

  energies-12-03581




energies-12-03581







Energies 2019, 12(18), 3581; doi:10.3390/en12183581




Article



Research on DFIG-ES System to Enhance the Fast-Frequency Response Capability of Wind Farms



Sijia Tu, Bingda Zhang * and Xianglong Jin





The Key Laboratory of Smart Grid of Ministry of Education, Tianjin University, Tianjin 300072, China









*



Correspondence: bdzhang@tju.edu.cn; Tel.: +86-022-2740-4101







Received: 23 July 2019 / Accepted: 18 September 2019 / Published: 19 September 2019



Abstract

:

With the increasing penetration of wind power generation, the frequency regulation burden on conventional synchronous generators has become heavier, as the rotor speed of doubly-fed induction generator (DFIG) is decoupled with the system frequency. As the frequency regulation capability of wind farms is an urgent appeal, the inertia control of DFIG has been studied by many researchers and the energy storage (ES) system has been installed in wind farms to respond to frequency deviation with doubly-fed induction generators (DFIGs). In view of the high allocation and maintenance cost of the ES system, the capacity allocation scheme of the ES system—especially for fast-frequency response—is proposed in this paper. The capacity allocation principle was to make the wind farm possess the same potential inertial energy as that of synchronous generators set with equal rated power. After the capacity of the ES system was defined, the coordinated control strategy of the DFIG-ES system with consideration of wind speed was proposed in order to improve the frequency nadir during fast-frequency response. The overall power reference of the DFIG-ES system was calculated on the basis of the frequency response characteristic of synchronous generators. In particular, once the power reference of DFIG was determined, a novel virtual inertia control method of DFIG was put forward to release rotational kinetic energy and produce power surge by means of continuously modifying the proportional coefficient of maximum power point tracking (MPPT) control. During the deceleration period, the power reference smoothly decreased with the rotor speed until it reached the MPPT curve, wherein the rotor speed could rapidly recover by virtue of wind power so that the secondary frequency drop could be avoided. Afterwards, a fuzzy logic controller (FLC) was designed to distribute output power between the DFIG and ES system according to the rotor speed of DFIG and   S o C   of ES; thus the scheme enabled the DFIG-ES system to respond to frequency deviation in most cases while preventing the secondary frequency drop and prolonging the service life of the DFIG-ES system. Finally, the test results, which were based on the simulation system on MATLAB/Simulink software, verified the effectiveness of the proposed control strategy by comparison with other control methods and verified the rationality of the designed fuzzy logic controller and proposed capacity allocation scheme of the ES system.
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1. Introduction


With the rising emerging energy crisis and environmental problems, governments around the world are actively investing in the utilization and development of new renewable energy [1]. Wind energy and solar energy, as reliable renewable energy sources, have been exploited rapidly in recent years. However, wind power generation is challenging the safety and stability of the power system, as it results in the increasing penetration of wind power generation into the power grid.



In recent years, wind farms have been required to have frequency regulation capability [2]. The frequency regulation participated in by wind farms commonly involves two aspects: fast-frequency response and primary frequency regulation [3]. The fast-frequency response, which is also called short-term frequency response, is the intrinsically inertial response from synchronous generators to suppress the frequency fluctuation and raise the frequency nadir by means of releasing a large amount of kinetic energy stored in the rotating masses. The fast-frequency response lasts until the frequency drop to the nadir or rise to the peak. The primary frequency regulation is the process where the output active power of generators is adjusted to strike a power balance between generation side and load side so that the frequency is restored within the safe range. Considering the great demand of support power and long duration of the primary frequency regulation, the participation of wind farms in primary frequency regulation means the wind turbines have to operate in the load reduction mode before the frequency fluctuation so as to be able to provide enough reserve active power, which, however, reduces the profit of wind farms because of the waste of wind resources [4]. In spite of the increasing proportion of wind power generation in electricity generation, the primary frequency regulation is still the main task of conventional synchronous generators in view of the fluctuation of wind power output caused by the fluctuation of wind speed [5]. Therefore, the research on wind farms to enhance fast-frequency response capability is more important for the current grid structure.



At present, doubly-fed induction generators (DFIGs) are commonly applied in wind farms. Nevertheless, the rotor speed and the system frequency are decoupled because of the existence of the electronic converter [6], which means that the rotational kinetic energy of the rotor is completely “hidden”. The contribution of DFIG to the frequency regulation is almost none, so the frequency stability will be jeopardized with the increasing proportion of wind power generation and the decrease of inertia of the entire system [7]. Consequently, international scholars have put forward a series of schemes to deal with this problem.



Compared with conventional synchronous generators, DFIGs have greater inertial energy due to their wider range of speed regulation. Reference [8] added an accessional differential control into the maximum power point tracking (MPPT) control link in order to lift instant output power by releasing the stored rotational kinetic energy of the rotor once the frequency drop event occurred. The power reference was modified as the frequency deviation was set as input variable in the MPPT control link. Although this scheme enables DFIG to utilize its inertial energy to realize fast-frequency response, DFIG would absorb much energy from the grid to recover its rotor speed, which would lead to the secondary frequency drop. Reference [9] proposed a scheme in which the instant output power of DFIG was maintained at the maximum level before the rotor speed exceeded the safe range once the frequency drop event was detected. Then, the power reference was decreased dramatically so that the rotor speed was able to recover. This scheme enables DFIG to support the frequency with its best effort and prevent over-deceleration of rotor speed in theory. However, because of the slow response of rotor speed control, in practice, the secondary frequency drop still happens when the rotor speed regulation range is too large, as is shown in the simulation results. Taking rotor speed and wind power penetration level into account, reference [10] made DFIG maintain the incremental power for a preset period and forced the rotor speed converge to a stable operating range with power reference decreasing. Because the incremental power varies with the penetration level according to the calculation process of the power reference, DFIG is unable to provide sufficient power to support frequency when the power system has low wind penetration, which should be easier to deal with for wind farms. Furthermore, DFIG is unable to conduct fast-frequency response under the condition of extreme wind speed (too high or too low), as DFIG does not possess surplus inertial energy under extremely low wind speed and cannot increase the output power under extremely high wind speed. Thus, wind farms have difficulties relying on DFIGs alone to respond to system frequency.



The energy storage (ES) system has been widely applied in electrical fields to suppress the fluctuation of output power and regulate frequency because of its stable performance, flexible control, and fast response [10]. Thus, it is suitable for the fast-frequency response in wind farms. In reference [11], in order to avoid the frequency secondary drop caused by rotor speed recovery, the ES was integrated at the AC bus of wind farm to respond to frequency fluctuation with DFIG where DFIG was the main part and ES was the auxiliary part. ES simply provided the energy required in the period of rotor speed recovery or supplemented the insufficient energy supplied by DFIG, so the enormous potential of ES was not made full use of in this scheme. To make the best use of both the capability of ES and the wind resources, reference [12] made only ES take charge of the fast-frequency response, whereas DFIG operated in the MPPT mode without responding to frequency fluctuation. However, there is no doubt that the service life of ES would reduce and the maintenance cost of ES would increase in this scheme. In addition, the capacity of the ES system was given as 10% of the DFIGs’ rated power without any mathematical deduction. Herein, whether this scheme could increase the profit of wind farms or not is questionable. In reference [13], a hybrid control strategy is proposed, considering the de-loading (DL) state of wind turbine generator (WTG) and the state of charge (  S o C  ) of ES. However, the power reference of the DFIG-ES system for fast-frequency response is calculated on the premise of the power load deviation forecast, which is hard to acquire precisely in practice. Reference [14] integrated an ES system at the DC bus of a DFIG to share the frequency regulation burden, and proposed coordinated control strategy to improve the nadir with consideration of the   S o C   of ES and the operating state of DFIG. Nevertheless, the DFIG-ES system is unable to provide extra active power and participate in frequency regulation under extremely high wind speed because of the capacity limitation of the converter in DFIG. Moreover, this scheme increases the number of ES systems and creates unnecessary maintenance and management cost when the ES system is embedded at the DC bus of DFIG. In summary, the research works mentioned above did not involve an effective coordinated control method for DFIG and ES to respond to frequency disturbance with their most effort under any wind speed.



To enhance the fast-frequency response capability of wind farms, this paper puts forward a coordinated control scheme of the DFIG-ES system with the consideration of different wind speed. The overall power reference of the DFIG-ES system was calculated on the basis of the frequency response characteristic of synchronous generators. Therefore, according to the biggest inertial energy that synchronous generators can provide, a capacity allocation scheme of ES for the fast-frequency response was proposed, and the capacity allocation principle was to make the wind farm possess the same potential inertial energy as that of synchronous generators set with equal rated power. The capacity allocation of ES is meaningful because it reduces the allocation and maintenance cost of ES compared with other schemes. In order to enable DFIG to respond to frequency deviation with ES, once the power reference of DFIG was determined, a novel virtual inertia control method was put forward to release rotational kinetic energy and produce power surge by means of continuously modifying the proportional coefficient of maximum power point tracking (MPPT) control. During the deceleration period, the power reference smoothly decreased with the rotor speed until it reached the MPPT curve, then the rotor speed could rapidly recover by virtue of wind power, so that secondary frequency drop could be avoided. After the deficiencies of DFIG and ES solely accomplishing fast-frequency response were respectively analyzed, a fuzzy logic controller was designed to distribute the output power between DFIG and ES according to the rotor speed of DFIG and   S o C   of ES, which ensured the effective cooperation between DFIG and ES. In the end, the test results, which were based on the simulation system on MATLAB/Simulink software, verified the effectiveness of the proposed control scheme by comparison with other control methods and verified the rationality of the designed fuzzy logic controller and proposed capacity allocation scheme of the ES system.




2. Modeling of the DFIG-ES System


The model structure of the DFIG-ES system introduced in this paper is shown as Figure 1.



2.1. Doubly-Fed Induction Generator Model


In the dq two-phase synchronous rotating coordinate system, the voltage, flux, power, and electromagnetic torque equations of the doubly-fed induction generator are shown as follows [15,16]:


   {       Ψ  s d   = −  L s   i  s d   +  L m   i  r d           Ψ  s q   = −  L s   i  s q   +  L m   i  r q           Ψ  r d   =  L r   i  r d   −  L m   i  s d          Ψ  r q   =  L r   i  r q   −  L m   i  s q          u  s d   = p  Ψ  s d   −  ω e   Ψ  s q   −  R s   i  s d           u  s q   = p  Ψ  s q   +  ω e   Ψ  s d   −  R s   i  s q           u  r d   = p  Ψ  r d   −  ω r   Ψ  r q   +  R r   i  r d          u  r q   = p  Ψ  r q   +  ω r   Ψ  r d   +  R r   i  r q          P s  = 1.5 (  u  s d    i  s d   +  u  s q    i  s q   )       Q s  = 1.5 (  u  s q    i  s d   −  u  s d    i  s q   )      T e  = 1.5  p n   L m  (  i  s q    i  r d   −  i  s d    i  r q   )       



(1)




where    ψ  s d    ,      ψ    s q    ,       ψ    r d   ,    ψ  r q     are stator and rotor flux on the d and q axes, respectively;    L s  ,        L   r  ,    L m    are equivalent self-inductance and mutual inductance of the stator and rotor;    i  s d    ,       i    s q    ,       i    r d   ,    i  r q     are stator and rotor current on the d and q axes;    u  s d    ,       u    s q    ,       u    r d   ,    u  r q     are the stator and rotor voltage on the d and q axes;    T e    is electromagnetic torque;    p n    represents pole pairs of DFIG;       ω   e    is synchronized angular velocity;    ω r    represents rotor angular velocity;    P s    is the active power of DFIG; and    Q s    is the reactive power of DFIG. Ignoring the change of stator resistance and stator flux, the d axis of the   dq   synchronous rotating coordinate system is oriented according to the space vector of grid voltage. The relationship between stator-side power and rotor current is shown as follows:


   {       i  r d   =    L s     L m      2  P s    3  U s           i  r q   = −    L s     L m      2  Q s    3  U s    −    U s     ω e   L m          .  



(2)







Once the stator voltage vector control is adopted, the active power of DFIG is controlled by the rotor current on the d axis, and the reactive power is controlled by the rotor current on the q axis. Thus, the active power and reactive power of DFIG are decoupled. The control diagram of the rotor-side converter is shown in the Figure 2 [8]. This control link contains double loops. The outer loop is a power loop, and the inner loop is a current loop. The rotor current reference,    i  r d  *    and    i  r q  *   , in the current loop are respectively determined by the maximum power point tracking control and the reactive power control in the outer loop. In the maximum power point tracking control, the relationship between active power reference value    P  o p t  *    and rotor angular velocity        ω   r    is as follows:


   P  o p t  *  =  {       k  o p t    ω 1 3  ,  ω 0  <  ω r  <  ω 1           P  max   −  k  o p t    ω 1 3     ω  max   −  ω 1    (  ω r  −  ω  max   ) +  P  max   ,  ω 1  <  ω r  <  ω  max          P  max   ,  ω  max   <  ω r         



(3)




where    k  o p t     is the proportional coefficient of the maximum power point tracking control;    ω 0    represents the lowest rotor angular velocity of DFIG;    ω 1    is the rated rotor angular velocity of DFIG;    ω  m a x     is the maximum rotor angular velocity; and    P  m a x     is the maximum active power output of DFIG.




2.2. Energy Storage System Model


Different types of batteries can be chosen to make up an energy storage system, such as nickel-cadmium batteries, sulfur-sodium batteries, and lithium-ion batteries, among others. Among them, the energy storage technology of the lithium-ion batteries has developed rapidly over the years [17]. Thus, lithium-ion batteries are integrated into the ES system in this paper.



The ES affiliated to DFIG is controlled by an independent inverter, which features a fast response performance on the frequency regulation. Considering that the capacity of the ES is finite, the    state   of   charge     (  S o C  )    of ES should be taken into consideration [18], which is calculated by


   Q  S o C   ( t ) =  Q  S o C   ( 0 ) −      ∫ 0 t    P  E S   ( τ ) d τ       E  r a t e d     × 100 %  



(4)




where    Q  S o C    ( t )    is the state of charge at time  t ;    Q  S o C    ( 0 )    is the initial state of charge;    P  E S    ( τ )    is the output power (positive when ES is discharging) of ES at time  τ ;  t  is the operation time of ES; and    E  r a t e d     is the rated capacity of ES.



Considering that the capacity of ES is a main factor influencing the frequency regulating capability of wind farms, especially in the case where DFIG is unable to respond to frequency deviation under extreme wind speed, a capacity allocation scheme of ES will be discussed later in the paper.





3. Capacity Allocation Scheme of ES


In reference to power system analysis, inertia time constant H is defined as the ratio of rotor inertial energy to rated capacity of generator at synchronous angular velocity [19]. Since the inertial energy of DFIG is not available naturally during a frequency fluctuation and the amount of virtual inertial energy provided by DFIG depends on the parameters in virtual inertial control link (discussed in the next section), the potential inertia time constant    H  S W E     of power systems containing wind farms and conventional power plants can be represented by


   H  S W E   =     ∑  i = 1  n   (  1  2  p i    2     J i   ω e    2  ) +     ∑  j = 1  m    E  D F I G , j   +   ∑  k = 1  l    E  E S , k          S  N _ a l l      



(5)




where n, m, l is the number of synchronous generators of DFIG and ES systems, respectively;    P i    is the pole pairs of synchronous generator  i ;    J i    represents the rotational inertia of synchronous generator  i ;    E  D F I G , j     is the rotational kinetic energy of DFIG  j ;    E  E S , k     is the storage energy of ES  k ; and    S  N _ a l l     is the total rated capacity of the generators in power system.



The DFIG operating in the MPPT mode, unlike the synchronous generator whose rotor speed is coupled with the system frequency, cannot exchange power with the grid when the system frequency fluctuates. Therefore, large-scale wind farms connected to the grid will inevitably lead to the reduction of system inertia, and the allocated capacity of ES will directly affect the inertia of the wind farm and even the whole power system. However, in view of the relatively high configuration and maintenance cost of ES, the larger the capacity of ES means the higher construction and maintenance cost of wind farms. Considering that synchronous generators contribute with the most electricity generation, adjusting the output energy of the wind farm to be approximately same as the inertial energy produced by conventional synchronous generators would reduce the negative impact of large-scale wind farms on frequency stability of the power system and be convenient for grid staff to dispatch the power grid [20]. Therefore, the capacity allocation scheme of ES installed in wind farms for fast-frequency response is proposed. The capacity allocation principle is to make the wind farm have the same potential inertial energy as that of synchronous generators set with equal rated power.



According to the power grid operating regulations in China [21], the rotor angular velocity of the synchronous generator is usually limited between 0.95   p . u   and 1   p . u   during frequency regulation. The maximum rotational kinetic energy   Δ  E  S , M A X     released from the synchronous generator is


  Δ  E  S , M a x   =  1 2  J ( 1 −   0.95  2  )  ω e    2  = 0.0488 J  ω e    2  .  



(6)







The rotational kinetic energy of the synchronous generator at rated angular velocity is


   E S  =  1 2  J  ω e    2  =  1 2   P N   T J   



(7)




where    T J    is the inertia time constant of the synchronous generator;    P N    is the rated output active power of the synchronous generator;   Δ  E  S , M A X     can be regarded as the maximum inertial energy produced by the synchronous generator during fast-frequency response; The time during the frequency dropping from normal to the nadir is   Δ T  , and therein the virtual inertial energy released by ES   Δ  E  E S S     is


  Δ  E  E S S   =    P  E S S    ¯  * Δ T = 0.0488  P N   T J   



(8)




where      P  E S S    ¯    is the average output power of ES during the fast-frequency response; and   Δ T   represents the time duration of the fast-frequency response. Then,      P  E S S    ¯    can also be expressed as


     P  E S S    ¯  = 0.0488  P N     T J    Δ T   .  



(9)







Generally, the inertia time constant of the synchronous generator is about 4 to 18 s, and the fast-frequency response lasts about 7 to 15 s [22]. Thus, we set    T J    as 11 s and   Δ T   as 11 s (average value), giving


     P  E S S    ¯  = 0.0488  P N  .  



(10)







Considering the huge instantaneous throughput of the ES system [23], the time required for the output power to reach the specified value, compared with the time duration of the fast-frequency response, can be negligible. In view of a certain output power fluctuation margin, the maximum output power of the ES is set as 5% of the rated power of the wind farm.



Deep charging and discharging will seriously reduce the service life of the ES system [24]. In this paper, the charging and discharging range of ES is maintained between 10% and 90% of the rated capacity. Normally, the initial   S o C   of the ES system is 50%, so the available storage energy used for fast-frequency response equals 40% of the rated capacity. As the time duration of fast-frequency response is supposed as 11 s, referring to Equation (10), the rated capacity of the ES    E  E S S     is calculated as follows:


   E  E S S   =    P  E S S    ¯  * ( 11 / 3600 ) / 0.4 = 0.00764  P N  .  



(11)







Therefore, the rated capacity of the ES system affiliated to DFIGs equaled to 0.764% of the rated power of the wind farm.




4. Coordinated Control Strategy of DFIG-ES System with Consideration of Wind Speed


4.1. Division of Wind Speed Region


When DFIG is in normal operation, converter control and pitch control are comprehensively applied to adjust the operation state of wind turbine [10,25,26]. In the case of low wind speed, the control purpose is to make the operating point follow the maximum power point tracking curve and capture the maximum wind energy. With the increment of wind speed, the rotor speed reaches the limit and maintains at the maximum. In the case of high wind speed, the wind energy capturing efficiency is reduced by adjusting pitch angle so that the output power of DFIG is maintained at the maximum (rated power) [27]. The relationship among rotor speed, active power, pitch angle and wind speed is shown in Figure 3.



Because the operation state of DFIG is closely related to the wind speed, the wind speed was divided into three regions before the control strategy was discussed in this paper:




	(1)

	
Low speed region (   v  w i n d     < 6 m/s)—the rotor speed just maintains at    ω  m i n    , so the DFIG cannot respond to the frequency drop by releasing the rotational kinetic energy.




	(2)

	
Middle speed region (6 m/s ≤    v  w i n d     ≤ 12 m/s)—the DFIG operates in MTTP mode to maximize the efficiency of capturing wind energy. The fast-frequency response can be achieved by releasing the rotational kinetic energy, except for the scenario where the output power is close to the maximum.




	(3)

	
High speed region (12 m/s <    v  w i n d    )—although the rotational kinetic energy is huge, the output power of the DFIG is limited by the capacity of the converter and no excess energy can be generated, so the DFIG cannot undertake the task of fast-frequency response.









It can be seen that when the wind speed belongs to the low or high speed region, the DFIG cannot provide inertial energy and only relies on ES to complete fast-frequency response. Next, we will discuss the coordinated control strategy of the DFIG-ES system when the wind speed belongs to the middle speed region. It was noted that the control objective is very easy to achieve when frequency suddenly rises because DFIG can operate in load reduction mode and ES can operate in charging mode. Thus, in this paper, we only discuss frequency drop incident.




4.2. Virtual Inertia Control of DFIG-ES System


During the period of fast-frequency response, in order to make the wind farm emit the same amount of inertial energy as the synchronous generators set with equal rated power, the energy emitted by the DFIG-ES system can be represented as


    Δ  E  D F I G   + Δ  E  E S   =  1  2  p n 2     J  D F I G   [   (  ω  r 0   + Δ  ω r  )  2  −  ω  r 0     2  ) ] + Δ  E  E S       =  1  2  p n 2     J  v i r   [   (  ω e  + Δ  ω e  )  2  −  ω e    2  ) ]    



(12)




where   Δ  E  D F I G     is the energy emitted by DFIG;    Δ  E  E S     is the energy emitted by ES;    J  D F I G     is the inertia constant of DFIG;    J  v i r     represents the virtual inertia constant of the DFIG-ES system;   Δ  ω e    is the change of synchronized angular speed;   Δ  ω r    is the rotor speed change of DFIG; and    ω  r 0     is the initial rotor angular velocity of DFIG.



Supposing that the energy emitted by DFIG accounts for  ∂  (0 ≤  ∂  ≤ 1) of the total energy emitted by the DFIG-ES system, the equivalent virtual inertia constant of the DFIG can be represented as


   {       J  v i r , D F I G   = ∂   ( 2  ω  r 0   + Δ  ω r  ) Δ  ω r    ( 2  ω e  + Δ  ω e  ) Δ  ω e     J  D F I G   ≈ ∂    ω  r 0   Δ  ω r     ω e  Δ  ω e     J  D F I G   = ∂ λ    ω  r 0      ω e     J  D F I G         λ =   Δ  ω r    Δ  ω e           



(13)




where  λ  is the rotor speed regulation coefficient, and    J  v i r , D F I G     is the equivalent virtual inertia constant of DFIG.



According to Equation (13), it can be seen that the equivalent virtual inertia constant of the DFIG is determined by not only the inertia constant of the DFIG, but also the initial angular velocity    ω  r 0    , the rotor speed regulation coefficient  λ , and the output power proportion of DFIG  ∂ .



On the basis of Equation (3) and Figure 2, in order to complete the fast-frequency response by releasing the kinetic energy, we can modify the proportional coefficient    k  o p t     to adjust the operation state of DFIG. Supposing the frequency change is    Δ f   , the proportional coefficient    k  o p t     is modified to    k  o p t  *    during the frequency regulation period, with the rotor angular velocity    ω 0    decreasing to    ω 1    to release rotational kinetic energy. The decrease range of rotor speed should not be too large (by limiting output power proportion of DFIG  ∂  and active power reference) so as to ensure that the rotor will not absorb too much energy from the grid during the rotor speed recovery period. According to the maximum power point tracking curves under different wind speeds, if the rotor speed regulation is within the safe range, the secondary frequency drop would be avoided. Referring to Equations (13) and (3), supposing the range of rotor speed regulation is not too large, then we can find


   {       k  o p t     *   ω 1 3  ≈  k  o p t    ω 0 3         ω 1   =  ω 0   + Δ  ω r  =  ω 0   +  λ *  Δ  ω e  =  ω 0   + ∂ λ 2 π Δ f        



(14)




where    λ *    is the modified rotor speed regulation coefficient with consideration of output power proportion  ∂ . Thus, the modified proportional coefficient    k  o p t  *    can be represented as


   k  o p t     *  =    ω 0 3      (  ω 0   + ∂ λ 2 π Δ f )  3     k  o p t   ,  



(15)




which follows the restrictions


   {       k  o p t     *  ≤    P  max      ω 0 3           ω  r , min    ≤  ω 1   =  ω 0   + ∂ λ 2 π Δ f ≤  ω  r , max          .  



(16)







Therefore, if we input the frequency change    Δ f    into the MPPT control link of DFIG, then the fast-frequency response and rotor speed recovery can be realized by modifying the proportional coefficient according to Equation (15). In particular, when the fast-frequency response is over, as the primary frequency regulation continues and the frequency deviation fades, the proportional coefficient    k  o p t  *    changes smoothly to the original value and the operating point moves smoothly back to the original place. In the light of relatively long duration of primary frequency regulation, the energy required for rotor speed recovery depends mainly on the wind energy (supposing the wind speed remains), and secondly on the huge ramp rate of synchronous generators set. Therefore, as long as the speed regulation range is not particularly large, the active power shortage caused by the rotor speed recovery can be almost negligible.



The fast-frequency response progress of DFIG is shown in Figure 4. The DFIG originally operates at point A on the MPPT curve, assuming that the wind speed remains at 9 m/s throughout the period. When the frequency drop event is detected, the power reference is surged immediately and the operating point of DFIG moves rapidly to point P. Because the electromagnetic power of DFIG is larger than the mechanical power, the speed decreases rapidly. At the same time, the output power decreases until the operating point reaches the MPPT curve at point B, where the electromagnetic power is equal to the mechanical power. As is shown in Figure 4, the power shortage caused by rotor speed regulation is very small, and thus Equation (14) is reasonable. The frequency deviation decreases gradually as the primary frequency regulation processes, so the operating point moves smoothly from B to A. It is noteworthy that the energy required in rotor speed recovery period is mainly from the wind energy. Therefore, the secondary frequency drop can be avoided in this scheme, which will be proved in the study case.



According to the Equations (7) and (12), the energy emitted by ES, which accounts for   1 − ∂   (0 ≤ (  1 − ∂ )   ≤ 1) of the output energy, can be expressed as


    Δ  E  E S   =   1 − ∂  2   P N   T J  [   (  ω e  + Δ  ω e  )  2  −  ω e    2  ) ]     = 2 ( 1 − ∂ )  π 2   P N   T J  [ 1 −     (  f N  + Δ f )  2     f N 2    ]    



(17)







Considering that the output power released by ES is basically stable, the output power of ES   Δ  E  E S     can be expressed as


   {       P  E S   = 2 ( 1 − ∂ )  π 2  [ 1 −     (  f N  + Δ f )  2     f N 2    ]  P N         |    d f   d t    |  > t h r e s h h o l d       .  



(18)








4.3. Determination of Output Power Proportion


Both DFIG and ES have to be taken into account to determine the output power proportion  ∂ . For DFIG, if its output power proportion is too large, it may face the risk of torsional vibration in the shaft system caused by too much rotor speed regulation [28], the risk of an unstable power grid caused by a rotor speed recovery range that is too large, and the risk of DFIG disconnection due to rotor speed declining below the threshold [29]. For ES, if its output power proportion is too large, it may face the risk of service life reduction as the result of frequent deep charging or discharging, which will cause excess maintenance cost. Therefore, the determination of output power proportion is a complicated problem where the appropriate mathematical expressions are difficult to establish.



The fuzzy logic control method shows its functionality when the control process cannot be described by a concrete mathematical model [29,30,31]. The principle diagram of the fuzzy logic control is shown in Figure 5.



Then the fuzzy logic controller (FLC) to determine the output power proportion can be designed as follows:




	(1)

	
The structure of fuzzy logic controller: The rotor speed    ω r    of DFIG and   S o C   of ES are selected as input variables of FLC, and the output power proportion of DFIG  ∂  is selected as the output variable of FLC. The corresponding FLC structure is shown in Figure 6.




	(2)

	
The fuzzy state and the shape of membership function of fuzzy subset: Determining the fuzzy state means determining the quantity of linguistic values of variables. If the quantity of linguistic values is large then the control rules are precise, which will lead to the complexity of the controller. If the quantity of linguistic values is small then the control rules are easy to implement, but too few linguistic values will result in a coarse controller [32]. Therefore, both simplicity and precision should be considered. Seven fuzzy domains for input variables are set: VS (very small), MS (middle small), S (small), M (middle), L (large), ML (middle large), VL (very large). Five fuzzy domains for output variable are set: VS (very small), S (small), M (middle), L (large), VL (very large). The common shapes of membership function are triangle and trapezoid. Compared with the   S o C   and  ∂ , the rotor speed is a more precise variable with clearer discrimination, so a triangle is chosen as the shape of the membership function of the rotor speed    ω r   . The domain of    ω r    is [0.7, 1.2] p.u. The trapezoidal is chosen as the shape of membership function of   S o C  . The domain of   S o C   is [0.1, 0.5] p.u. When   S o C   > 0.5 p.u, the value of   S o C   is set as 0.5 p.u. The trapezoidal is chosen as the shape of membership function of  ∂ . The domain of  ∂  is [0, 1] p.u. The membership functions used in FLC are shown in Figure 7.




	(3)

	
The fuzzy rules: The rules of the fuzzy logic controller are determined according to the engineering experience accumulated by the engineering experts during their long-term work [29]. The fuzzy rules designed in this paper are mainly based on the following engineering experience:




	
If the rotor speed of the DFIG is too low or too high, the DFIG cannot release excess energy by reducing the rotor speed. If the   S o C   of the ES is at a high level, the fast-frequency response is completed by the ES alone.



	
If the   S o C   of the ES is lower than 10%, the ES cannot emit energy to respond to frequency drop. If the rotor speed of the DFIG is relatively high, the fast-frequency response is completed by the DFIG alone.



	
If the rotor speed of the DFIG is relatively high and the   S o C   of the ES is higher than 10%, the frequency response is completed by DFIG and ES altogether, and the appropriate output power proportion of each device is determined according to their stored virtual inertial energy.








The fuzzy logic control rules are shown in Table 1.




	(4)

	
Defuzzification: Maximum of mean method, maximum average method, and center of gravity method are commonly used for defuzzification [29]. Considering the error mined by the center of gravity method is the least among these methods, the center of gravity method is applied for defuzzification. The equation is as follows:


   ∂  e o u t     *  =      ∫ a b    u c  (     ∂  e o u t   )  ∂  e o u t   d  ∂  e o u t        ∫ a b    u c  (     ∂  e o u t   ) d  ∂  e o u t      



(19)




where    ∂  e o u t  *    is the value of output power proportion;    ∂  e o u t     is the non-fuzzy value of output power proportion; (a, b) is the range of    ∂  e o u t    ; and uc(∂eout) is the membership function of    ∂  e o u t    .









The coordinated control strategy of the DFIG-ES system for fast-frequency response is shown in Figure 8 (if the wind belongs to the high or low speed regions, the  ∂  is set as 0).





5. Case Study


5.1. Introduction to the Simulation System


In order to verify the effectiveness of the proposed control strategy and the rationality of the designed fuzzy logic controller and proposed capacity allocation scheme of the ES system, a simulation system, whose structure is shown in Figure 9, was built on MATLAB/Simulink software. Because the proposed control strategy referring to single DFIG and single ES is universal, an equivalent DFIG was selected to represent the wind farm. The simulation system consisted of an ES system following the capacity allocation scheme, as well as three synchronous generators representing three power plants, transformers, loads, and equivalent lines. The battery ES model used in this paper was from MATLAB/Simulink original library, and this model was an integration of serial and parallel combinations of multiple single cells. The detailed parameters of each component in the simulation system were obtained from [12,33] and are shown in Table 2.



As mentioned above, for the frequency rise event, the frequency response can be easily achieved by increasing the rotor speed or adjusting the pitch angle to reduce the active output of the wind farm. Moreover, the reduction of output power of two devices and power proportion between two devices can also be used in reference to the control strategy proposed in this paper. Therefore, simulation tests involved only the frequency drop incident. The simulation scenario was that the load power increased by 20 MW at 5 s.




5.2. Simulation Result


The coordinated control strategy of DFIG-ES, the inertia control of only DFIG [8], and no inertia control were simulated. The simulation results of these three schemes were compared to verify the effectiveness of the proposed method and its superiority over the traditional inertia control method of DFIG. Considering that the DFIG-ES system operating under low or high wind speed only relies on ES to achieve a fast-frequency response, this paper chose middle and high wind speed as simulation scenarios. Furthermore, in order to verify the rationality of the fuzzy logic controller proposed in this paper, the scenarios where the DFIG-ES system with different   S o C   under middle wind speed were simulated.



5.2.1. Simulation Result under Middle Wind Speed


In the simulation, the wind speed was set as 9 m/s and the initial   S o C   of ES was set as 50%. The simulation result under middle wind speed is shown in Figure 10. Figure 10a shows the system frequency curve. The output active power of DFIG and rotor speed curves are shown in Figure 10b,c. The output active power of ES is shown in Figure 10d.




5.2.2. Simulation Result under High Wind Speed


Under the conventional inertia control method, the output active power of DFIG reached the maximum power in this scenario, and thus the frequency response effect under inertia control was the same as that under no inertia control. Therefore, in this part, the coordinated control method and no control method were taken as comparison. The wind speed was set as 13 m/s and the initial   S o C   of ES was set as 50%. The frequency curves are shown in Figure 11. Figure 11a shows the system frequency curve. The output active power of the ES is shown in Figure 11b.




5.2.3. Simulation Result under Different   S o C  


When the wind speed was 9 m/s, the initial   S o C   of ES was set as 30%, 40%, and 50%, respectively. The frequency curves are shown in Figure 12a. The output active power curves of DFIG, and the rotor speed curves and output active power curves of ES are respectively shown in Figure 12b–d.




5.2.4. Simulation Result When   S o C   Is below 10%


When the wind speed was 9 m/s and   S o C   was below 10% (wherein the ES system cannot work), in the simulation scenario the load power increased by 10 MW at 5 s. The frequency curves are shown in Figure 13a. The output active power curves of DFIG and the rotor speed curves are respectively shown in Figure 13b,c.






6. Discussion


Under middle wind speed, the cooperative frequency support of DFIG and ES was the objective of the proposed control strategy. The nadir of frequency under the coordinated control method was 49.65 Hz, which was higher than the other two nadirs. This means the coordinated control method effectively decreased the frequency drop range and was conducive to maintaining the frequency stability of the power grid. In Figure 10a, the frequency curve under the conventional inertia control of DFIG incurred a second drop due to the large active power shortage caused by rotor recovery, which jeopardized the safety of the power grid. Because the output active power of DFIG was determined by Equation (15) and the fuzzy logic controller, it decreased with the decline of rotor speed until the fast-frequency response finished. It can be seen that the regulation range of rotor speed under the coordinated control method was the smallest because the frequency regulation was also supported by ES. The DFIG operated only in MPPT mode when no inertia control was taken, so it could not respond to frequency fluctuation. The output power of the ES, determined by Equation (18), climbed to the peak gradually and dropped fast once the fast-frequency response finished. Compared with frequency regulation effects of the other two methods, the coordinated control method not only completed the fast-frequency response, but also raised the nadir of frequency and alleviated the frequency fluctuation without causing a secondary frequency drop.



Under high wind speed, DFIG cannot respond to the frequency fluctuation, but can rely on the ES to complete the fast-frequency response. The frequency nadir under the coordinated control method was 49.68 Hz, which was obviously higher than the nadir under the no control method. Because of the huge throughput and stable output of the ES, the nadir under the high wind speed was slightly higher than that under the middle wind speed. Furthermore, frequency deviation during the primary frequency regulation was alleviated because of the lack of the rotor speed recovery. The active power output of the ES shown in Figure 11b was similar to that in Figure 10d, while the output power stayed on the peak for longer duration. The simulation example validated that the wind farm operating under high wind speed relied on the ES with proposed capacity to complete the fast-frequency response. The frequency fluctuation was effectively restrained and the frequency nadir was improved by ES, which made up for the inability to participate in the frequency response of the DFIG.



Under different   S o C  , the wind speed was set as 9 m/s, and thus the initial rotor speed was fixed. The inertial energy possessed by the DFIG-ES system increased with the increment of initial   S o C  . Therefore, the frequency nadir was 49.65 Hz, higher than the other two, when the   S o C   was 50%. The output power proportion between DFIG and ES was determined by fuzzy logic controller. According to the fuzzy rules, once the initial rotor speed is fixed, the output power proportion of DFIG decreases with the increment of   S o C  . It can be seen that the range of rotor speed regulation of DFIG was the smallest, the frequency oscillation during rotor speed recovery process was the smallest, and the overall output energy of DFIG was the smallest when the   S o C   of ES was 50%. This means that the higher the   S o C  , the more priority was given to reducing the mechanical loss of the DFIG; the lower the   S o C  , the more priority was given to prolonging the service life of the ES. This simulation verifies that the fuzzy logic controller effectively determined the output power proportion between DFIG and ES under the middle wind speed. The maintenance cost of both DFIG and ES was comprehensively reduced under the premise of meeting the demand of fast-frequency regulation.



When the   S o C   was below 10%, the ES system could not assist the DFIG to support frequency regulation. Thus, the DFIG only relied on itself to complete the fast-frequency response through virtual inertia control. Seemingly, the output active power of the DFIG-ES system showed the faster response and smaller power shortage. Therefore, the frequency nadir was improved to 49.71 Hz and the rotor speed gained a quick recovery under the proposed control method. However, when the frequency nadir was 49.64 Hz, a small secondary frequency drop incurred under the conventional inertia control method. This simulation result proves the excellent performance of DFIG in cases where the ES is unable to work, and verifies the superiority of the proposed virtual inertia control over the conventional inertia control.




7. Conclusions


In this paper, a novel coordinated control strategy was presented for the DFIG-ES system to enhance the fast-frequency response capability of wind farms.



The overall power reference of the DFIG-ES system was calculated on the basis of the frequency response characteristic of synchronous generators. On basis of this, the capacity allocation scheme of the ES system was presented and its principle was to make the wind farm possess the same potential inertial energy as that of synchronous generators set with equal rated power. The simulation results demonstrate that this scheme ensures the ES system is economical but possesses enough reserved energy to complete a fast-frequency response in most cases. Meanwhile, the scheme saves allocation and maintenance costs to some extent, compared with previous ES capacity allocation schemes.



A virtual inertia control of the DFIG-ES system was proposed to produce active power surge to improve the frequency nadir, and a fuzzy logic controller was designed to distribute the active power between DFIG and ES. In particular, the proposed virtual inertia control of DFIG ensured the rotor speed recovery without causing secondary frequency drop. To demonstrate the effectiveness of the proposed control scheme, a test system containing synchronous generators and a DFIG-ES system was built on MATLAB/Simulink software. The simulation results indicated the proposed control strategy made full use of the potential of both DFIG and ES to enhance the fast-frequency response capability of wind farms. The DFIG and ES could cooperate dynamically for fast-frequency response and improve the stability of the power grid and avoid the secondary frequency drop accident. Compared with conventional inertia control of only DFIG, the proposed control strategy is more reliable and adaptable.
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Figure 1. The structure diagram of the doubly-fed induction generator energy storage (DFIG-ES) system. GB is the gear box, IG is the induction generator, and T1 and T2 are transformer 1 and transformer 2, respectively. 
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Figure 2. The control diagram of the rotor side converter of DFIG. MPPT: maximum power point tracking. PI: proportion and integral. SPWM: sinusoidal pulse width modulation. PLL: phase locked loop. 
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Figure 3. The operation state diagram of DFIG.    ω  r , m i n     is the minimum rotor angular velocity;       ω    r , m a x     is the maximum rotor angular velocity; and        P   N    is the rated active power of DFIG. 
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Figure 4. The fast-frequency response progress diagram of DFIG.    Δ ω    is the rotor speed regulation during fast-frequency response. The red curve is the MPPT curve. 
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Figure 5. The principle diagram of fuzzy logic control. 
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Figure 6. The structure diagram of fuzzy logic controller (FLC). 
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Figure 7. The membership functions used in FLC. (a) The membership function of    ω r   . (b) The membership function of   S o C .   (c) The membership function of  ∂ . 
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Figure 8. The control diagram of DFIG-ES system.       f    r e f     is the reference of grid frequency;    f  g r i d     is the detected grid frequency;    P  r e f , B E S S     is the active power reference of ES system;    P  r e f , D F I G     is the active power reference of DFIG;    P  r e f , D F I G  *    is the modified active power reference of DFIG;       ω    r e f , r     is the reference of rotor speed;    ω  r e f , r  *    is the modified reference of rotor speed;    v  w i n d     is the detected wind speed; and    ω r    is the detected rotor speed. 
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Figure 9. Structure diagram of simulation system. 
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Figure 10. Simulation result under middle wind speed. (a) System frequency. (b) Active power of DFIG. (c) Rotor speed of DFIG. (d) Active power of ES. 
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Figure 11. Simulation result under high wind speed. (a) System frequency. (b) Active power of ES. 
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Figure 12. Simulation result under different state of charge (  S o C  ). (a) System frequency. (b) Active power of DFIG. (c) Rotor speed of DFIG. (d) Active power of ES. 
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Figure 13. Simulation result when   S o C   was below 10%. (a) System frequency. (b) Active power of DFIG. (c) Rotor speed of DFIG. 
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Table 1. The rules of FLC.
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Table 2. Parameters of each component in the simulation system. (a) Parameters of lines. (b) Parameters of DFIG. (c) Parameters of synchronous generator.
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 (a)






 (a)





	Line
	R (Ω/Km)
	  X   (Ω/Km)
	B (S/Km)
	Length (Km)





	L1
	0.065
	0.315
	3.65E-6
	10



	L2
	0.065
	0.315
	3.65E-6
	10



	L3
	0.065
	0.315
	3.65E-6
	10



	L4
	0.065
	0.315
	3.65E-6
	15
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 (b)






 (b)





	Rs
	Rr
	Xls
	Xlr
	Xlm
	H





	0.058 p.u.
	0.105 p.u.
	0.087 p.u.
	0.118 p.u.
	3.78 p.u.
	5.75 p.u.
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 (c)






 (c)














	Xd
	Xd′
	Xd″
	Xq
	Xq′
	Xq″
	H



	1.8 p.u.
	0.1 p.u.
	0.25 p.u.
	1.7 p.u.
	0.55 p.u.
	0.25 p.u.
	5 s



	Td0′
	Td0″
	Tq0′
	Tq0″
	Ra
	KD
	



	8 s
	0.03 s
	0.4 s
	0.05 s
	0.025 p.u.
	1
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