σ P   |   1 / 2    s i g n (  σ P  ) +  σ  P v         σ ˙   P v   = −  γ  r α   s i g n (  σ P  ) +   Δ ˙  1       



(31)







To choose vector    ξ T  = [ s i g n (  σ P  ) |  σ P   |   1 / 2              σ  P v   ]  , an inequation     d | x |   d t   =  x ˙  s i g n ( x )   is adopted, then:


        ξ ˙  1  =  1  2 |  σ P   |   1 / 2      ( −  λ  r α   |  σ P   |   1 / 2    s i g n (  σ P  ) +  σ  P v   )       ξ ˙  2  = −  γ  r α   s i g n (  σ P  ) +   Δ ˙  1       



(32)







To define      Δ ˙  ˜  1  = |  σ P   |   1 / 2      Δ ˙  1   ,  A =       −    λ  r α    2       1 2        −  γ  r α      0       ,  B =      0     1       , and   C =      1   0       , according to Formula (32):


   ξ ˙  =  1  |  σ P   |   1 / 2      ( A ξ + B    Δ ˙  ˜  1  )  



(33)







Considering the Lyapunov function:


  V ( ξ ,  λ  r α   ,  γ  r α   ) =  V 0  ( ξ ) +  1  2  a 1      (  λ  r α   −  λ  r α  *  )  2  +  1  2  a 2      (  γ  r α   −  γ  r α  *  )  2   



(34)




where    λ  r α  *    and    γ  r α  *    are positive constants;    V 0  ( ξ ) =  ξ T  P ξ  ;  P =          m P 2  + 4  μ P   2      −    m P   2        −    m P   2     1       ;    a 1   ,   a 2   , and    μ P    are positive constants, and    m P    is an arbitrary constant.



Notice that P is a positive definite symmetric matrix, so then the derivative of    V 0  ( ξ )   is as follows:


      V ˙  0  ( ξ ) = 2   ξ ˙  T  P ξ =  1  |  σ P   |   1 / 2      ( 2  ξ T   A T  + 2    Δ ˙  ˜  1   B T  ) P ξ ≤  1  |  σ P   |   1 / 2      ( 2  ξ T   A T  P ξ + 2    Δ ˙  ˜  1   B T  P ξ +  L  Δ 1  2  |  σ P  | −    Δ ˙  ˜  1 2  )     =  1  |  σ P   |   1 / 2      ( 2  ξ T   A T  P ξ + 2    Δ ˙  ˜  1   B T  P ξ +  L  Δ 1  2   ξ T   C T  C ξ −    Δ ˙  ˜  1 2  )     ≤  1  |  σ P   |   1 / 2      ( 2  ξ T   A T  P ξ +  L  Δ 1  2   ξ T   C T  C ξ +  ξ T  P B  B T  P ξ )     =  1  |  σ P   |   1 / 2       ξ T  (  A T  P + P  A T  +  L  Δ 1  2   C T  C + P B  B T  P ) ξ    



(35)







To define   Q = − (  A T  P + P  A T  +  L  Δ 1  2   C T  C + P B  B T  P )  , Formula (35) can be written as follows:


   V 0  ( ξ ) ≤ -  1  |  σ p   |   1 / 2       ξ T  Q ξ  



(36)







  A , B , C , P   are substituted in Q, then:


  Q =       2  λ  r α    μ P  +    λ  r α    m P 2   2  -  γ  r α    m P  -  L  Δ 1  2  -    m P 2   4      −  μ P  -    m P 2   4  -    λ  r α    m P   4  +  γ  r α   +    m P   2        −  μ P  -    m P 2   4  -    λ  r α    m P   4  +  γ  r α   +    m P   2         m P   2  - 1        



(37)







In order to guarantee positive definiteness, define:


   γ  r α   =  μ P  +    m P 2   4  +    λ  r α    m P   4   



(38)







Formula (37) is substituted into Formula (38), then:


  Q -    m P  I  4  =       2  λ  r α    μ P  +    λ  r α    m P 2   2  -  μ P   m P  -    m P 3   4  -  L  Δ 1  2  -    m P 2   4  -    m P   4         m P   2           m P   2         m P   4  - 1        



(39)







According to properties of the Schur complement, the conditions to guarantee a positive definiteness of Q and a minimum eigenvalue    λ  min   ( Q  ) >     m P   4    are as follows:


       λ  r α   >      m P 2   4  + (  μ P   m P  +    m P 3   4  +  L  Δ 1  2  +    m P 2   4  +    m P   4  ) (    m P   4  − 1 )   ( 2  μ P  +    m P 2   4  ) (    m P   4  − 1 )        m P  > 4      



(40)







According to Formula (36):


   V 0  ( ξ ) ≤ -  1  |  σ P   |   1 / 2       ξ T  Q ξ ≤ -    m P    4 |  ξ 1  |    ξ T  ξ = -    m P    4 |  ξ 1  |   | | ξ |  | 2  = -    m P   ξ    4 |  ξ 1  |    ξ   



(41)







According to      ξ   2 2  =  ξ 1 2  +  ξ 2 2  = |  σ P  | +  ξ 2 2   , then:


     ξ   2  ≥    ξ 1     



(42)







Then, Formula (41) can be represented as follows:


   V 0  ( ξ ) ≤ -    m P   4     ξ   2   



(43)







According to positive definite quadratic form    V 0  ( ξ ) =  ξ T  P ξ  :


   λ  min   ( P )    ξ   2 2  ≤  V 0  ( ξ ) =  ξ T  P ξ ≤  λ  max   ( P )    ξ   2 2   



(44)







In view of Formula (44):


         V 0  ( ξ )    λ  max   ( P )        1 / 2    ≤    ξ   2   



(45)







Considering Formulas (43) and (45):


   V 0  ( ξ ) ≤ − r  V 0   1 / 2    ( ξ ) ,  



(46)




where   r =    m P    4  λ  max   1 / 2   ( P )    , then:


     V ˙  ( ξ ,  λ  r α   ,  γ  r α   ) = − r  V 0  1 / 2   ( ξ ) +  1   a 1    (  λ  r α   −  λ  r α  *  )   λ ˙   r α   +  1   a 2    (  γ  r α   −  γ  r α  *  )   γ ˙   r α       = − r  V 0  1 / 2   ( ξ ) −    β  P 1       2  a 1       |   λ  r α   −  λ  r α  *   |  −    β  P 2       2  a 2       |   γ  r α   −  γ  r α  *   |  +  1   a 1    (  λ  r α   −  λ  r α  *  )   λ ˙   r α   +  1   a 2    (  γ  r α   −  γ  r α  *  )   γ ˙   r α       +    β  P 1       2  a 1       |   λ  r α   −  λ  r α  *   |  +    β  P 2       2  a 2       |   γ  r α   −  γ  r α  *   |      ≤ − min ( r ,  a 1  ,  a 2  ) (   (  V 0  ( ξ ) +  1  2  a 1      (  λ  r α   −  λ  r α  *  )  2  +  1  2  a 2      (  γ  r α   −  γ  r α  *  )  2  )    1 / 2    +  1   a 1    (  λ  r α   −  λ  r α  *  )   λ ˙   r α       +  1   a 2    (  γ  r α   −  γ  r α  *  )   γ ˙   r α   +    β  P 1       2  a 1       |   λ  r α   −  λ  r α  *   |  +    β  P 2       2  a 2       |   γ  r α   −  γ  r α  *   |     



(47)




where    β  P 1     and    β  P 2     are positive constants.



The values    λ  r α     and    γ  r α     are both bounded. Therefore, Formula (47) is written as follows:


   V ˙  ( ξ ,  λ  r α   ,  γ  r α   ) ≤ − min ( r ,  a 1  ,  a 2  )  V  1 / 2   + ζ ,  



(48)




where   ζ = −    λ  r α   −  λ  r α  *       1   a 1      λ ˙   r α   −    β  P 1       2  a 1        −    γ  r α   −  γ  r α  *       1   a 2      γ ˙   r α   −    β  P 2       2  a 2         .



In order to achieve finite time convergence, to make   ζ = 0  , then the adaptive law for    λ  r α     and    γ  r α     are as follows:


        λ ˙   r α   =  β  P 1        a 1   2          γ ˙   r α   =  β  P 2        a 2   2         



(49)







For the sake of the uniformity of Formulas (49) and (38), choose:


   m P  =   4  β  P 2      β  P 1          a 2     a 1       



(50)







Formula (48) is rewritten as follows:


   V ˙  ( ξ ,  λ  r α   ,  γ  r α   ) ≤ − min ( r ,  a 1  ,  a 2  )  V   1 / 2     



(51)







Thus,   V ( ξ ,  λ  r α   ,  γ  r α   )   can converge to zero in finite time, and it can be observed that    V 0  ( ξ )   can also converge to zero in finite time. Hence, when control gains    λ  r α     and    γ  r α     are chosen as follows:


        λ ˙   r α   =      β  P 1        a 1   2                     λ  r α     ≠ 0                  0                                            λ  r α   = 0          γ  r α   =  μ P  +    m P 2   4  +    λ  r α    m P   4      ,  



(52)




the values    σ P    and     σ ˙  P    can converge to zero in finite time and SOSM with respect to    σ P    can be established. Then, active power tracking is achieved.



Similarly, when control gains    λ  r β     and    γ  r β     are designed as follows:


        λ ˙   r β   =      β  Q 1        a 3   2                     λ  r β     ≠ 0                  0                                  λ  r β   = 0          γ  r β   =  μ Q  +    m Q 2   4  +    λ  r β    m Q   4       



(53)







SOSM with respect to    σ Q    can be established in finite time and the reactive power tracking objective can be achieved.




4. Simulation Results


4.1. Control System Overview


The system control diagram can be described as in Figure 2 according to the aforementioned design procedure.



Firstly, the measured three-phase stator voltage,   U  s a b c    , and current,    I  s a b c    , are converted to    U  s α β     and    I  s α β     under two phase stationary frame, and     U ⌢   s α β     is calculated via    U  s α β    . Secondly,    ψ  s α β     is estimated according to stator voltage, and the active power,    P  s n    , and reactive power,    Q s   , are calculated by Formulas (1) and (9). Furthermore, the reference values of power, stator voltage, stator flux linkage, and stator current are applied as inputs of the AGSOSM direct power controller. Then,    V  r α β     can be obtained via related controller Formulas (26), (28), (29), (52), and (53). Then,    V  r α β     is converted to    V  r α β  r    under the rotor reference frame. Finally, space vector pulse width modulation (SVPWM) is controlled by    V  r α β  r    to generate    S a   ,    S b   , and    S c   . It is observed that the control system is rather simple, and phase sequence, PLL, and the upper bounds of the uncertainties are not needed.



It should be noted that, though stator flux linkage is sometimes calculated via    ψ  s α β   =    ∫ 0 t      U  s α β   −  R s   I  s α β         , an integral operator is usually substituted by band-pass filter to avoid the drift phenomenon. A band-pass filter can help filter static state stator flux, which is a component that appears on account of instantaneous voltage dips, since the stator flux cannot change suddenly. The natural flux gives rise to a large voltage in the rotor and may induce an out of control state for the electric generator. Thus, stator flux linkage is expressed as follows:


   ψ  s α β   ( p ) =  p    ( p +  ω c  )  2     U  s α β   ( p )  



(54)




where p is a Laplace operator and    ω c    is the cut-off frequency of the filter.




4.2. Simulation Experiment


Simulations were carried out under the MATLAB/Simulink platform for a 2MW DFIG with the characteristics shown in Table 1. In order to verify the performance of the proposed AGSOSM-DPC strategy, comparative simulations based on FOSM-DPC [22] and FOSM-EDPC [25] were also executed. The dc-link voltage was maintained as 1200 V via a method mentioned in Reference [22], which is not included here. The sampling frequency was set as 4 kHz for both the control strategies. The controller parameters were    k P  = 3500  ,    k Q  = 3500  ,    β  P 1   = 5.7  ,    a 1  = 3.5  ,    μ P  = 6.5  ,    m P  = 2.1  ,    β  Q 1   = 4.5  ,    a 3  = 2.2  ,    μ Q  = 6.2  , and    m Q  = 3.5  .



Figure 3, Figure 4 and Figure 5 show the variations of active power, reactive power, electromagnetic torque, stator current, and rotor current when active power reference changed from 1MW to 2MW, and reactive power changed from 1 MVar to 0 MVar under balanced grid voltage for the three control strategies. The response curves demonstrate excellent steady state and dynamic characteristics under all the three control strategies. Table 2 shows a quantitative comparison of the transitory response and power ripples of active power and reactive power, and total harmonic distortion (THD) of stator current and rotor current. It is evident that better dynamic performance is achieved under the proposed control strategy.



Figure 6 shows control voltages under the three control strategies. It can be observed that control action is continuous because the SOSM method is adopted in the proposed AGSOSM control strategy. The control chattering is smaller, which means a longer service life. Figure 7 displays control parameters for the proposed AGSOSM control law. The control parameters can be adaptively adjusted according to system variation.



Steady state responses under unbalanced grid voltage for the three control strategies are shown in Figure 8, Figure 9 and Figure 10. Active and reactive power are respectively set as 2MW and 0.5MVAr. Under the FOSM-DPC scheme, though active power and reactive power are maintained as the reference values, electromagnetic torque ripples are bigger and the stator current contains more harmonic components than the other two schemes. For the FOSM-EDPC and AGSOSM-DPC schemes, active power contains more ripples because the new active power is selected as the control target to obtain sinusoidal stator currents. As is shown in Figure 11, control chattering is smaller under the proposed AGSOSM-DPC scheme than that under the other two control schemes.



To expediently verify the robustness of the proposed AGSOSM-DPC scheme, the uncertainty of mutual inductance, which is often influenced by stator and rotor cores, is taken into account. In addition to this, the variations of stator resistance and rotor resistance should also be specially considered. The mutual inductance, stator resistance, and rotor resistance are reduced and increased to 50%    L m   , 50% Rs, 50% Rr and 120%    L m   , 120% Rs, and 120% Rr, respectively. The stator current, active power, and electromagnetic torque are shown in Figure 12, which displays that the relative responses are almost the same as that of Figure 8 and Figure 10. This means the system is robust under the proposed AGSOSM-DPC.





5. Conclusions


This study proposes a novel DPC scheme for a wind-turbine-driven DFIG based on an AGSOSM super-twisting algorithm. First, SOSM direct power controllers were designed based on the detailed analysis for a DFIG model under a two-phase stationary reference frame. Then, adaptive control gains were constructed considering the unknown upper bound of uncertainty. The simulation results indicate that the proposed scheme is valid for balanced and unbalanced grid voltage. Remarkable steady-state performance and dynamic performance can be achieved under balanced grid voltage, and control chattering is significantly reduced. Under unbalanced grid voltage, electromagnetic torque ripples are restrained, and stator currents are sinusoidal. They can be simultaneously achieved without PLL and phase sequence decomposition. The more important contributions are that severe control chattering is significantly reduced, and the upper bound of uncertainty is not necessary during the operational process.
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Nomenclature




	    U s  ,      V r    
	Stator, rotor voltage vectors.



	    I s  ,      I r    
	Stator, rotor current vectors.



	    Q s  ,      Q r    
	Stator output active and reactive powers.



	    ψ s  ,  ψ r    
	Stator, rotor flux linkage vectors.



	    R s  ,  R r    
	Stator, rotor resistances



	    L m  ,  L s  ,  L r    
	Mutual inductance, Stator, rotor self-inductances.



	   α , β   
	Stator   α , β   axis
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Figure 1. Doubly-fed induction generator (DFIG)-based wind power system schematic diagram and DFIG equivalent circuit under a two-phase stationary coordinate frame. 
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Figure 2. System control diagram. 
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Figure 3. Active power, reactive power, and electromagnetic torque under balanced grid voltage. 
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Figure 4. Stator current under balanced grid voltage. 
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Figure 5. Rotor current under balanced grid voltage. 
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Figure 6. Control voltage under two phase stationary frame under balanced grid voltage. 
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Figure 7. Control parameters for the proposed AGSOSM control law. 
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Figure 8. Active power and electromagnetic torque under unbalanced grid voltage. 
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Figure 9. Rotor current under unbalanced grid voltage. 
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Figure 10. Stator current under unbalanced grid voltage. 
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Figure 11. Control voltage under the proposed AGSOSM-DPC strategy. 
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Figure 12. Responses with 50%    L m   , 50% Rs, 50% Rr and 120%    L m   , 120% Rs, and 120% Rr. 
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Table 1. DFIG parameters.






Table 1. DFIG parameters.





	Rated Power (MW)
	2



	Line-to-line voltage (rms)(V)
	690



	Stator frequency (Hz)
	50



	Stator-to-rotor ratio
	3



	Rs (ohm)
	0.001518



	Rr (ohm)
	0.002087



	Ls (mH)
	0.059906



	Lr (mH)
	0.08206



	Lm (mH)
	2.4



	Pole pairs
	2



	Lumped inertia constant (kg·m2)
	17.23
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Table 2. Quantitative comparison under the three control strategies.
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Control Strategy

	
Transitory r

Response (ms)

	
Power Ripple (%)

	
THD (%)




	
P

	
Q

	
P

	
Q

	
Is

	
Ir






	
AGSOSM-DPC

	
1.3

	
1.6

	
12.7

	
17.4

	
1.9

	
2.7




	
FOSM-EDPC

	
1.3

	
1.7

	
15.3

	
19.7

	
2.3

	
3.2




	
FOSM-DPC

	
1.5

	
2.1

	
19.5

	
21.2

	
5.2

	
6.1












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
. (AGSOSM -DPC

Irabc(A)
-

2000

4000
005 006 007 008 009 01 011 012 013 014 015

4000
2000

FOSM -EDPC

-2000
4000
0.

05 006 007 008 009 01 011 012 013 014

4000
Z 2000

FOSM -DPC

Irabc(A)
o

-2000

4000
005 006 007 008 009 01 011 012 013 014 015

Time(Sec)






media/file13.png
11

£ 105} * <08
06F
i ' 0.4 - - -
0.05 0.1 0.15 0.05 0.075 0.1 0125 015
2 L
28y _——m -
3 Q.
£ 26} =
< <15
24}
05 : 1 : : :
0.05 0.1 0.15 0.05 0.075 0.1 0125 015

Time(Sec) Time(Sec)





media/file12.jpg
u

& 105 Fos
08,
» 04
o005 o1 o5  oos o1 ows o1
W ] 2
s = |
il “is
2
2 1
005 o1 o1s 00s o5 o1 ows o1
Time(Sec) Time(Sec)





media/file18.jpg
0.05 0.1 0.15 02

< 2000
g 0
@ -2000

0.05 0.1 015 02

0.05 0.1 0.15 0.2
Time(sec)





media/file9.png
4000 T
2000

AGSOSM —-DPC

Irabc(A)
o

-2000

_4000 1 1 1 | | | 1 1 |
005 006 007 008 0.09 0.1 011 012 013 014 0.15

4000 T
2000

1 1 | T T T

FOSM —EDPC

Irabc(A)
(]

-2000

.4000 | 1 1 1 | | 1 1 |
005 006 007 008 0.09 0.1 011 012 013 014 015

4000 .

1 I T T T T

FOSM —DPC

< 2000
8 0
©

-2000

-4000 1 1 1 1 1 1 1 1
005 006 007 008 0.09 0.1 011 012 013 014 0.5

Time(Sec)






media/file14.jpg
I

H H

m ® _w ® °
e ot Ko o

(w.NjoL (wnwoL (wnjer

o o o

q i 3 s

N i -
% I 2 [8v8 | %
L et

e e e

Time(Sec)

Time(Sec)





media/file20.jpg
005 01 015 02
Time(Sec)





media/file23.png
— 4000
= 2000

A

bec
—

& -2000
-4000

0.05 0.1 0.15 0.2

Te(N*m)
-

-2

«10°

0.05 0.1 0.15 0.2

0.05 0.1 0.15 0.2

Time(Sec)

— 4000
= 2000

A

bec
=

& -2000
-4000

0.05 0.1 0.15 0.2

Te(N*m)
=

-2

«10°

0.05 0.1 0.15 0.2

0.05 0.1 0.15 0.2

Time(Sec)





media/file5.png
P(W)

2T x10° -
2 N ) :

- X 2 |
1 b , 2 ]«mwami
0 . . ) . : . 0.1 0,105 ,0.11
005 006 007 008 009 01 011 012 013 014 0.15
2 X106 Al T T T T | B : » E |

P UEPREVY (. oo neen
10 Vo B
0r . | -
O A
-2 1 1 1 10-11 10-12 10-13 1 1 1
005 006 007 008 009 01 011 012 013 014 0.15
x105
27 _ _ : _
B e e e e i A | 2
0 ——AGSOSM -DPC |, == | ]
— — —Fosm-eppc |1
2 |- FOSM - DPC ]
i i . i - - - , 012, 0.14

005 006 007 008 0.09 0.1 011 012 013 014 0.15

Time(Sec)





media/file15.png
%108 %10°

3 4 -
5 b 108 ——AGSOSM - DPC /g ——AGSOSM - DPC
= 198 vl | |
& 1o 1 8 ) P et e o St Nt el St Sy
0 0.102 ) ; "
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
g x10° ' x10°
b In® |——FOSM - EDPC| € |——FOSM - EDPC|
< 7| 208 ) T % Tl e Wl S N o N N
@1} 4 o2 WWWW ~ T
1.95 —
0 0101 . . -1 . :
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
3 X 106 1 X 105 '
6 —FOSM - DPC Py ——FOSM - DPC
S : Z 0 B
o 1} \/\/\f i \a',’
1.92 —
0 0.101 . . -1 . .
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2

Time(Sec) Time(Sec)





media/file19.png
Isabc(A)
N
o
o
o o

-2000
-4000

0.0

0.2

5 0.1

Time(sec)

0.15

0.2





media/file2.jpg
GSC. RSC

Stator flux
estimation

174 period
delay

Py, O,
calculation






nav.xhtml


  energies-12-03886


  
    		
      energies-12-03886
    


  




  





media/file11.png
8 x105 ><104
6 - vy v |—desten-pre
R :
P 0 bt 22830,084.0.0850,0860,087 .
5 ré i
2 T
-4
0.05 0.1 0.15
" x10°  x10*
il s W‘W\/\N\“\MN\/VU\NA/W [——Fosm-Eeppc]]
2
s 4T 4 i
S 2 - ’6 1
> 5 0.0830.0840.0850.0860.087 L
2t |
7 .
0.05 0.1 0.15
5 4
10 210 %10
2
0
¢ St 2 '
=
0 Q.083 ol .0 _—
| ——Fosm-Drc |
0.05 0.1 0.15

Time(Sec)

x10°

4
2| [———AGSOSM -DPC | |
0 st @by et
S2r
al . ]
j | 012201240126
0.05 0.1 0.15
4 x10°
2l | ——Fosm-EDPC ||
df\4 » e Jl " .
o ead o ” Al w T
= .| 4
=l 2
4+ O i
o 2
8 0122 0.124 0.126
0.05 0.1 0.15
4 x10°
| ag4 : .
O g _.,.' ) e .
ol 2
> 0
4f 2 A
sf 4 [———Fosm-DpprcC | ;
P 0124 0126
0.05 0.1 0.15
Time(Sec)





media/file6.jpg
4000

g

005 006 007 008 009 01 011 012 013 014 015

o Fosm ~EDPC
< 2000
TRt NN
= 2000
005 006 007 008 009 01 Off 012 013 014 015
4000
P Fosw -DPC
2 2000
a 0
= 2000

005 006 007 008 009 01 011 012 013 014 015
Time(sec)





media/file1.png
Grid

RSC GSC
)

J_ [

T

DC Link

(A~
v JF






media/file10.jpg
ar

a0t

ar

i

Eas

%
g

=

B

¥

ar
Tena(Sec)

%

.

g g
eEeas
"o






media/file7.png
1

AGSOSM —-DPC

1 1

0.06

007 008

FOSM —EDPC

1

0.06

0.07 008

I

FOSM —-DPC

1

1 1

1 1 1 1 1 1

0.06

0.07 008

009 01 011 012 013 014
Time(sec)

0.15





media/file16.jpg
———AGSOSM - DPC

01

015

[ ——FosM - EDPC

01

015

———FOSM-DPC

01

Time(Sec)

015

02





media/file3.png
GSC RSC

........

Stator flux | ¥.us Voos
estimation

1/4 period | 5
saff e e
delay : CACSOSN “hacad ]
U,, .| AGSOSM-based |
e U ~ Direct Power |
Grid s T
" > P, - Controller

_’-_’ PO = Pl
I calculation |2 Tlmﬁ TQSref‘p’émf

sof






media/file22.jpg
— 4000
2000 < 2000
0 g o
2000 3 -2000
-4000 "~ -4000
005 01 015 02 005 01 015
6 6
4 x10 4 x10°
22 22
o o
0 0
005 01 015 005 01 015 02
5 5
g0 g0
£ £
B o Y A SN
e &
2 2
005 01 015 02 005 01 015 02

Time(Sec)

Time(Sec)





media/file17.png
4000
2000

Irabc(A)
o

-2000
-4000

4000
2 2000

Irabe(
o

-2000
-4000

4000
> 2000

Irabc(A
o

-2000
-4000

~———AGSOSM - DPC

0.05 0.1 0.15 02

|——FOSM-EDPC | _

0.05 01 0.15 02

|——Fosm-DpPc |

0.05 01 0.15 02

Time(Sec)





media/file4.jpg
x10°

0 04 0105 011
005 006 007 008 009 01 011 012 013 014 015

2468

2 10°

5

5 10
ol 0

4 011,012 ,043

005 006 007 008 009 0.1 011 012 013 014 015

x10°
2
£ ey
20 ——AGSOSM - DPC
S - — -Fosm-eoprc |1

2 s posta-

FosM-DRe 012, 014

005 006 007 008 009 01 011 012 013 014 015
Time(Sec)





media/file0.jpg
Grid

RSC GSC

— A






media/file21.png
|

———AGSOSM - DPC
— — —~FOSM - EDPC
-~~~ FOSM-DPC

02

———AGSOSM - DPC
————— FOSM - EDPC
~ — ~FOSM-DPC

1

Time(Sec)

0.15 02





