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Abstract

:

To guarantee the reliable and efficient development of wind power generation, oscillation problems in large-scale wind power bases with Type-IV generators are investigated from the view of resonance stability in this paper. Firstly, the transfer characteristics of disturbances in Type-IV wind generators are analyzed to establish their impedance model, based on the balance principle of frequency components. Subsequently, considering the dynamic characteristics of the transmission network and the interaction among several wind farms, the resonance structure of a practical wind power base is analyzed based on the s-domain nodal admittance matrix method. Furthermore, the unstable mechanism of the resonance mode is further illustrated by the negative-resistance effect theory. Finally, the established impedance model of the Type-IV wind generator and the resonance structure analysis results of the wind power bases are verified through the time-domain electro-magnetic transient simulation in PSCAD/EMTDC. Case studies indicate that there is a certain resonance instability risk in large-scale wind power bases in a frequency range of 1–100 Hz, and the unstable resonance mode is strongly related to the negative-resistance effect and the capacitive effect of Type-IV wind generators.
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1. Introduction


Wind energy will play an important role in the field of energy due to its clean and renewable characteristics. As reported, global electricity generation from wind energy increased by about 150 TWh year-on-year, raising its share of electricity supply from 4.7% to 5.2%, the most of any renewable power generation technology in 2019 [1]. However, with the large-scale integration of wind power generation, some oscillation phenomena have appeared in wind energy power systems [2,3,4]. Due to the power electronic characteristics of wind generators, the oscillation frequency is distributed in a wide frequency range, which is very different from the previous oscillation phenomena in traditional power systems [5]. To guarantee the reliable and efficient development of wind power generation, it is necessary to investigate these oscillation problems in wind energy power systems, especially in the large-scale wind power bases with Type-IV wind generators. The Type-IV wind generator is a variable speed wind generator with a fully rated frequency converter connecting the generator to AC power systems [6], which has more obvious power electronics characteristics. With the development of wind energy, large-scale wind power bases with Type-IV wind generators will be popular in future power systems.



For the oscillation problems in wind energy power systems, there are three main methods to investigate in the existing research—i.e., the time-domain electro-magnetic transient simulation analysis method [7], the state-space analysis method [8,9] and the frequency-domain impedance-based analysis method [10,11]. The core of the electro-magnetic simulation analysis method is the emulation of the power electronics characteristics of wind generators [12], which can reproduce the existing oscillation phenomena. However, it is hard to illustrate the internal mechanism of these oscillation problems. The core of the state-space analysis method is the eigenvalue analysis of the state-matrix [13], which can determine the unstable oscillation mode and its main influencing factors. Its results are complete and detailed for analyzing the oscillation mechanism, but to establish the state-space model of the power systems with a high proportion of power electronic devices is not easy, due to the inductive and capacitive effect of the transmission network and the detailed controller dynamics of the power electronic devices. The core of the frequency-domain impedance-based analysis method is the Nyquist stability criterion of the single port-impedance [14,15], which could judge the oscillation stability of wind energy power systems. The impedance model of wind generators is relatively easy to be established, and has many modelling methods—e.g., the small-disturbance modelling method [16], the harmonic linearization modelling method [17] and the measurement modeling method [18]. Therefore, the frequency-domain impedance-based analysis method receives more attention for analyzing these oscillation problems. Nevertheless, the impedance model of the AC power system is usually very simplified in this method, which influences the unstable oscillation modes, due to the wide range of oscillation frequencies. In addition, the interaction among several wind farms in large-scale wind power bases is difficult investigate through the single port-impedance only. In summary, there are some limitations in the previous analysis methods for large-scale wind power bases with several wind farms.



In [19], the s-domain nodal admittance matrix analysis method is proposed to analyze the oscillation problems in power systems with a high proportion of power electronic devices from the view of resonance stability. In this method, the dynamic characteristics of power electronic devices could be considered by their impedance model, which is an advantage of the impedance model for power electronic devices. Moreover, the dynamic characteristics of the transmission network and the interaction among several wind farms could be considered through the nodal admittance matrix, which overcomes the limitation of the previous analysis methods. Thus, for investigating the oscillation problems in the wind power bases with quantities of Type-IV wind generators, the s-domain nodal admittance matrix analysis method is adopted in this paper. Ref. [19] focuses on the theoretical analysis of the s-domain admittance matrix more, but this paper mainly aims to verify its application and simulation in large-scale wind power bases. There are also some differences in their case studies, as shown in Table 1. In addition, the transfer characteristics of disturbances in Type-IV wind generators are analyzed based on the balance principle of frequency components, and the unstable mechanism of the resonance mode is illustrated based on the negative-resistance effect theory [20] in this paper.



The rest of the paper is organized as follows. In Section 2, the transfer characteristics of disturbances in the Type-IV wind generator are analyzed and its impedance model is established based on the balance principle of frequency components. In Section 3, the resonance stability of a practical wind power base with quantities of Type-IV generators is investigated based with the s-domain nodal admittance matrix method, and the mechanism of the unstable resonance mode is illustrated based on the negative-resistance effect theory. In Section 4, the established impedance model of the Type-IV wind generator and the resonance structure analysis results of wind power bases are verified through the time-domain electro-magnetic transient simulation in PSCAD/EMTDC [21]. Finally, this paper ends with some conclusions in Section 5.




2. Modelling of Type-IV Wind Generators


To investigate the resonance stability of wind power bases with Type-IV wind generators, the transfer characteristics of disturbances in a Type-IV wind generator are first analyzed to establish its impedance model, based on the balance principle of frequency components.



2.1. Transfer Characteristics of Disturbances in Type-IV Wind Generators


The Type-IV wind generator is one of the most popular wind generators in wind farms, due to its better adjustment characteristics of power and voltage. It is connected to an AC power system by a back-to-back converter, whose structure [12] is shown in Figure 1.



Moreover, the back-to-back converters of the Type-IV wind generator contain a generator-side converter and the grid-side converter. The generator-side converter controls the torque of the generator to capture the maximum wind power, and the grid-side converter controls the DC-side voltage and output reactive power to maintain normal system operations.



Generally, these oscillation problems that appear in wind energy power systems have a higher oscillation frequency [4]. Due to the slower response characteristics of the outer-loop controller, these disturbance components of higher frequency have less influence on the DC-side voltage of the back-to-back converters. Therefore, the DC-side voltage could be assumed to be kept as constant, and the grid-side converter is independent from the generator-side converter, the generator and the wind turbine. When analyzing the influence of a Type-IV wind generator on these oscillation problems, it is acceptable to only consider the influence of the grid-side converter—the shadow in Figure 1.



Assuming that there appear some disturbances in the AC-side voltage, the influencing trajectory is shown in Figure 2.



Firstly, these voltage disturbances will enter the controller through the measurement transformation module. Then, they will enter the phase-locked loop (PLL), the outer-loop controller and the inner-loop controller, respectively. Note that the disturbances in the PLL will feed back to the measurement transformation module. Finally, they will all have an influence on the valve-side voltage and the output current through the pulse-width modulation module. Furthermore, the disturbances in the output current will send feedback to the controller through the measurement transformation module.



Generally, the influence of the outer-loop controller could be ignored, due to its slower response characteristics. Assuming that there is one positive-sequence disturbance of the fp frequency in the AC-side voltage and the output current, the transfer process of these disturbances in the internal variables of the grid-side converter could be described as Figure 3.



Figure 3 shows the positive-sequence disturbance of the fp frequency in the AC-side voltage—the output current will enter the variables in the controller and finally have an influence on the valve-side voltage. Thus, the AC-side voltage and the output current could be regarded as the input variables, and the valve-side voltage could be regarded as the output variable in the transfer process of disturbances.



Moreover, the disturbance in the q-axis component of the measured voltage will enter the PLL output phase, and the disturbance in the PLL output phase will send feedback to the d- and q-axis components of the measured voltage and enter the measured current and the modulation voltage. Therefore, the PLL output phase could be regarded as the important middle variable in the transfer process of disturbances.



Note that, due to the coordinate transformation, the positive-sequence disturbance of the fp frequency in the abc frame will be transformed to the disturbance of the fp − f1 frequency in the dq frame. In addition, due to the asymmetrical d- and q-axis components of the modulation voltage, an additional positive-sequence disturbance of the 2f1 − fp frequency will appear in the valve-side voltage and the output current, but not the positive-sequence disturbance of the fp frequency.



Subsequently, the corresponding transfer function of disturbances could be obtained based on the balance principle of frequency components. The balance principle of frequency components is similar to harmonic linearization modeling methods [17], which represent the corresponding relationship among disturbances in the style of frequency-domain phasors.



(1) Transfer function of disturbances from the AC-side voltage to the PLL output phase.



Figure 3 indicates that the disturbances in the PLL output phase are only related to the disturbances in the AC-side voltage. Their quantitative relationship is shown as Equation (1).


   θ  PLL    (  j  (   ω p  −  ω 1   )   )  =    − j    G v   H  PLL    (  j  (   ω p  −  ω 1   )   )    j  (   ω p  −  ω 1   )  +  H  PLL    (  j  (   ω p  −  ω 1   )   )   G v   U m     ︸    G  PLL    (  j  (   ω p  −  ω 1   )   )     U a   (  j  ω p   )   



(1)




where GPLL(j(ωp − ω1)) represents the quantitative relationship between the disturbance of the fp frequency in the AC-side voltage and the disturbance of the fp − f1 frequency in the PLL output phase; i.e., the transfer function of disturbances from the AC-side voltage to the PLL output phase.



(2) Transfer function of disturbances from the AC-side voltage, the output current and the PLL output phase to the valve-side voltage.



Figure 3 shows that the disturbances in the valve-side voltage are related to the disturbances in the AC-side voltage, the output current and the PLL output phase. Moreover, there are two positive-sequence disturbances of the fp and 2f1 − fp frequency in the valve-side voltage. The quantitative relationship among the disturbance of the fp frequency in the valve-side voltage and the disturbances in the AC-side voltage, the output current and the PLL output phase are shown as Equation (2).


     U  va    (  j  ω p   )  =     K m   U  dc    K v   G  delay    (  j  (   ω p  −  ω 1   )   )   G v   ︸    G  Uv _ U    (  j  (   ω p  −  ω 1   )   )     U a   (  j  ω p   )  +             −  K m   U  dc    (   H  in    (  j  (   ω p  −  ω 1   )   )  − j  K i   )   G  delay    (  j  (   ω p  −  ω 1   )   )   G i   ︸    G  Uv _ I    (  j  (   ω p  −  ω 1   )   )     I a   (  j  ω p   )  +              K m   U  dc     − j  2   [    −  (   U  dref   + j  U  qref    )  +  K v   G  delay    (  j  (   ω p  −  ω 1   )   )   G v   U m  −      (   H  in    (  j  (   ω p  −  ω 1   )   )  − j  K i   )   G  delay    (  j  (   ω p  −  ω 1   )   )   G i   I m   e  j  φ  Ia        ]   ︸    G  Uv _ θ    (  j  (   ω p  −  ω 1   )   )     θ  PLL    (  j  (   ω p  −  ω 1   )   )     



(2)




where GUv_U(j(ωp − ω1)) represents the quantitative relationship between the disturbance of the fp frequency in the valve-side voltage and the disturbance of the fp frequency in the AC-side voltage; i.e., the transfer function of disturbances from the AC-side voltage to the valve-side voltage. GUv_I(j(ωp − ω1)) represents the quantitative relationship between the disturbance of the fp frequency in the valve-side voltage and the disturbance of the fp frequency in the output current; i.e., the transfer function of disturbances from the output current to the valve-side voltage. GUv_θ(j(ωp − ω1)) represents the quantitative relationship between the disturbance of the fp frequency in the valve-side voltage and the disturbance of the fp − f1 frequency in the PLL output phase; i.e., the transfer function of disturbances from the PLL output phase to the valve-side voltage.



In addition, the quantitative relationship of the disturbance of the 2f1 − fp frequency in the valve-side voltage and the disturbances in AC-side voltage, the output current and the PLL output phase are shown in Equation (3). Note that the AC system is assumed to be the ideal voltage source, which has no positive-sequence disturbance of the 2f1 − fp frequency.


     U  va    (  j  (  2  ω 1  −  ω p   )   )  =    −  K m   U  dc    (   H  in    (  j  (   ω 1  −  ω p   )   )  − j  K i   )   G  delay    (  j  (   ω 1  −  ω p   )   )   G i   ︸    G  Uv _ I    (  j  (   ω 1  −  ω p   )   )     I a   (  j  (  2  ω 1  −  ω p   )   )  +              K m   U  dc     − j  2   [    −  (   U  dref   + j  U  qref    )  +  K v   G  delay    (  j  (   ω 1  −  ω p   )   )   G v   U m      −  (   H  in    (  j  (   ω 1  −  ω p   )   )  − j  K i   )   G  delay    (  j  (   ω 1  −  ω p   )   )   G i   I m   e  j  φ  Ia        ]   ︸    G  Uv _ θ    (  j  (   ω 1  −  ω p   )   )      (   θ  PLL    (  j  (   ω p  −  ω 1   )   )   )  ^     



(3)




where GUv_I(j(ω1 − ωp)) represents the quantitative relationship between the disturbance of the 2f1 − fp frequency in the valve-side voltage and the disturbance of the 2f1 − fp frequency in the output current. GUv_θ(j(ω1 − ωp)) represents the quantitative relationship between the disturbance of the 2f1 − fp frequency in the valve-side voltage and the disturbance of the fp − f1 frequency in the PLL output phase. The superscript “^” represents the conjugate of the complex.




2.2. Impedance Model of Type-IV Wind Generators


Assuming the connecting circuit of the grid-side converter is modelled by the series-connected circuit of resistance and inductance (see Figure 2), the disturbances in the output current could be further described as Equations (4) and (5), based on the electrical circuit theory.


     U  va    (  j  ω p   )  −  U a   (  j  ω p   )  =  (  R + j  ω p  L  )   I a   (  j  ω p   )      ⇒  {     G  Uv _ U    (  j  (   ω p  −  ω 1   )   )   U a   (  j  ω p   )  +  G  Uv _ I    (  j  (   ω p  −  ω 1   )   )   I a   (  j  ω p   )  +      G  Uv _ θ    (  j  (   ω p  −  ω 1   )   )   θ  PLL    (  j  (   ω p  −  ω 1   )   )  −  U a   (  j  ω p   )  =  (  R + j  ω p  L  )   I a   (  j  ω p   )          ⇒  I a   (  j  ω p   )  =    G  Uv _ U    (  j  (   ω p  −  ω 1   )   )  − 1   R + j  ω p  L −  G  Uv _ I    (  j  (   ω p  −  ω 1   )   )     U a   (  j  ω p   )  +    G  Uv _ θ    (  j  (   ω p  −  ω 1   )   )    R + j  ω p  L −  G  Uv _ I    (  j  (   ω p  −  ω 1   )   )     θ  PLL    (  j  (   ω p  −  ω 1   )   )     



(4)






     U  va    (  j  (  2  ω 1  −  ω p   )   )  =  (  R + j  (  2  ω 1  −  ω p   )  L  )   I a   (  j  (  2  ω 1  −  ω p   )   )      ⇒  {     G  Uv _ I    (  j  (   ω 1  −  ω p   )   )   I a   (  j  (  2  ω 1  −  ω p   )   )  +  G  Uv _ θ    (  j  (   ω 1  −  ω p   )   )    (   θ  PLL    (  j  (   ω p  −  ω 1   )   )   )  ^      =  (  R + j  (  2  ω 1  −  ω p   )  L  )   I a   (  j  (  2  ω 1  −  ω p   )   )          ⇒  I a   (  j  (  2  ω 1  −  ω p   )   )  =    G  Uv _ θ    (  j  (   ω 1  −  ω p   )   )    R + j  (  2  ω 1  −  ω p   )  L −  G  Uv _ I    (  j  (   ω 1  −  ω p   )   )      (   θ  PLL    (  j  (   ω p  −  ω 1   )   )   )  ^     



(5)







Furthermore, by considering the disturbances of the same frequency in the output current and the AC-side voltage, the port-impedance model of the grid-side converter—i.e., the port-impedance model of the Type-IV wind generator—could be established as Equation (6).


   Z  WG − IV    (  j  ω p   )  =    U a   (  j  ω p   )    −  I a   (  j  ω p   )    =   R + j  ω p  L −  G  Uv _ I    (  j  (   ω p  −  ω 1   )   )    1 −  G  Uv _ U    (  j  (   ω p  −  ω 1   )   )  −  G  Uv _ θ    (  j  (   ω p  −  ω 1   )   )   G  PLL    (  j  (   ω p  −  ω 1   )   )     



(6)




where ZWG-IV(s) represents the port-impedance of the Type-IV wind generator.



Note that, due to the similar grid-connected structure, the above simplification for the Type-IV wind generator could be also applied to a simple UPS or PV inverter when investigating their wide-band oscillation problems.





3. Resonance Stability Analysis of Wind Power Bases


Considering the dynamic characteristics of the transmission network and the interactions among several Type-IV wind farms, the oscillation problems in a practical wind power base are investigated from the view of the resonance stability, based on the s-domain nodal admittance matrix method [19]. Furthermore, the mechanism of the unstable resonance mode is further illustrated based on the negative-resistance effect theory [20]. Note that unstable oscillation phenomena in the practical wind power bases once appeared [4].



3.1. System Parameters of Wind Power Bases


The transmission network of wind power bases is shown in Figure 4. The highest voltage level of the transmission network is 220 kV, including Bus1, Bus2 and Bus3. The lowest voltage level of the transmission network is 0.69 kV; i.e., the port voltage of the Type-IV wind generator. The voltage level sequence of the transmission network is 0.69, 35, 110, and 220 kV.



There are sixteen wind farms composed of Type-IV wind generators, including one wind farm of 200 MW, five wind farms of 100 MW and ten wind farms of 50 MW. The transformer substation in Bus2 has three three-winding transformers, which are connected to one wind farm of 200 MW, three wind farms of 100 MW and five wind farms of 50 MW. Moreover, the transformer substation in Bus3 has two three-winding transformers, which are connected to two wind farms of 100 MW and five wind farms of 50 MW. The parameters of the main power equipment in the wind power bases are listed in Table 2 and Table 3. Note that the base value of the system capacity is 100 MVA and the base value of the system voltage is 230 kV.




3.2. Analysis on Resonance Structure of Wind Power Bases


To investigate the resonance stability of the wind power bases with Type-IV wind generators, their resonance structure is analyzed based on the s-domain nodal admittance matrix method [19].



In the s-domain admittance matrix method, the dynamic characteristics of all the Type-IV wind generators are considered in the style of the impedance model. In addition, the transmission network of the wind power bases is considered in the style of the nodal admittance matrix, which is easy establish. The core of the s-domain nodal admittance matrix method is to calculate the zero roots of the determinant of the s-domain nodal admittance matrix, represented by Equation (7).


     {     s k  = −  σ k  + j  ω k   |  det  [  Y  (   s k   )   ]  = 0  }      Y  (   s k   )  =  [       y  11    (   s k   )     ⋯     y  1 k    (   s k   )     ⋯     y  1 n    (   s k   )       ⋮   ⋱   ⋮   ⋱   ⋮       y  k 1    (   s k   )     ⋯     y  k k    (   s k   )  +  1   Z  WG −  IV ,  k    (   s k   )       ⋯     y  k n    (   s k   )       ⋮   ⋱   ⋮   ⋱   ⋮       y  n 1    (   s k   )     ⋯     y  n k    (   s k   )     ⋯     y  n n    (   s k   )       ]     



(7)




where sk represents the k-th resonance mode of the system, σk and ωk represent its damping coefficient and resonance frequency; if σk < 0, it means the resonance mode is unstable. Y(s) represents the s-domain nodal admittance matrix of the system, and det[Y(s)] represents its determinant. yij(s) represents the element in the i-th row and j-th column of the nodal admittance matrix of the system, and ZWG-IV,k(s) represents the port-impedance of the Type-IV wind generator connected to the k-th node.



Based on the above system parameters of the wind power bases, the analysis results of the resonance modes in the frequency range of 1–100 Hz are listed in Table 4.



Table 4 indicates that there are two resonance modes in the wind power bases in the frequency range of 1 Hz–100 Hz, whose frequency are 55.7 and 77.1 Hz, respectively. Moreover, the resonance mode of 77.1 Hz is unstable, due to its negative damping coefficient. Therefore, there is certain resonance instability risk in the wind power bases.



Furthermore, the mode shape and influencing area of the unstable resonance mode are further analyzed based on the nodal voltage mode shape vector and the participation factor matrix [19].



The nodal voltage mode shape vector represents the relative magnitude and phase of each nodal voltage under one resonance mode, seen in Equation (8). It could be used to describe the shape of the resonance mode. If the phases of all the nodal voltages are similar, it means the resonance mode appears in the port circuit of one node group. If there are two node groups with an inverse phase, it means the resonance mode appears in the connecting circuit of the two node groups.


   R   (   s k   )  =  [       r 1       ⋮       r k       ⋮       r n       ]  ,  {      V   node   ≈  R   (   s k   )   U  mod e        Y   (   s k   )   R   (   s k   )  = 0 ⋅  R   (   s k   )       



(8)




where R(sk) represents the nodal voltage mode shape vector of the resonance mode sk; i.e., the right eigenvector about the zero eigenvalue of Y(sk), ri represents its i-th element. Vnode represents the nodal voltage vector, Umode represents the main modal voltage under the resonance mode sk.



The participation factor matrix represents the contribution of each nodal injection current to each nodal voltage under one resonance mode, seen in Equation (9). It could be used to describe the participation extent of each node in resonance mode to determine the influencing area.


   P   (   s k   )  =  [       p  11      ⋯     p  1 k      ⋯     p  1 n        ⋮   ⋱   ⋮   ⋱   ⋮       p  k 1      ⋯     p  k k      ⋯     p  k n        ⋮   ⋱   ⋮   ⋱   ⋮       p  n 1      ⋯     p  k n      ⋯     p  n n        ]  ,  {      V   node   ≈  λ  min   − 1    P   (   s k   )    I   node        P   (   s k   )  =  R   (   s k   )  ⋅  L   (   s k   )       L   (   s k   )   Y   (   s k   )  =  L   (   s k   )  ⋅ 0      



(9)




where P(sk) represents the participation factor matrix of the resonance mode sk; i.e., the product of the right eigenvector and the left eigenvector of the zero eigenvalue of Y(sk), pij represents the element in its i-th row and j-th column. Inode represents the nodal injection current, λmin−1 represents the minimal eigenvalue of Y(sk), L(sk) represents the left eigenvector about the zero eigenvalue of Y(sk).



Based on Equations (8) and (9), the nodal voltage mode shape vector and the participation factor matrix of the 77.1 Hz resonance mode could be obtained, as shown in Figure 5 and Table 5.



Figure 5 indicates that the phases of all nodal voltages are similar, which means the 77.1 Hz resonance mode mainly appears in the port circuit of one node group. Moreover, Table 5 indicates that the participation factor among the nodes in wind farms 4, 15, 16, 14, 11 and 8 are relatively large, which means the influencing area of the 77.1 Hz resonance mode is located in wind farms 4, 15, 16, 14, 11 and 8, as the shadow in Figure 4. It is noted that the influencing area of the 77.1 Hz resonance mode is relatively scattered, but it is strongly related to the wind farms with Type-IV wind generators.




3.3. Mechanism Illustration for Unstable Resonance Mode


To further investigate the unstable mechanism of the resonance mode, the input-impedance characteristics of the 0.69 kV node in wind farm 4 were firstly analyzed in the frequency range of 1–100 Hz, as shown in Figure 6.



Figure 6 indicates that there are two resonance points in the input-impedance of the 0.69 kV node in wind farm 4, whose frequency are 55.8 and 77.0 Hz, respectively. This is consistent with the resonance mode analysis results in Table 4. In addition, the phase of the input-impedance at 55.8 Hz is close to 90°, which means when the 55.8 Hz resonance mode is excited, and the system circuit mainly presents the inductance effect. However, the phase of the input-impedance at 77.0 Hz is close to 180°. This means that when the 77.0 Hz resonance mode is excited, the system circuit mainly presents the negative-resistance effect, which will induce the unstable oscillation phenomenon.



Furthermore, the port-impedance characteristics of the Type-IV wind generator are also analyzed in the frequency range of 1–100 Hz, as shown in Figure 7.



Figure 7 indicates that there is a wide frequency range of the negative-resistance effect in the port-impedance of Type-IV wind generators. Moreover, the reactance term in the port-impedance under the super-synchronous frequency range mainly presents the capacitive effect, which will interact with the inductance of the transmission network to cause a resonance point with a lower frequency. Based on the negative-resistance effect theory [20], it is known that there are certain resonance instability risks when the resonance point is located in the frequency range of the negative-resistance effect. Therefore, the unstable resonance mode is mainly caused by the negative-resistance effect and the capacitive effect of the Type-IV generator.





4. Verification Based on Electro-Magnetic Transient Simulation


To verify the above analysis on the resonance structure of the wind power bases, a simulation model of the Type-IV wind generator and the wind power bases were built in the PSCAD/EMTDC software [21]. PSCAD/EMTDC is a professional and commonly used time-domain electro-magnetic transient simulation software for power system transient analysis.



4.1. Verification on Impedance Model of Type-IV WG


To verify the analytical port-impedance model of the Type-IV wind generator, the port-impedance characteristics based on the analytical model were compared with that based of the simulation model. In the simulation, the port-impedance characteristics of the Type-IV wind generator could be obtained by the frequency scanning method; i.e., adding the voltage disturbances with different frequencies to measure the corresponding current responses. Note that these disturbances should not have an influence on the normal steady component.



In the frequency range of 1–100 Hz, the comparison between the simulation results and analytical results of the port-impedance are shown in Figure 8.



Figure 8 shows that the analytical results of the port-impedance are almost consistent with the simulation results of the port-impedance, which verifies the accuracy of the analytical port-impedance model of the Type-IV wind generator.




4.2. Verification on Resonance Structure Analysis of Wind Power Bases


To verify the resonance structure analysis results, the oscillation phenomenon caused by the unstable resonance mode was reproduced based on the simulation model of the wind power bases. In the simulation, the wind power bases operate in the steady state, then the parameters of wind farms were changed to the parameters used in the resonance structure analysis at t = 2.0 s. Note that the parameters changed in the simulation are the controller parameters of the Type-IV wind generator, including the proportion parameter of the PLL and the inner-loop controller. Finally, wind farms 4, 15, 16, 14, 11 and 8 were cut off at t = 4.0 s. The transmission power from Bus2 to Bus1 was observed and analyzed, as shown in Figure 9.



Figure 9 shows that there appears the unstable oscillation phenomenon in the transmission power from Bus2 to Bus1, when the parameters of wind farms are changed. Moreover, the unstable oscillation phenomenon disappears, when wind farms 4, 15, 16, 14, 11 and 8 were cut off. In addition, the oscillation frequency in the transmission power is about 25 Hz, which is almost consistent with the unstable resonance mode of 77.1 Hz in Table 4, which verifies the accuracy of the resonance structure analysis results. Note that the oscillation frequency in the transmission power should be the difference value of the resonance frequency of the resonance mode and the working-frequency of the AC system; i.e., 77.1–50 Hz, f = 27.1 Hz.





5. Conclusions


Considering the dynamic characteristics of the transmission network and the interaction among several wind farms, the oscillation problems in a practical wind power base with quantities of Type-IV wind generators are investigated from the view of resonance stability, based on the s-domain nodal admittance matrix method. Moreover, the unstable mechanism of the resonance mode is illustrated by the negative-resistance effect theory. Finally, the main conclusions of this paper are listed as follows:



(1) Case studies indicate that there are some unstable resonance modes in wind power bases with Type-IV wind generators under the frequency range of 1–100 Hz; i.e., there are certain resonance instability risks. Moreover, the unstable resonance mode is strongly related to wind farms with Type-IV wind generators.



(2) There is a wide frequency range of the negative-resistance effect in the port-impedance of the Type-IV wind generator. Moreover, the reactance term in the port-impedance under the super-synchronous frequency range mainly presents the capacitive effect. It will interact with the inductance of the transmission network to make the resonance point located in the frequency range of the negative-resistance effect, causing the unstable resonance mode.



(3) The time-domain electro-magnetic transient simulation in PSCAD/EMTDC indicates the established impedance model of the Type-IV wind generator is accurate, and the s-domain nodal admittance matrix analysis method is acceptable to analyze the oscillation problems of the large-scale wind power bases.
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Abbreviations


The following abbreviations are used in this manuscript:



	AC
	Alternating current



	DC
	Direct current



	PI
	Proportional integral



	PLL
	Phase-locked loop



	PSCAD/EMTDC
	Power systems computer aided design/Electromagnetic transients including DC



	PV
	Photovoltaic



	UPS
	Uninterruptible Power Supply



	WG
	Wind generator



	Uabc
	The a-, b- and c-phase AC-side voltage



	Ua(jωp)
	The phasor style of the disturbance component of fp frequency in the a-phase AC-side voltage



	ωp
	The frequency of disturbance component



	Iabc
	The a-, b- and c-phase output current of the grid-side converter



	Ia(jωp)
	The phasor style of the disturbance component of fp frequency in the a-phase output current



	Im
	The magnitude of the steady component in the a-phase output current



	φIa
	The phase of the steady component in the a-phase output current



	Uvabc
	The a-, b- and c-phase valve-side voltage



	Uva(jωp)
	The phasor style of the disturbance component of fp frequency in the a-phase valve-side voltage



	Udq
	The d- and q-axis measured voltage in controller



	Idq
	The d- and q-axis measured current in controller



	Udqref
	The d- and q-axis reference voltage from the inner-loop controller



	Udref, Uqref
	The steady component in the d- and q-axis reference voltage



	Umoddq
	The d- and q-axis component correspond to the a-, b- and c-phase modulation voltage



	Umodabc
	The a-, b- and c-phase modulation voltage



	θPLL
	The output phase of the PLL



	θPLL(j(ωp − ω1))
	The phasor style of the disturbance component of fp − f1 frequency in the output phase of the PLL



	ω1
	The working-frequency of the system



	Udc
	The DC-side voltage



	Gv
	The standard coefficient in the voltage measurement module



	Gi
	The standard coefficient in the current measurement module



	HPLL(s)
	The transfer function of the PI regulator in the PLL



	GDelay(s)
	The transfer function of the control delay



	Hin(s)
	The transfer function of the PI regulator in the inner-loop controller



	Kv
	The feedforward coefficient of voltage in the inner-loop controller



	Ki
	The decoupled compensation coefficient of current in the inner-loop controller



	Km
	The modulation ratio of amplitude



	R, L
	The resistance and inductance of the connecting circuit
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Figure 1. Structure schematic diagram of Type-IV wind generator. 
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Figure 2. Influencing trajectory of disturbances in grid-side converter. 
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Figure 3. Transfer process of disturbances in internal variables of grid-side converter. 
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Figure 4. Schematic structure diagram of wind power bases with Type-IV wind generators. 
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Figure 5. Nodal voltage mode shape of 77.1 Hz resonance mode. 
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Figure 6. Input-impedance characteristics of 0.69 kV node in wind farm 4. 
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Figure 7. Port-impedance characteristics of Type-IV wind generator. 






Figure 7. Port-impedance characteristics of Type-IV wind generator.



[image: Energies 13 05220 g007]







[image: Energies 13 05220 g008 550] 





Figure 8. Comparison between simulation results and analytical results. 
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Figure 9. Observation results of transmission power in line Bus2-Bus1. 
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Table 1. Comparison between case studies in both Ref. [19] and this manuscript.






Table 1. Comparison between case studies in both Ref. [19] and this manuscript.





	Items
	Ref. [19]
	This Manuscript





	Main difference
	Aims to illustrate the effectiveness of the s-domain nodal admittance analysis method
	Aims to analyze the oscillation problems in a practical power engineering



	Type of wind farm
	IEEE 39-bus system with one DFIG
	Practical 68-bus system with sixteen Type-IV wind generators



	Analysis method
	s-domain nodal admittance matrix
	s-domain nodal admittance matrix



	Software simulation
	Matlab
	Matlab, PSCAD



	Advantages
	IEEE standard system
	(1) Larger scale of test system and more wind generators

(2) Simulation verification of analysis results

(3) More detailed analysis on the unstable resonance mode

(4) Practical power engineering application



	Disadvantages
	Lack of the simulation verification
	/
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Table 2. Parameters of transformers and transmission lines.
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Power Equipment

	
Items

	
Values






	
Three-winding transformer T1

	
Rated capacity

	
180/180/180 MVA




	
Nominal voltage

	
220/110/37 kV




	
Leakage impedance 1

	
0.001 + 0.082 pu




	
Leakage impedance 2

	
0.001 + 0.006 pu




	
Leakage impedance 3

	
0.001 + 0.051 pu




	
Three-winding transformer T2/T3

	
Rated capacity

	
240/180/180 MVA




	
Nominal voltage

	
220/110/37 kV




	
Leakage impedance 1

	
0.001 + 0.062 pu




	
Leakage impedance 2

	
0.001 + 0.004 pu




	
Leakage impedance 3

	
0.000 + 0.037 pu




	
Three-winding transformer T4

	
Rated capacity

	
180/180/180 MVA




	
Nominal voltage

	
220/110/37 kV




	
Leakage impedance 1

	
0.001 + 0.080 pu




	
Leakage impedance 2

	
0.001 + 0.006 pu




	
Leakage impedance 3

	
0.001 + 0.050 pu




	
Three-winding transformer T5

	
Rated capacity

	
240/240/120 MVA




	
Nominal voltage

	
220/110/37 kV




	
Leakage impedance 1

	
0.001 + 0.086 pu




	
Leakage impedance 2

	
0.000 + 0.003 pu




	
Leakage impedance 3

	
0.003 + 0.042 pu




	
Transmission line from Bus2 to Bus1

	
Line resistance

	
0.0071 pu




	
Line reactance

	
0.0633 pu




	
Line susceptance

	
0.1178 pu




	
Transmission line from Bus3 to Bus2

	
Line resistance

	
0.0018 pu




	
Line reactance

	
0.0148 pu




	
Line susceptance

	
0.0269 pu
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Table 3. Parameters of Type-IV wind generators.
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	Items
	Values





	Rated capacity
	2 MW



	Rated frequency
	50 Hz



	Nominal voltage
	0.69 kV



	DC-side voltage
	±0.75 kV



	Resistance in connecting circuit
	0.024 Ω



	Inductance in connecting circuit
	0.190 mH



	Rated capacity of step-up transformer
	2.5 MVA



	Nominal voltage of step-up transformer
	0.69/37 kV



	Leakage inductance of step-up transformer
	0.12 pu










[image: Table] 





Table 4. Analysis results of resonance modes in wind power bases.
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	Num.
	Damping Coefficient/s−1
	Resonance Frequency/Hz
	Resonance Stability





	1
	2.5518
	55.7
	Stable



	2
	−7.5602
	77.1
	Unstable
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Table 5. Elements in participation factor matrix of 77.1 Hz resonance mode (descending order).
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	Nodes of Injection Current
	Nodes of Observation Voltage
	Participation Factor





	Wind Farm 4, 0.69 kV Node
	Wind Farm 4, 0.69 kV Node
	0.0238∠0.00°



	Wind Farm 15, 0.69 kV Node
	Wind Farm 4, 0.69 kV Node
	0.0233∠0.00°



	Wind Farm 15, 0.69 kV Node
	Wind Farm 15, 0.69 kV Node
	0.0228∠0.00°



	Wind Farm 4, 0.69 kV Node
	Wind Farm 4, 37 kV Node
	0.0227∠0.00°



	Wind Farm 15, 37 kV Node
	Wind Farm 4, 0.69 kV Node
	0.0224∠0.00°



	Wind Farm 4, 37 kV Node
	Wind Farm 15, 0.69 kV Node
	0.0222∠0.00°



	Wind Farm 15, 37 kV Node
	Wind Farm 15, 0.69 kV Node
	0.0219∠0.00°



	Wind Farm 4, 0.69 kV Node
	Wind Farm 16, 0.69 kV Node
	0.0217∠0.00°



	Wind Farm 4, 0.69 kV Node
	Wind Farm 14, 0.69 kV Node
	0.0217∠0.00°



	Wind Farm 4, 37 kV Node
	Wind Farm 4, 37 kV Node
	0.0214∠0.00°



	Wind Farm 16, 0.69 kV Node
	Wind Farm 15, 0.69 kV Node
	0.0213∠0.00°



	Wind Farm 14, 0.69 kV Node
	Wind Farm 15, 0.69 kV Node
	0.0213∠0.00°



	Wind Farm 15, 37 kV Node
	Wind Farm 15, 37 kV Node
	0.0211∠0.00°



	Wind Farm 4, 0.69 kV Node
	Wind Farm 16, 37 kV Node
	0.0209∠0.00°



	Wind Farm 4, 0.69 kV Node
	Wind Farm 14, 37 kV Node
	0.0209∠0.00°



	Wind Farm 4, 0.69 kV Node
	Wind Farm 11, 0.69 kV Node
	0.0209∠0.00°



	Wind Farm 4, 0.69 kV Node
	Wind Farm 8, 0.69 kV Node
	0.0208∠0.00°



	…
	…
	…
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