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Abstract

:

The dynamics of wind power generation cannot be neglected in the modern power system and could have a great impact on the system dynamics, even raising the risk of a blackout. Because of this, power system simulation has to include the model of wind power generation. However, due to the high order of the full model of the wind power generator, it is impossible to model them in detail in the use of the power system dynamic simulation considering the thousands of wind generators in the grid. In this context, a simplified model is normally used with the trade-off in lower accuracy. As a direct-drive permanent magnet synchronous wind power generation system (D-PMSG) would take up a certain occupation in the modern power system, a proper D-PMSG simplified model is needed in the power system simulation. For a different research purpose in a different timescale, a different complexity of the model can be used to maximize the accuracy, in the meantime speeding up the simulation. This paper proposes a set of simplified models of the direct-drive permanent magnet synchronous wind power generation system (D-PMSG) and classifies them according to the timescale of the dynamics and the use cases, i.e., faults (transient stability analysis), system contingencies (voltage and frequency stability analysis) and wind speed variations (energy transformation). The accuracy of the proposed simplified models is verified by comparing them with the detailed D-PMSG electromagnetic transient mode in Matlab/Simulink, and their use case of the power system simulation is validated based on the case study of the IEEE 39-bus system considering the above scenarios.






Keywords:


wind power generation; model simplification; power system simulation












1. Introduction


In a transition of the power system migrating into higher renewables and higher power electronics, wind power generation has been gradually replacing the traditional thermal power plant and becoming one of the main power sources in the modern power system [1]. The direct-drive permanent magnet synchronous wind power generation system (D-PMSG) has progressed with a low failure rate, high reliability, and high efficiency so that its share of the market has continued to increase in recent years [2,3,4]. Due to the characteristics of the D-PMSG on renewables, e.g., stochastic generation, and the power electronics, e.g., low inertia and multi-time dynamics, the wide use of the D-PMSG has introduced new instability issues in the modern power system, i.e., the harmonics stability and converter-driven stability [5,6,7,8]. To understand the complex interaction between the modern power system and the D-PMSG, an accurate and efficient D-PMSG model is needed.



The D-PMSG consists of a wind turbine (WT), a permanent magnet synchronous generator (PMSG), a full power converter (FPC), and its control system (pitch angle [9,10], maximum power tracking (MPPT) [11,12], virtual inertia control [13,14,15], etc.), of which dynamics present a multi-timescale characteristic, including the electromagnetic transients, electromechanical transients, and mechanical transients ranging [16] from 1 ms to 100 s, and of which the model is nonlinear with a high order. In the power system simulation, the accuracy, computational speed, and system scale cannot be satisfied in the meantime [17]. Although the electromagnetic transient model (EMT) of the D-PMSG can easily capture all the dynamics, it cannot be used in the simulation of a large national grid due to the limitation on the computational burden and the solver [18]. A simplified D-PMSG model can suit the large-scale power system simulation, but as a trade-off would lose accuracy, especially on the small-timescale dynamics. Therefore, the art of the model simplification with good accuracy has attracted a lot of attention. For example, for the power system dynamic simulation, references [19,20,21,22] have developed a full model of the D-PMSG applicable to the electromagnetic transient (EMT) simulation of the system. References [23,24,25,26] show that during grid incidents, the main response of the D-PMSG is determined by the grid-side converter (GSC) with its control; thus, they suggest simplifying the machine-side converter (MSC) to be a controlled current source. With regard to the wind power participation in the system frequency regulation, reference [27] proposed an average model of D-PMSG, considering the virtual inertia control. Reference [28] simplifies the whole D-PMSG model to be a single inertial unit in the form of a swing equation. For the small-signal stability analysis of the D-PMSG, reference [29] linearizes the full-order model while reference [30] proves that the small-signal instability is mainly related to the GSC and thus the MSC can be assumed to be simplified as a constant DC voltage. For the optimal power flow analysis considering the wind farms in the grid, literature [31,32,33] builds a static D-PMSG model as a PQ node, with the active power from the wind turbine and reactive power from the constant power factor setup.



Based on the above literature review, although many D-PMSG models are available, they are either too detailed for system-level studies or too simple to capture short-term dynamics. Intermediate models can achieve a certain level of accuracy while reducing the computational burden. References [34,35] propose a set of smart transformer and storage models used for a different purpose of the power system studies, whose philosophy is that the complexity of the model depends on the timescale of the interested dynamics and the focus of the study. Based on this concept, this paper proposes a simplified approach to the D-PMSG and establishes a set of differential-algebraic equation (DAE) models for the D-PMSG applicable to power system stability analysis. The specific contributions of this paper are:




	(i)

	
Identifying the dominated active controls in a serial of timescales by means of parameter sensitivity analysis.




	(ii)

	
Proposing a set of D-PMSG simplified models with different complexity in line with the parameter sensitivity analysis for the different purpose of the power system dynamic analysis.




	(iii)

	
Defining the use case of the D-PMSG simplified models for the transient stability, voltage stability, and frequency stability analysis, respectively.









The remainder of the paper is organized as follows. Section 2 introduces the detailed DAE model of the D-PMSG. Section 3 presents the proposed simplified D-PMSG models and classifies them according to their complexity, timescales, and parameter sensitivity. Section 4 defines the applications for the proposed D-PMSG models. Section 5 verifies the accuracy of the proposed models based on the IEEE benchmark 39 bus system. Finally, Section 6 draws relevant conclusions.




2. Modelling of the D-PMSG


Figure 1 shows the topology and control scheme of the D-PMSG, wherein the physical circuit, the WT, is connected directly to the PMSG via the drive shaft, and the generator is connected to the grid via the full power converter. In the control logic, pitch angle control is used to avoid over-speeding the turbine. The MSC is applied with MPPT and virtual inertia control to maximize the wind power generation and provide frequency support in the system. The GSC is applied phase-locked loop (PLL), DC voltage regulation, and reactive power control to achieve the grid synchronization, to maintain a fixed DC voltage and to provide the voltage support in the system. The meanings of the relevant variables in the D-PMSG are given in the notation section and are labeled in Figure 1.



2.1. Mechanical Model


The wind drives the turbine rotation, and the wind energy is transferred into kinetic energy and then into electrical energy; this process includes the conversion of the mechanical power in the turbine and the electromechanics in the PMSG.



The mechanical power is related to the wind speed and the turbine swept area as indicated below:


   P w  =  1 2   A r     ρ C   p   (   λ , β   )    v w  3     



(1)




where  λ  is the tip speed ratio, which can be expressed as:


  λ =    ω r  R    v w       



(2)







   C p   (   λ , β   )    is the performance coefficient, which can be approximated as:


   C p   (   λ , β   )  = 0  . 5176   (    116    λ 1    − 0  . 4 β  − 5  )   e  -   21    λ 1      + 0  . 0068 λ     



(3)







And    λ 1    is the coefficient, which normally can be set as:


   1   λ 1    =  1  λ + 0  . 08 β    −   0  . 035     β 3  + 1      



(4)







The D-PMSG converts mechanical energy into electrical energy, of which electromechanical dynamics of such power delivery are usually expressed as:


  H   ω .  r  =  T w  −  T e  − D  ω r   



(5)







In the synchronous dq frame, the voltage of the PMSG stator is:


   {       L  s , d     I .   s , d   =  r s   I  s , d   −  ω r   L  s , q    I  s , q   −  V  s , d          L  s , q     I .   s , q   =  r s   I  s , q   +  ω r  (  L  s , d    I  s , d   +  ψ p  ) −  V  s , q            



(6)




where the voltage of the PMSG stator is formed by the MSC



The PMSG electromagnetic torque is:


   T e  =  [   ψ p  +  (   ω r   L   s , d    −  ω r   L   s , q     )   I   s , d     ]   I   s , q       



(7)







The output power of the generator is:


   {       P s  =  V   s , d     I   s , d    +  V   s , q     I   s , q           Q s  =  V   s , q     I   s , d    −  V   s , d     I   s , q             



(8)








2.2. Full Power Converter Model


The FPC transmits the electrical power generated by the PMSG to the grid, which consists of the MSC, the DC bus, and the GSC.



The MSC and GSC are connected commonly at the DC bus. In the steady state, the power feeding into the DC capacitor from the MSC should be equivalent to the power flowing into the GSC. In transients, the unbalanced power between the input and output of the DC capacitor would be compensated by the capacitor itself, whose dynamics can be represented as follows:


   1 2   C  d c     V .   d c  2  = −  P s  − (  V  p c c , d    I  g , d   +  V  p c c , q    I  g , q   )  



(9)







The main function of the GSC in one respect is to achieve the synchronization at the PCC. In another respect, it provides stable DC voltage through active power regulation and an auxiliary service for voltage support through reactive power regulation.



The active exchange of the PCC with the grid is:


   {       P g  =  V g  cos  (   δ g  −  δ  p l l    )   I   g , d    +  V g  cos  (   δ g  −  δ  p l l    )   I   g , q           Q g  =  V g  sin  (   δ g  −  δ  p l l    )   I   g , q    −  V g  sin  (   δ g  −  δ  p l l    )   I   g , d           V   p c c , d    =  V g  cos  (   δ g  −  δ  p l l    )  −  ω g   L g   I   g , q           V   p c c , q    =  V g  cos  (   δ g  −  δ  p l l    )  +  ω g   L g   I   g , d           



(10)







The GSC synchronization process at the PCC is achieved with a PLL, of which the steady state is the q-axis voltage stabilizing at zero.





   {      Δ  ω  p l l     =  K  p l l . p    V  q , p c c   +  K  p l l , i    μ  p l l           μ .   p l l     =  V   p c c , q           ω  p l l     =  ω *  +  Δ  ω  p l l            δ .   p l l     =  ω  p l l          



(11)







In addition, the GSC is equipped with a filter to eliminate the harmonics, whose dynamics can be represented as follows.





   {      L f    I .    g , d    =  V   p c c , d    −  V  c , d   −  ω  p l l    L f   I   g , q    −  r f   I   g , d         L f    I .    g , q    =  V   p c c , q    −  V  c , q   −  ω  p l l    L f   I   g , d    −  r f   I   g , q          



(12)








2.3. Control System Model


The control of the D-PMSG aims to maximize the power generation and stably connect to the grid including the pitch angle control, maximum power control, virtual inertia control, MSC control, and GSC control.



The main function of the pitch angle control system is to restrict the WT speed at    ω  m a x     by means of the PI controller. A servo system is used to adjust the pitch movement within the range of    [   β  m i n      , β       m a x     ]   , where the pitch movement can be represented as a first order delay process with the time constant    T β   .


     d β    d t   =  1   T β       ( β    r e f   −  β )     



(13)






   β  r e f   =  {       β  m a x   ,        β   0     > β    m a x          β 0  ,        β    m i n      < β   0     < β    m a x          β  m i n   ,        β   0     < β    m i n            



(14)




where    β 0    is the pitch movement set point:


  {       β 0  =  K  m p , p   (  ω r  −  ω  m a x   ) +  K  m p , i   σ       σ =  ω r  −  ω  m a x         



(15)







From Equation (2), it can be seen that the pitch angle  β  is constant, and when the wind speed changes, by controlling the speed of the WT it can achieve the optimal blade tip speed ratio    λ  o p t    , which makes WT track the maximum power point, which can be expressed as:


   P  m p p t   =  K  m p p t    ω r 3     



(16)




where:    K  m p p t    = 0     . 5 π ρ C    p m a x    R 5   ω r 3     / λ    o p t  3   .



In order to provide the auxiliary service on frequency support, the virtual inertia control based on the proportional–differential (PD) control is added on the MPPT control. When the grid frequency varies, the frequency regulation auxiliary power provided by the turbine is:


   P  v i r   =  {       P  v i r m a x   ,      P 0     > P    v i r m a x          P 0  ,        P    m i n      < P   0     < P    v i r m a x          P  v i r m i n   ,        P   0     < P    v i r m i n            



(17)




where    P 0    is the power set point from the virtual inertia control:


   P 0  =  K p  (  ω  p l l   −  ω *  )  K d    ω .   p l l    



(18)







For the safe operation of the D-PMSG, the output power must be limited as follows:


   P  r e f   =  {       P  m a x      , P    m p p t      + P    v i r      > P    m a x          P  m p p t      + P    v i r      , P    m i n      < P    m p p t      + P    v i r      < P    m a x          P  m i n      , P    m p p t      + P    v i r      < P    m i n            



(19)







Therefore, the reference torque output by the WT is:


   T  r e f   =    P  r e f      ω r       



(20)







The D-PMSG tracks the reference torque through the MSC. Here, the MSC uses zero d-axis stator current control [36], the basic principle of which is to use the q-axis current to control the electric field of the PMSG orthogonal to the magnetic field of the permanent magnet to obtain the maximum torque; the d-axis current is generally set to be null in order to minimize generator losses. Thus, the MSC control system model can be expressed as:


   {       I   s , d   *  = 0        I   s , q   *  = −    T  r e f      ψ p           



(21)







The actual current of the MSC is then controlled by the current inner loop to track the reference current command:


  {       V  s , d   =   K  m c , p   (  I   s , d   *  −  I  s , d   ) +  K  m c , i    ε d  −  ω s   L q   I  s , q           V  s , q   =  K  m c , p   (  I   s , q   *  −  I  s , q   ) +  K  m c , i    ε q  +  ω s  (  L d   I  s , d   +  ψ p  )         ε .  d  =  I   s , d   *  −  I  s , d           ε .  q  =  I   s , q   *  −  I  s , q         



(22)







The control objective of the GSC aims to provide constant DC voltage and grid-side reactive voltage support, where the DC voltage control can be described as:


  {       P g *  =  P s  − [  K   g v , p    (  V  d c   * 2   −  V  d c   2   ) +  K   g v , i     γ   d c    ]        γ .    d c    =  V  d c   * 2   −  V  d c   2        



(23)







While the reactive power reference is set via the voltage support:


   Q g *  =  K v   (   V   p c c , d   *  −  V   p c c , d     )     



(24)







From the above power references, we can obtain current reference commands:


   {       I   g , d   *  =  P g *  /  V   p c c , d           I   g , q   *  = −  Q g *  /  V   p c c , q             



(25)







Again, the current inner loop control of the controller can be expressed as:


  {       V  c , d   =   K  g c , p   (  I   g , d   *  −  I  g , d   ) +  K  g c , i    ϵ d  −  ω  p l l    L f   I  g , q           V  c , q   =  K  g c , p   (  I   g , q   *  −  I  g , q   ) +  K  g c , i    ϵ q  +  ω  p l l    L f   I  g , d           ϵ .  d  =  I   g , d   *  −  I  g , d           ϵ .  q  =  I   g , q   *  −  I  g , q         



(26)







Equations (1)–(26) represent the full-order differential-algebraic equation (DAE) model of the D-PMSG.




2.4. Model Validation via Simulation


Since latterly the simplified models have been derived from the full-order DAE model, the accuracy of the full-order DAE model is crucial. In order to verify its accuracy, we built a D-PMSG EMT model and a full-order DAE model based on Matlab/Simulink. The full-order DAE model built here uses only the mathematical module. The test system is a 1.5 MW/690 V D-PMSG connecting to a grid via a 5 mH grid impedance, where the main parameters are given in Table 1.



Figure 2 shows comparison results of the D-PMSG full model with its electromagnetic transient (EMT) model at the grid side, DC bus, and machine side in the case of the grid voltage drop from 1 pu to 0.9 pu at 5 s. Figure 3 shows the results of the grid frequency drop at 5 s from 50 Hz to 49 Hz with a 0.5 Hz/s ramp. Figure 4 shows the results of the wind speed stepdown from 10 m/s to 9 m/s at 5 s.



As shown in Figure 2, Figure 3 and Figure 4, the full-order DAE model can well capture the D-PMSG dynamics in a multi-timescale, including the transient, frequency and voltage responses.





3. Approximated D-PMSG Models


The full-order DAE model of the D-PMSG involves multiple responses at different times in a power system. Accurate modeling of transients on shorter timescales would lead to a dramatic increase in the computational burden, especially in the large-scale power system that simulates several D-PMSG stations. For the purpose of a lower computational burden, a simplified model is necessary.



Figure 5 shows the response timescale of the power system dynamics and that of the D-PMSG control dynamics. According to the timescale of the research focus, the small-timescale dynamics can be assumed to have worked while the large-timescale dynamics can be assumed to have not been activated. For example, for the research interest in the grid fault, the MSC and GSC dynamics have to be precisely modeled while the pitch angle control could be set to be unvaried. For the research interest in the inertia response, the current and voltage controller transients of the MSC and GSC can be ignored. For the research interest in the primary response, only the turbine regulation needs to be modeled in detail.



3.1. Parameter Sensitivity


Parameter sensitivity is a method that can be used to evaluate the dependence of the interested dynamics on the parameters. Since the D-PMSG model built in this paper aims to fit into power system simulation, the D-PMSG responses, i.e., active and reactive power injection, at the PCC would be of importance. Thus, here we analyze the parameter sensitivity of the power injection from the D-PMSG to the grid:


   S p  =  |     Δ P     Δ Ψ     |  =  |     P   Ψ , t    −  P   0 , t      0    . 1 P     0 , t       |     



(27)






   S q  =  |     Δ Q     Δ Ψ     |  =  |     Q   Ψ , t    −  Q   0 , t      0    . 1 Q     0 , t       |     



(28)




where  Ψ  represents the parameter of interest,    P   0 , t     ,    Q   0 , t      are the grid power exchange from the D-PMSG at the timescale t using the original parameters,    P   Ψ , t     ,    Q   Ψ , t      are the powers at the same timescale but with the parameter Ψ increased by 10%.



Based on Matlab/Simulink simulation experiments, the parameter sensitivity in different scenarios and in different timescales can be obtained. Figure 6 shows the results of the D-PMSG parameter sensitivity at the timescale of 1 ms, 10 ms and 100 ms in the scenarios of the grid voltage drops to 0.5 pu (graph on the left), the grid frequency drops to 49.5 Hz (graph in the middle) and the wind speed step changes from 10 m/s to 9 m/s (graph on the right). As expected, in the 1 ms timescale the system transients are dominated by current controller transients, so the electromagnetic part of the system must be accurately modeled, while the pitch angle controller transients have not been activated; In the 10 ms timescale, the system voltage controller transients gradually increase while the current controller transients become less important; In the 100 ms timescale, the electrical part of the system transient is completed, and the virtual inertia control transient becomes dominated. Based on the above parameter sensitivity analysis, the model of the D-PMSG can be simplified in a line with the interested timescales, i.e., 10 ms and 100 ms, as follows.




3.2. 10 ms Model


When the interested timescale is 10 ms, the fast frequency response including the transient of the FPC current controller and line filter can be ignored. Thus, the relevant transients in the format of the differential equation can be turned into the format of the algebraic equation that (6)–(8) in the mechanical stage, (9), (10) and (12) in the FPC stage and (22) and (26) in the control system stage can be simplified as follows:


   T e  =  [   ψ p  +  (   ω r   L   s , d    −  ω r   L   s , q     )   i   s , d   *   ]   i   s , q   *     



(29)






   P s  =  T e   ω r  −  r s     ( i     s , d     * 2    +  i   s , q     * 2    )    



(30)






   {       P g  =  V g  cos  (   δ g  −  δ  p l l    )   I   g , d   *  +  V g  cos  (   δ g  −  δ  p l l    )   I   g , q   *         Q g  =  V g  sin  (   δ g  −  δ  p l l    )   I   g , q   *  −  V g  sin  (   δ g  −  δ  p l l    )   I   g , d   *         V   p c c , d    =  V g  cos  (   δ g  −  δ  p l l    )  −  ω g   L g   I   g , q   *         V   p c c , q    =  V g  cos  (   δ g  −  δ  p l l    )  +  ω g   L g   I   g , d   *         



(31)






   1 2   C  d c      V  d c  2   ˙  = −  P s  −  (   V   p c c , d     I   g , d   *  +  V   p c c , q     I   g , q   *   )     



(32)








3.3. 100 ms Model


When the interested research on the primary frequency response is at a timescale of 100 ms, the dynamics of the controller related to the FPC can be ignored. Based on the above 10 ms model, additionally, (11) in the FPC stage and (23) in the control system stage can be simplified as follows.


   ω  p l l   =  ω g     



(33)






   V  d c   =  V  d c  *     



(34)








3.4. Summary


For simplicity, we name the model for 10 ms -order and 100 ms -order timescale research the “10 ms model” and “100 ms model”, respectively. Table 2 summarizes the simplified D-PMSG models, where computational time step in the power system simulation is set to be at least 1/10 of the minimum time constant of the control dynamics in that model.





4. Use Cases


This section defines the use case of the D-PMSG models in the scenarios of the system faults, grid frequency change, and wind speed variations. Since the purpose is to verify the accuracy and applicability of the D-PMSG model itself, a single machine connecting to the infinite bus is used here and built in Matlab/Simulink. The parameters are detailed in Table 1. Initially, the grid frequency is at 50 Hz and the grid voltage is 1 pu.



4.1. Fault Response


According to grid regulations, faults should be cleared within 50 ms to 100 ms and, meanwhile, the D-PMSG has to keep connecting with the grid. The model should precisely reflect the D-PMSG dynamics during the process of the fault ride through. The grid voltage drops to 0.2 pu at 5 s and then recovers to 1 pu at 5.1 s. Figure 7 shows the comparative results using different D-PMSG models at the AC port, DC port, and turbine port.



From Figure 7, it can be seen that the D-PMSG full model presents a loss of synchronization after the fault occurrence, while the simplified models still show a stable response. This is because the simplified model renders the D-PMSG as a constant current source, which neglects the current transients. This transient can enlarge the power imbalance between the MSC and GSC and then result in instability, which can be captured only by the full model. Hence, in the scenario of the grid fault, the full model must be used.




4.2. Frequency Event


The grid code now requires that all the renewable generations have an ability on the frequency support. In this scenario, the grid frequency decreases from 50 Hz to 49 Hz at a rate of 0.5 Hz/s at 5 s, and Figure 8 shows the comparative results using different D-PMSG models at the AC port, DC port, and turbine port.



From Figure 8, it can be seen that the 10 ms model can precisely capture the D-PMSG dynamics at all the ports as the full model does. Since the 100 ms model neglects the DC voltage control dynamics, it cannot reflect the DC bus voltage dynamics during this process, but this will not affect its accuracy on the modelling of the turbine and grid dynamic interactions. Hence, the 10 ms model is enough to be used to represent complete D-PMSG dynamics in the scenario of the frequency event. In addition, if the DC voltage is not of interest and the grid interaction is of interest, then the 100 ms model is applicable as well.




4.3. Wind Speed Event


The basic function of the D-PMSG is to convert wind energy into electrical energy. A D-PMSG model is needed in order to analyze the effect of renewable stochastics on the grid frequency and voltage variance. The wind speed changes from 10 m/s to 9 m/s at 5 s and Figure 9 shows the comparative results.



The usage of the model in this scenario is very similar to the scenario of the frequency event that the 10 ms model is the most suitable and the 100 ms model may be possible.





5. Case Study


The D-PMSG model proposed in this paper is mainly used for power system dynamic analysis and power system simulation. For this purpose, this section verifies the accuracy and applicability of the proposed simplified model in the system level. The simulated grid, as shown in Figure 10, is a modified IEEE 39 bus system with three wind plants using 1 MW, 1.5 WM and 2 WM turbines, of which the wind penetration rate is 26.2%. As shown in Figure 10, each wind farm consists of three clusters and each cluster takes up 20%, 30% and 50% of the plant capacity, respectively. For simplicity, it is assumed that in each WPP, the parameters of all the internal D-PMSGs are identical, one of which is given in Table 3. Corresponding to the use cases of the D-PMSG model defined in Section 3, three scenarios were considered in this case study: transmission line failure, generator outage and wind speed variation in the wind farm. The simulation was run in DOME, a Python-based power system simulation software [37].



The simulation was executed by a Lenovo Y700 computer with a 4-core Intel i5-6300HQ 2.3 GHz CPU. The computational time for a power system simulation of scenario 1 using the full model, 10ms model and 100 ms D-PMSG model are 27.59 s, 3.63 s and 0.89 s, respectively. By comparison with the full model, using the 10 ms model with the 1 ms time step can speed up the simulation by 86.84%, and using the 100 ms model with the 10 ms time step can speed it up by 96.77%.



5.1. Scenario 1: Fault


In this section, a fault occurred on the transmission line between bus 1–2 at 1 s and cleared after 100 ms. Figure 11 shows the power response at the point of the grid connection of the wind farm and the system responses in the frequency and voltage. At the moment of fault occurrence and clearance, the system with the full D-PMSG model has a transient peak in the bus voltage. However, the simplified model cannot show such transients because the simplified model ignores the FPC current transients and presents a smooth grid power injection. On the other hand, the response of the system frequency dynamics is the same for all three models, because in this power system the frequency dynamics are mainly driven by the synchronous machines and their controllers. While the penetration increases, it can be expected that the grid frequency would be different between the full model and other models. Therefore, as the use case defined, for the fault analysis, a full model must be used.




5.2. Scenario 2: Generator Outage


In this scenario, a thermal power plant at bus 34 outages at 1 s. As expected, the 100 ms model can capture all the D-PMSG dynamics in terms of the active and reactive output as shown in Figure 12. Therefore, the 100 ms model can be used in the analysis of the power system frequency and voltage stability.




5.3. Scenario 3: Variable Wind Speed


In this scenario (see Figure 13), a Weibull distribution [38] on the wind is under consideration. Since in reality, the wind variant is in the order of the second and the turbine has a certain inertia, the 100 ms D-PMSG model is enough to be used in the power system simulation. The conclusion of the variable wind speed events is similar to that of the system frequency events, so that the 100 ms model is also applicable to the variable wind speed events.





6. Conclusions


This paper proposes a set of D-PMSG models according to the interested timescales of the research. The following conclusions can be drawn:




	
In new power systems, the full D-PMSG model must be used for the transient stability or rotor angle stability analysis. The 10 ms model can be used for the voltage stability analysis on both the DC and AC sides. The 100 ms model can fit into the frequency and voltage stability analysis but only on the AC sides.



	
For the power system simulation, using D-PMSG 100 ms model can significantly reduce the computation burden while maintaining greater accuracy for the power system dynamic analysis. While for the grid fault or short-circuit analysis, a full D-PMSG model is still needed. In a modified IEEE 39-bus system simulation with 26.2% D-PMSG penetration, using the 100 ms model can save 96.77% of the computational burden in comparison with using the full model.
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Notations




	Notation
	Description



	  R  
	WT blade radius



	    V w    
	Wind speed



	  ρ  
	Air density



	      β / β    r e f     
	Pitch angle/its reference



	    β  m i n      / β    m a x       
	Pitch angle limitation



	    A r    
	Area swept by wind turbines



	  H  
	Equivalent rotational inertia



	  D  
	Equivalent damping factor



	  P  
	Number of permanent magnet pole pairs



	    ψ p    
	Magnetic flux of permanent magnets



	    r s     / L   s    
	PMSG stator winding resistance/inductance



	    r f     / L   f    
	GSC filter resistance/inductance



	    C  d c       
	Capacitance of DC bus filter



	    ω g     / ω    p l l      / ω   *    
	Grid/PLL/nominal frequency



	    δ g     / δ    p l l       
	Grid/PLL phase



	    ω r     / ω    m a x     
	Rotor angle frequency/its maximum value



	    I s     / I   s *    
	PMSG Stator winding current/its reference



	    I g     / I   g *    
	GSC current/its reference



	    V s    
	MSC outlet voltage



	    V c    
	GSC outlet voltage



	    V  d c      / V    p c c      / V   g    
	DC bus/PCC/grid voltage



	    P  w      / P    m p p t      / p    v i r     
	Wind turbine/maximum power point/auxiliary power



	    P  v i r m i n      / P    v i r m a x     
	Auxiliary power limitation



	    P  m i n      / P    m a x     
	PMSG power limitation



	    P s     / Q   s    
	PMSG power



	    P g *     / Q   g *      
	GSC power reference



	    P  r e f      / T    r e f     
	MSC power/torque reference



	    T w     / T   e    
	Mechanical/electromagnetic torque



	    K p     / K   d    
	Virtual inertia proportional/differential gain



	    K v    
	Reactive power compensation gain



	    K   m p , p       / K     m p , i      
	Pitch angle controller P/I



	    K   m c , p       / K     m c , i      
	MSC current controller P/I



	    K   g c , p       / K     g c , i      
	GSC current controller P/I



	    K   g v , p       / K     g v , i      
	GSC voltage controller P/I



	    K   p l l , p       / K     p l l , i      
	PLL parameter P/I
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Figure 1. D-PMSG topology and control scheme. 
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Figure 2. Grid voltage disturbance: full model vs. EMT model. 
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Figure 3. Grid frequency disturbance: full model vs. EMT model. 
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Figure 4. Variable wind speed: full model vs. EMT model. 
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Figure 5. Transient response timescales of interest: (a) power system; (b) D-PMSG system. 
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Figure 6. D-PMSG parameter sensitivity: (a) parameter sensitivity at 1 ms; (b) parameter sensitivity at 10 ms; (c) parameter sensitivity at 100 ms. 
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Figure 7. Grid fault: timescale model comparison. 
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Figure 8. Grid frequency disturbance: timescale model comparison. 
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Figure 9. Variable wind speed: timescale model comparison. 
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Figure 10. Modified IEEE 39 bus system topology. 
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Figure 11. New England 39-bus system, Scenario 1: Grid fault. 
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Figure 12. New England 39-bus system, Scenario 2: Generator outage. 
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Figure 13. New England 39 bus system, Scenario 3: Weibull distribution wind speed. 
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Table 1. D-PMSG parameters and settings.
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	Parameter
	Value





	    S n    
	1 MW



	    V n    
	1 kV



	  R  
	38 m



	    V w    
	10 m/s



	  ρ  
	1.225 kg/m3



	  H  
	0.5 s



	  P  
	48



	    ψ p    
	1.885 pu



	    r s     / L   s    
	3.5 × 10−3 pu/5.44 × 10−2 pu



	    L g     / r   f     / L   f    
	9.07 × 10−3 pu/5.77 × 10−5 pu/9.07 × 10−2 pu



	    C  d c     
	1.04 × 10−4 pu



	    V  d c     
	1.5 pu



	    V g    
	0.69 pu



	    K p  /  K d  /  K v    
	3.1416/0.5236/0
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Table 2. Summary of the D-PMSG models.






Table 2. Summary of the D-PMSG models.





	D-PMSG Stage
	Full Model
	10 ms Model
	100 ms Model





	Mechanical model
	(1–8)
	(1–5) (29–30)
	(1–5) (29–30)



	FPC model
	(9–12)
	(11) (31–32)
	(31–33)



	Control system model
	(13–26)
	(13–21) (23–25)
	(13–21) (24–25) (34)



	Time step
	0.1 ms
	1 ms
	10 ms
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Table 3. D-PMSG parameters and settings of WPP1.
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	Parameter
	Value





	    S n    
	1 MW



	    V n    
	1 kV



	  R  
	38 m



	    V w    
	9.145 m/s



	  ρ  
	1.225 kg/m3



	  H  
	5.5 s



	  P  
	48



	    ψ p    
	1.885 pu



	    r s     / L   s    
	6 × 10−3 pu/9.43 × 10−2 pu



	    L g     / r   f     / L   f    
	3.14 × 10−2 pu/9.99 × 10−5 pu/3.14 × 10−2 pu



	    C  d c     
	1.04 × 10−4 pu



	    V  d c     
	1.5 pu



	    V g    
	0.69 pu



	    K p     / K   d     / K   v    
	0.833/133.3/0
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
233398 %

s

IR
N
N
e
:::/N

P

pra

@

(b)

133
ELEEEEIAN

(c)





media/file4.png
= 14 | ' § %1074
A 3 C J ! W
E wes EMT model g mes EMT model
S 135} w= = = Full model = 2+t we = = Eull model
& fims.
sl 5 1
g 1.3 =
@) 8.. 0
a,
o 1.25+ >
E Bt
< 12 ' ' ' - . . S . . . . . |
4.9 4.95 5 5.05 5.1 515 5.2 525 e 4.95 S 5.05 5.1 515 52
Time (s) Time (s)
ms EMT model wes EMT model
1.505 w == L]l model === 1]l model

1.495 1

DC bus voltage [pu(kV)]
th
Wind turbine speed [rad/s]
N o N B2 o
G o W G W
(U] BEN ] N ~J

4.95 5 5.05 3.1 5.15 5 .23
Time (s)

5
o

4.95 S 305 3.1 315
Time (s)





media/file18.png
w111 model
ww = | ()ms model

= = 100ms model| |

Active power [pu(MW)]

—
N

1.495 ¢

DC bus voltage [pu(kV)]

w111 model
ww = | )ms model
= = 100ms model

1.49
4.5

S

6.5 i Tad 8 8.5
Time (s)

Reactive power [pu(Mvar)]

1
@)}

(SO NS

[u—
O

Wind turbine speed [rad/s]
0 o

><10'3

(]

=

1
(N

1
1o

m F1111 model
ww = | )ms model
= = 100ms model

3.5 6 6.5 7 7.5 8 8.5 9
Time (s)

ol
W
W

—
= 7

w1111 model
w == | )ms model

= = 100ms model |’

5 % 25, 6 6.5 > 73 8 8.5 9
Time (s)





media/file21.jpg





media/file26.png
' . ' ' 40
580 e 1111 model
=== = | )ms model 20t
0+ =~ = 100ms model|

1
S

w1111 model
=== | )ms model

Active power [puMW)]
=y

Reactive power [pu(Mvar)]
)
|

-40)
520 = = 100ms model
| _60 1 | 1
0 10 20 30 40 50 0 5 10 15
Time (s) Time (s)
FEI T I I T §
= 50 mes {11]] model = 1
2 w=w = | ()ms model ig/ W
e— - Q
§ 495 100ms model | | =095}
3 &0
é _+_,°§ full model
o e
b 49 li 0.9 w= == | )ms model
< g, ~ =~ 100ms model
M 48.5 ' 2 085 ' ' '
0 10 20 30 40 50 0 5 10 15

Time (s) Time (s)





media/file27.jpg
Time )

"Time s)

——

it

Wiy

Time @)





media/file3.jpg
(= Fullmode

Active power [poMW)]

W s s s s s s w5 s ososs w2
Time ) Tine )

BT o]

Dl vl uipV}

s s ss s s Yo w5 ses s1oss o s2sx
Time (s) “Time (5





media/file22.png
POC






media/file19.jpg
Restve pover e

Time ()

Wind i spcd ]






media/file28.png
; 580 —— full model
S === | )ms model
2,560 ~ 100ms model
- !
2 540
o
Q.
.ﬂé 520
5]
< 500 : : : :
0 10 20 30 40 50
Time (s)
? T
= 50.02 | me fU1]] model
> w= == | )ms model
S 50 =~ = 100ms model | -
-
L
= 49.98
t~
(a8
2 49.96
an

0 10 20 30 40 50

Time (s)

Reactive power [pu(Mvar)]|

1.002

Bus 37 voltage [pu(690V)]

5t

R

w1111 model
ww = | Oms model

= = 100ms model

1.001 1

0.999 -

0.998

0 10 20 30

Time (s)

40

50

w1111 model
ww = | )ms model
- - 100ms model






media/file10.png
DC bus voltage [pu(kV)]

Active power [puMW)]

1.5005 1

1.5

1.4995
1.499 1
1.4985 1

ms EMT model

== == F']] model

3.5 6 6.5 7
Time (s)
= EMT model| |
== == ]l model
4.8 4.9 5 a.1 5.2 53 5.4

Time (s)

%107

fr—
T

S

1
.
T

Reactive power [pu(Mvar)]

2T s EMT model |
3 == == ]l model
4.5 9.5 6
Time (s)
)
% T T
g mes EMT model
o 227 we w = Full model | ]|
82,1}
L
£ 2
S
219}
ue
&
; 1.8 ‘ : ' . 4
4.5 5 3.5 6 6.5 7
Time (s)






media/file14.png
AWV=AVyg N Sp AV=Awg B Sy AWP=AVw

]
T 010 2 o £ o
Z 008 2 ’ =
£ = 008 = 0.08
3 006 g -
- 04 2 0.06 2 .
LT} P T
- 004 = 0.04
E 0.02 (] o
g 0.00 - _ 5 0.02 E 0.02
=~ 5000 - =
‘p’“\ \1’3‘ f}td‘ o \t°\ 0&10\ o ‘\\t@‘ = & & \ Y \ & 0.00 N N
c\d‘ ,«,C.\‘ N o - ¢ «‘%c L o\t o o &tﬂ ¢o"‘6 @&tﬂ‘ m&tﬂ o “\‘& &° 1\“0 “\‘o A0 &‘o
N e o 9 AE o Cxi R LR \ \ B @ % W
e e Qv W« ‘h‘i'hc’ v Sy W N
(a)
€ 010 2 010 -g 0.10
% 0.08 % 0.08 = 0.08
g 006 £ 006 g 0.06
5o g 0.04 2 004
g 0.02 < m 2 o I
£ o0 —— = W - - E o0 — - W o -— E 000
= -40‘ ‘ o 11'3‘ uﬂ\ o c'E A0 o © s o 10\ o E s o o o N
ot o o o s o o B& 01\ ot o o o o
C\{. C c‘q o L % C\" c\c. C-\]' - @tﬂ Q@ C\c C\c C-q o @ © Q
WO et o o RC A T S
2 010 2 010 2010
2 008 Z 008 2 008
£ 006 £ 006 £ 0.06
2 2 2
0.04 0.04 004
b} 5 z
2 o z  om T 0w
E 000 - = —~ § 00 — — W= _ - g ow -~
A N = A M F M A A o M M
o ) 10 a© [ o 10 0 50 10 10 B P 6"'
o P c,f_-f‘ " R e T X' e .;,9‘« g\?v e

(c)





media/file11.jpg
Pich Angle Cotrol

5
z
Vil e Comrol
" Wind Trbne Speed Dymaics
d DC Voluge Contil
% crin \ /ey \ /' sccontary \ /Ty PLL convol
Repanc\  Respame \/ Resame ) Respome
@00 S5 ED Tam  Tme Tme

(a)






media/file15.jpg
Resctive powes [puhivan]

Tine )

Wind abine speed (]

B am s s s s
Time (5)






nav.xhtml


  energies-15-07471


  
    		
      energies-15-07471
    


  




  





media/file6.jpg
BT ot
ey

Sss e es 75 s Sss 6 es 7 75 % as o
Time () Time &)






media/file16.png
o0

@)

NEN

o

Active power [pu(MW)]

N S

g
W

)

—
N

DC bus voltage [pu(kV)]

-

S
N

. S 3 .
s F 11l model g e F 1111 model
| === | 0)ms model S 2 f|====10ms model '
= = 100ms model & ~ =~ 100ms model
g
2 0 LoD S et .
D]
=
b ‘g -1 ¢
1 1 1 1 1 o ! 1 1 1
9 4.95 5 5.05 5.1 5.15 & 49 4.95 5 5.05 5.1
Time (s) Time (s)
"
T % T
Full model S 9 4 ||=====Full model
=== ] 0)ms model - === | )ms model
=~ = 100ms model o = = 100ms model
S22t
L
:g
5 27
e
=
9 4.95 5 5.05 5.1 5.15 4.9 4.95 5 5.05 5.1

Time (s) Time (s)





media/file2.png
ASojodo].

|
|
|
|
I
|
o : R
= l by 2 +
o
S l I abc
_g I | =% +
L
= Wye f Pyirmin i s P{} i s,d A
g | I is d
%l : 2 + + ¥ : '
5 Vldc — > Pl > Pg r'-f I,
: Vd,pcc_"vd ped |7 ig p - d+q "
| | I " —-
* 0 w ”l l ¢
Wd pecT = ’B Qg - ] P 9.4 abc
| +
| V* Vd,pcc_’vd,PCC . i +
| d,pcc 194 L
| | Wpli tflg,a
' |

Rotor speed time scale DC voltage control time scale Current control time scale





media/file20.png
Active power [puMW)]

[S——
n
-
—_—

DC bus voltage [pu(kV)]

s F 11 model
== ww= | )ms model

=~ = 100ms model|

s e

6 0.3
Time (s)

w111 model
=== | )ms model

= = 100ms model

3

32
Time (s)

33 5.4 3.3

%107

<Pk

Reactive power [pu(Mvar)|

d [rad/s]

B9
b

2 .
a.2:1¢t

Wind turbine s
O o

s F 1] model
=== | )ms model
= = 100ms model

3.5

4.5

5

35

6

A0

6.5 7 75
Time (s)
w1111 model
=== | )ms model
=~ = 100ms model| |
5 8.5 6 6.5 i T5
Time (s)






media/file23.jpg
33

H

H

Active pawer [puMW)]
2

Reactivepower [puthisan]

Wous a2 s s
Time )

‘Bus 37 frequency [Hz]

B 37 volge [U690V)
g






media/file5.jpg
[nrond] samod swy-

©es 775 8 as
Time ()

i

Time (5)





media/file7.png
Active power [pu(MW)]

ms EMT model
=== L ]] model

45 5 55 6 65 7

Time (s)

75 8 85

e

Reactive power [pu(Mvar)]
N

%107

o

1
)

I

s EMT model |-
=== = 1111 model
4.5 55 6 6.5 T 75 8 8.5
Time (s)





media/file24.png
— e

w1111 model
=== | )ms model

= = 100ms model|

Active power [puMW)]

1 1.05 1 113
Time (s)

1.2 125

13

n
S
—
n

n
—
—

n
o
e
W

n
e}

Bus 37 frequency [Hz]

w1111 model
w= == | O)ms model

~ ~ 100ms model|

Time (s)

400

Reactive power [pu(Mvar)]

200

w1111 model
=== | )ms model

=~ = 100ms model |

Time (s)

0 |
-200 r
0.95 1.05 151 1135 1.2 1:25 13
Time (s)
=12 . .
=
X
O
< A
=y
L
50
8
= 0.8t w1111 model
: === | O)ms model
f; = = 100ms model
S 0.6 : ‘ ‘ . :
= 0.95 1.05 1.1 1.15 1.2 128 1:3





media/file1.jpg
Wb Pt

swarsuen doo] jonuo))

Rotor speed time scale.

N

=

Vapec—Yaped

4

abe

e}
- Vi pee—>Ydpeqd

DC voltage control time scale !

@pnlyiga
Current control time scale





media/file25.jpg
e ot

s

Time )






media/file12.png
Power

Pitch Angle Control

\-'
Power

Virtual Inertia Control
Wind Turbine Speed Dynamics

E , . DC Voltage Control
Inertia Secondary Tertiary PLL control
Response Response Response
MSC Current Control
_ GSC Current control
60-200ms 5s 30s 15 mmn Time 0.5-5ms 10-50ms 0-10s  10-100s Time

(a) (b)





media/file9.jpg
7

s
Time ()
T s
Time )

m

o s
Time )
s
Time 9

5

(wriomioy §2EE
L S





media/file0.png





media/file8.png
DC bus voltage [pu(kV)]

151 F

1.505 ¢

1.495

1.49 ¢

ws EMT model | |

== == 1]l model

3D

6

6.5 7 78 8
Time (s)

= EMT model | |
=== 1]l model

5

3:3

6.5 yi
Time (s)

7 8 8.5






media/file17.jpg
Acive pover [puMW)]

H

3

DC bus voltage [pu(kV)]






