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Abstract

:

The power grid has the characteristics of a weak grid with an increase in new energy penetration in the power system. Power electronic-based renewable generation brings issues that weaken the entire system, including the loss of inertia. Low inertia and weak damping cause system oscillation. Virtual synchronous generator (VSG) technology gives power electronic equipment inertia-support capability but increases the complexity of control system parameter design. Many researchers have studied the design method of VSG considering the frequency disturbance of the power grid. The traditional VSG parameter design method ignores the influence of source-side and grid-side fluctuations on the transient stability of the system, resulting in the difference between the actual dynamic and static indicators and the design indicators of VSG in a weak grid. This paper analyzes a small-signal model based on power fluctuations and frequency fluctuations and proposes a control parameter design method that combines the influence of grid impedance to ensure the dynamic stability of the system under a weak power grid. The simulation and experimental results verify the correctness and feasibility of the control method.
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1. Introduction


The parameters of the VSG (Virtual Synchronous Generator) are crucial to the stability and dynamic performance of the system. In recent years, the design of control parameters has been discussed in many pieces of literature. The active power loop of VSG is a second-order control system, and its damping ratio affects the stability and dynamic performance of the system [1,2,3]. If the damping ratio is too small, it will cause serious active power oscillation, and if the damping ratio is too large, it will reduce the inertia of the system, which is not conducive to maintaining frequency stability. References [4,5] deduce the constraint relationship between the moment of inertia and the damping coefficient and repeat the trial and error process according to the constraint relationship, and the design process is complicated. Reference [6] analyzes in detail the influence of the active power control loop parameters on the system when the VSG stand-alone is connected to the grid, and adopts the “second-order optimal” system to tune the relevant parameters, but does not consider the frequency-modulation performance of the VSG. Reference [7] studies the parallel stability of VSG multi-machines and their off-grid switching and proposes a parameter design method that can improve system stability. Reference [8] proposed a complete set of parameter design methods for virtual synchronous generators using the control variable method to obtain parameter optimization by judging and analyzing the overshoot and response speed of the system response. References [9,10] studied the influence of the double power frequency ripple of the instantaneous output power on the output voltage during asymmetric operation and ensured the steady-state and dynamic performance of the system by limiting the cut-off frequency and phase angle margin of the power loop, but only the stability of the VSG under the rated operating point of the grid was analyzed, and the influence of fluctuations on the power supply side and the grid side was not considered. Reference [11] established the small signal model of VSG, obtained the phase angle margin constraints that the power loop decoupling needs to meet, and traversed the control parameters according to the constraints, which can meet the stability of the grid voltage change system.



In addition, many scholars have studied the VSG design method considering the power grid frequency disturbance. References [12,13] optimized the parameter design and improved the frequency stability of the system by studying the impact of virtual inertia and virtual damping of VSG on frequency stability. Reference [14] proposed a variable damping strategy by analyzing the influence of virtual synchronous generator damping on frequency stability but did not pay attention to the influence of other parameters on frequency stability. Reference [15] studied the influence of damping coefficient and moment of inertia on frequency stability and adopted an adaptive control strategy to suppress overshoot in the frequency transient process and improve frequency stability performance. Reference [16], in view of the inability of traditional virtual synchronous generators to suppress frequency oscillation, designed a frequency dividing sliding filter method according to different frequency bands, improved the virtual moment of inertia in sections, and adopted adaptive virtual damping to improve the adjustment ability of the system when frequency oscillation occurs. Reference [17] starts from the control model and transfer function, quantitatively analyzes the dynamic performance index in the time domain, and proposes a parameter design method that can adapt to the grid load disturbance and satisfy the frequency control index. Reference [18], based on the flexible virtual synchronous generator control technology of exponential inertia, through the construction of a small signal model, sensitivity calculation, and root-trajectory analysis, revealed the influence law of the main control parameters on the frequency stability of the system and provided a basis for the selection of control parameters.



The above traditional VSG parameter design method ignores the influence of power- supply-side and grid-side fluctuations, but with the gradual transition of the power grid from a strong power grid to a weak power grid, the influence of grid impedance is increasingly serious. The change of grid impedance not only threatens the stability of the grid-connected inverter but also affects the response speed of the virtual synchronous generator and the overshoot in the dynamic process. Therefore, how to adjust the control parameters of a virtual synchronous generator based on the impedance of the grid is a problem worth discussing [19,20].



In this paper, firstly, the active power-frequency and reactive power–voltage characteristics of the generator are analyzed; then, through small-signal modeling, the influence of grid frequency fluctuation and active power command fluctuation on the dynamic performance of the inverter is analyzed. Then, combined with the characteristics of a weak grid, the influence of virtual synchronous generator control parameters and grid impedance on the dynamic response performance of the system is analyzed through root locus and simulation, and the dynamic stability and dynamic response speed of the system are improved through optimization design. Finally, experimental verification is completed.




2. Basic Control Principle of Virtual Synchronous Generator


2.1. Active Power–Frequency Control Design


The system control circuit diagram of the virtual synchronizer is shown in Figure 1. The control section mainly includes the virtual synchronizer power loop, the outer voltage loop, and the inner current loop.



The condition for the system to maintain dynamic stability is that the electromagnetic power and mechanical power are kept in dynamic balance. When the dynamic balance is broken, the system will lose stability. For example, if the active load of the system increases suddenly at a certain moment, the electromagnetic power of the system increases accordingly. Due to the mechanical inertia of the rotor of the generator, the speed cannot change abruptly. Therefore, the mechanical power output of the synchronous generator is less than the electromagnetic power required by the load, resulting in a reduction in the frequency of the system [21]. When the governor of the synchronous generator is used for regulation, the frequency of the system can be stabilized near the rated frequency. The active power–frequency characteristic curve of the synchronous generator is shown in Figure 2a.



As shown in Figure 2a, curve 1 represents the power–frequency characteristic curve of the synchronous generator, and curves 2 and 3 represent the power–frequency characteristic curves for different active loads.



It can be seen from Figure 2a that the power–frequency static characteristic curve of the synchronous generator exhibits droop modulation characteristics [22] and can be expressed as:


   P  ref   −  P 0  = −  K G   (   ω  ref   −  ω o   )   



(1)




where    P  r e f     is the command value of mechanical power,    P 0    is the actual output active power,    ω  r e f     is the reference value of generator angular frequency,    ω o    is the rated angular frequency, and    K G    is the frequency regulation coefficient of generators.



The larger the value of    K G   , the smaller the deviation of the frequency will be.



From (1), the control block diagram of the governor can be obtained, as shown in Figure 3.



The active power–frequency control block diagram of the virtual synchronous generator is in Figure 4. The virtual synchronous generator does not have a real rotor, and the rotor parameters are not fixed. Through the proper design of the rotational inertia J and damping coefficient D, the system can obtain a faster dynamic response and a wider adjustment range.




2.2. Reactive Power–Voltage Control Design


Synchronous generators not only provide active power to the system through the governor but also provide reactive power to the system through the excitation regulator to maintain reactive power and voltage stability [20]. The reactive power–voltage static characteristic curve is shown in Figure 2b.



It can be seen that the reactive power–voltage regulation equation of the synchronous generator [23,24] is expressed as


   Q  ref   −  Q 0  = −  K q   (   U  ref   −  U o   )   



(2)




where    Q  r e f     is the command value of reactive power,    Q 0    is the actual output reactive power,    U  r e f     is the reference value of the generator terminal voltage,    U o    is the rated terminal voltage, and    K q    is the voltage-regulation coefficient of the generator. The control block diagram of the excitation regulator is shown in Figure 5.



The reactive power–voltage control block diagram of the virtual synchronous generator is shown in Figure 6. The terminal voltage command value generated by the excitation regulator is input into the stator electrical equation, and the current command value is generated combined with the active power–frequency adjustment loop. The generated current command value is used as the set value of the outer current loop. The control principle block diagram of the virtual synchronous generator is shown in Figure 7.





3. Small-Signal Modeling Analysis and Parameter Optimization Design of Virtual Synchronizer


3.1. Modeling Analysis of Virtual Synchronizer Response to Grid Frequency Fluctuations


The rotor mechanical equation of motion [25] can be expressed as:


  J   d Δ  ω m    d t   =  T m  −  T e  − D  (  Δ  ω m   )  =    P m     ω m    −    P e     ω m    − D  (  Δ  ω m   )   



(3)







Then,


   {      ω =  ω m  p       ω =   d θ   d t   =   d  (  ω t + δ  )    d t         Δ ω =  ω 0  − ω        



(4)




where  D  is the damping coefficient,  J  is the rotational inertia,    ω m    is the mechanical angular velocity,  ω  is the electrical angular velocity,  θ  is the excitation electric potential phase angle,    P m    is the mechanical power, and    P e    is the electromagnetic power.



We can combine (3) with (4) as follows:


   {    P =   3 E V sin δ   2 X       Q =   3 V  (  E cos δ − V  )    2 X       δ =   ∫   (  ω −  ω g   )  d t         P 0  −  D p   (  ω −  ω 0   )  − P = J ω   d ω   d t        Q 0  −  K q   (  V −  V 0   )  − Q =  K ω    d E   d t        



(5)







When the system is in the initial steady state, the rated active power and rated reactive power are set to    P 0    and    Q 0   , respectively.



When the system is in the steady state    ω s  =  ω  g s    , the small disturbances   Δ ω  ,   Δ  ω g   ,   Δ δ  ,   Δ E  ,   Δ V  ,   Δ P  , and   Δ Q   are added at this time, and the new state variables are:


   {    ω =  ω s  + Δ ω      ω g  =  ω  g s   + Δ  ω g      δ =  δ s  + Δ δ     E =  E s  + Δ E     V =  V s  + Δ V     P =  P s  + Δ P     Q =  Q s  + Δ Q      



(6)




where    ω s    is the inverter’s angular frequency,    ω  g s     is the grid’s angular frequency,    δ s    is the power angle,    E s    is the terminal voltage,    V s    is the grid voltage,    P s    is the active output, and    Q s    is the reactive power output.



We can combine (5) with (6):


   {    Δ δ   =     Δ ω − Δ  ω g   s      J  ω s  s Δ ω   =   − D Δ ω − Δ P      K   ω s    s Δ E   =   −  K q  Δ V − Δ Q     Δ P   =     3  E s   V s  cos  δ s    2 X   Δ δ +   3  V s  sin  δ s    2 X   Δ E +   3 E sin  δ s    2 X   Δ V     Δ Q   =   −   3  E s   V s  sin  δ s    2 X   Δ δ +   3  V s  cos  δ s    2 X   Δ E +   3 E cos  δ s  − 6  V s    2 X   Δ V      



(7)







According to (7), the small-signal model in the s-domain can be drawn, as shown in Figure 8.



The simplified active disturbance and reactive disturbance equations are expressed as


   {    Δ P =    M   P ω     N  Δ  ω g  +    M  PV    N  Δ V     Δ Q =    M   Q ω     N  Δ  ω g  +    M  QV    N  Δ V      



(8)







In (8):


   {     M   P ω    = −   2 J  ω s  K  E s   V s  X cos  δ s   3   s 2  −  E s   V s   (    2 K D X cos  δ s   3  + J  ω s   V s   )  s − D  E s   V s 2       M  PV   =   2 J  ω s  K  E s  X sin  δ s   3   s 3  +  2 3  sin  δ s   (  K D  E s  X + 3 J  ω s   V s 2  − J  ω s   K q   V s  X  )   s 2          + D sin  δ s   (  2  V s 2  −   2  K q   V s  X  3   )  s      M   Q ω    =   2 J  ω s  K  E s   V s  X sin  δ s   3   s 2  +   2 K D  E s   V s  X sin  δ s   3  s      M  QV   =   2 J  ω s  K X  (   E s  cos  δ s  − 2  V s   )   3   s 3  +   2 X  3   [  K D  E s  cos  δ s  − 2 K D  V s  − J  ω s   K q  V cos  δ s   ]   s 2          +  V s   [    K  E s   (   E s  − 2  V s  cos  δ s   )     ω s    −   2 D  K q  X cos  δ s   3   ]  s −  K q   E s   V s 2      N =   4 J  ω s  K  X 2   9   s 3  +   2 X  3   [  J  ω s   V s  cos  δ s  +   2 K D X  3   ]   s 2  +   2  V s  X cos  δ s   3   (  D + K  E s   )  s +  E s   V s 2       








where      M   P ω     / N    represents the transfer function of grid frequency fluctuation and inverter’s active output;      M  PV    / N    represents the transfer function of the grid voltage fluctuation to the active output of the inverter;      M   Q ω     / N    represents the transfer function of the grid frequency fluctuation to the inverter’s reactive output; and      M  QV    / N    represents the transfer function of the grid voltage fluctuation to the reactive output of the inverter.



When the system is running stably, the value of  δ  is very small, which can be approximated as   sin δ = δ  ,   cos δ = 1  . Through simplification,      M   P ω     / N    can be expressed as:


     M   P ω     N  = −   3  E s   V s    2 X     s +  D  J  ω s       s 2  +  D  J  ω s    s +   3  E s   V s    2 J  ω s  X      



(9)







The characteristic roots of (9) are expressed as


   {     s 1  =   − D −    D 2  −   6 J  ω s   E s   V s   X      2 J  ω s         s 2  =   − D +    D 2  −   6 J  ω s   E s   V s   X      2 J  ω s         



(10)







According to (9), the natural angular frequency, damping ratio, and the amount of overshoot are expressed as:


   ω n  =     3  E s   V s    2 J  ω s  X      



(11)






  ξ = D    X  6 J  ω s   E s   V s       



(12)






  σ % =  e  − π    1    6 J  ω s   E s   V s     D 2  X   − 1        



(13)







In (11), the system frequency is mainly affected by the rotational inertia  J  and the grid impedance  X . In (12), the damping effect of the system is mainly influenced by the rotational inertia  J , the damping coefficient  D , and the grid impedance  X . Since  J  and  X  are located within the root sign, the degree of influence on the damping is less than  D . In (13), the system overshoot is also influenced by the rotational inertia  J , the damping coefficient  D , and the grid impedance  X . Since  D  is a quadratic term, its influence on the overshoot is greater than  J  and  X .




3.2. Modeling Analysis of Response to Active Power Command Fluctuation


When the system is in the steady state, the rated active power and rated reactive power are set to    P 0    and    Q 0   , respectively. When the system is in the steady state    ω s  =  ω  g s    , the small disturbances   Δ ω  ,   Δ δ  ,   Δ E  ,   Δ  P 0   ,   Δ  Q 0   ,   Δ P  , and   Δ Q   are added at this time, and the new state variables are


   {    ω =  ω s  + Δ ω     δ =  δ s  + Δ δ     E =  E s  + Δ E      P 0  =  P  0 s   + Δ  P 0       Q 0  =  Q  0 s   + Δ  Q 0      P =  P s  + Δ P     Q =  Q s  + Δ Q      



(14)







Combining (5) and (14), leaving only the first-order terms and eliminating    P  0 s    ,    Q  0 s    ,    P s   , and    Q s   , the expression in the s domain is:


   {    J  ω s  s Δ ω   =   Δ  P 0  − D Δ ω − Δ P      K   ω s    s Δ E   =   Δ  Q 0  − Δ Q     Δ δ   =     Δ ω  s      Δ P   =     3  E s   V s  cos  δ s    2 X   Δ δ +   3  V s  sin  δ s    2 X   Δ E     Δ Q   =   −   3  E s   V s  sin  δ s    2 X   Δ δ +   3  V s  cos  δ s    2 X   Δ E      



(15)







The small-signal model can be drawn from (15), as shown in Figure 9.



Additionally, after eliminating the three intermediate variables,   Δ ω  ,   Δ δ  , and   Δ E  , the simplified active disturbance and reactive disturbance equations can be expressed as


   {    Δ P =    M  PP    N  Δ  P 0  +    M  PQ    N  Δ  Q 0      Δ Q =    M  QP    N  Δ  P 0  +    M  QQ    N  Δ  Q 0       



(16)







Reactive disturbance equations can be expressed as


   {    Δ P =    M  PP    N  Δ  P 0  +    M  PQ    N  Δ  Q 0      Δ Q =    M  QP    N  Δ  P 0  +    M  QQ    N  Δ  Q 0       



(17)







In (17):


   {     M  PP   =   2 K  E s   V s  X cos  δ s   3  s −  E s   V s 2       M  PQ   =   2 J  ω s   V s  X sin  δ s   3  s +   2 D  V s  X sin  δ s   3       M  QP   =   2 K  E s   V s  X sin  δ s   3  s      M  QQ   =   2 J  ω s   V s  X cos  δ s   3   s 2  +   2 D  V s  X cos  δ s   3  s +  E s   V s 2        N =   4 J  ω s  K  X 2   9   s 3  +   2 X  3   [  J  ω s   V s  cos  δ s  +   2 K D X  3   ]   s 2  +   2  V s  X cos  δ s   3   (  D + K  E s   )  s +  E s   V s 2       








where      M  PP    / N    represents the transfer function of active command fluctuation and inverter’s active output;      M  PQ    / N    represents the transfer function of the reactive power command fluctuation to the active output of the inverter;      M  QP    / N    represents the transfer function of the active power command fluctuation to the reactive power output of the inverter; and      M  QQ    / N    represents the transfer function of the reactive power command fluctuation to inverter’s reactive power output.



The control variable method is used to study the effects of rotational inertia J and damping coefficient D on the dynamic stability of the system. When the rotational inertia J = 0.002, rotational inertia J = 0.1, the root trajectory of damping coefficient D is shown in Figure 10. When the damping coefficient D is small, the system is in an unstable region. As the damping coefficient D increases, the system gradually transitions from the unstable state to the stable state. When the system starts to enter the stable state, the system is in an underdamped state with good dynamic response speed. With the continuous increase in the damping coefficient, the system is in the overdamped state, the power-dynamic waveform does not have overshoot, and the dynamic adjustment time of the system increases.



As the rotational inertia J increases, the overshoot of the power dynamic waveform increases, weakening the effect of the damping coefficient and seriously threatening the dynamic stability and dynamic response speed of the system. The rotational inertia J and the damping coefficient D also affect the speed and amount of change of the rising and falling edges of the power waveform during the dynamic process.



With the increase in rotational inertia J, the regulation time of the system dynamic process increases, the overshoot increases, and the damping effect is weakened, while the rate of change of active power decreases, and the simulation diagram is shown in Figure 11. As the damping coefficient D increases, the overshoot of active power decreases, the dynamic adjustment time increases, and the rate of change of active power decreases. The corresponding simulation waveform is shown in Figure 12.



It can be seen from Figure 13 that the grid impedance increases. The overall performance of the system means that the dynamic response speed of the system and the overshoot of the system are reduced, and its effect is consistent when increasing the damping coefficient.



Equation (12) can also be expressed as:


  D =     6 J  ω s   E s   V s   ξ 2   X     



(18)







In this paper, the engineering damping ratio   ξ = 0.707  , which is commonly used in actual engineering, is selected. As shown in Figure 14, when the source-side power changes suddenly from 19 kW to 29 kW, maintaining the same damping coefficient of 6.55, the overshoot of the active power under the strong grid is about 9.4%, and the overshoot of the system will disappear under the weak grid. Under the same grid impedance of 3 mH and reducing the damping coefficient to 3.55, the time for the system to reach stability changes from 0.35 s to 0.25 s. This shows that when the damping coefficient remains unchanged, increasing the grid impedance will cause the system overshoot to disappear, making the dynamic response speed slower. When the damping coefficient is reduced, the dynamic response speed of the system can be effectively improved, and the slow dynamic adjustment speed of the system can be improved. In the case of a weak grid, the uncertainty of new energy generation and nonlinear electrical equipment makes the grid-equivalent impedance of the system change in a relatively wide range. The passive detection method of grid impedance can be used to measure the grid-impedance value in real time using the small disturbance of the system itself and can then be combined with (18) to achieve the effect of online dynamic adjustment of the damping coefficient, ensuring the safety and stability of the system and attaining a faster response speed.



It can be seen from Figure 14 that reducing the damping coefficient can improve the influence of grid impedance on the dynamic performance of the system under a weak grid, which verifies the theoretical analysis.





4. Simulation and Experimental Verification


4.1. Simulation Verification


The simulation platform was built in Matlab/Simulink, and the test platform was built in the laboratory. The main simulation parameters are shown in Table 1.



As shown in Figure 15, the system operates in the initial steady state at 0~0.2 s, and the active power command    P  ref     increases from 19 kW to 29 kW at 0.2 s. As the inverter output active power increases, the inverter output frequency also produces a positive fluctuation, and the steady-state value is maintained at 50 Hz, always keeping the same frequency as the grid, while the inverter output current also increases. The    P  ref     is reduced from 29 kW to 19 kW at 0.4 s, effectively simulating the rotor characteristics of a synchronous generator. The dynamic response relationship between the active output of the inverter and the active command value is verified.



Keeping the active command value and the grid voltage value unchanged, the grid frequency of the initial state is the rated frequency of 50 Hz, and the simulation diagram is shown in Figure 16. The grid frequency decreases from 50 Hz to 49.5 Hz at 0.2 s. The grid frequency increases from 49.5 Hz to 50 Hz at 0.4 s. The dynamic process of the simulated waveform is in accordance with the active power–frequency control principle of the synchronous generator, and the output frequency of the inverter is always synchronous with the grid frequency.



In summary, when the grid frequency and grid voltage of the virtual synchronizer system are kept constant, the system output active power can follow the commanded value of active power; when the commanded value of active power and grid voltage are kept constant, the system output frequency can follow the change of grid frequency.




4.2. Experimental Verification


As shown in Figure 17a, the main circuit part of the experimental platform includes devices such as DC-side voltage regulator capacitors, switching tubes, filter inductors, and filter capacitors.



Figure 17b shows the control circuit part of the test platform, which is mainly composed of the DSP of the TMS320F28335 model and the FPGA of the EP3C25Q240C8N model.



The waveform diagrams of the output current, output active power, and grid frequency of the grid-connected inverter before and after changes are shown in Figure 18 and Figure 19. It can be seen in Figure 18 that when the grid frequency is increased from 50 Hz to 50.05 Hz, the output current of the grid-connected inverter decreases, while the active output decreases; in Figure 19, it can be seen that when the grid frequency is reduced from 50 Hz to 49.95 Hz, the output current of the grid-connected inverter increases, and the active output increases, which verifies the theoretical analysis of this article.



According to the theoretical analysis in Section 3, the grid impedance will also affect the dynamic response speed of the system. The addition of the grid impedance can also increase the damping coefficient. Therefore, in a weak grid system, dynamically adjusting the damping coefficient can be used to adapt to the fluctuation of the grid impedance and ensure the dynamic response speed.



Figure 20 shows the output active power and output frequency of the inverter when the damping coefficient D = 8.35 under a strong grid, and Figure 21 shows the output active power and output of the inverter when the grid impedance Zg = 6 mH and the damping coefficient D = 8.35 under a weak grid. It can be seen from Figure 20 and Figure 21 that the dynamic response speed of the system slows down as the grid impedance increases. It can be seen from Figure 21 and Figure 22 that the dynamic response speed of the system can be improved by reducing the damping. The feasibility of the control method is verified.





5. Conclusions


With the large-scale integration of renewables in modern power systems, power-electronic equipment represented by virtual synchronous generators is becoming increasingly used in power systems. In this paper, a current-source VSG is used to achieve grid-connected operation of new energy sources. Combined with weak grid conditions, the parameters of the VSG were analyzed and designed in a detailed, systematic, and theoretical way to solve the dynamic stability problem of the grid-connected inverter under small disturbances.



Considering the impedance characteristics of the weak grid, the parameters of the VSG were analyzed and designed in detail to solve the new dynamic stability problem of the grid-connected inverter under small disturbances at the source side and grid side.



First, the mathematical model of VSG was established. The active power–frequency and reactive power–voltage characteristics of the generator were analyzed.



Then, a small signal model was established under a strong grid, and the influence of grid-side frequency fluctuation and source-side power fluctuation on the dynamic performance of the inverter was discussed. Based on the model analysis and parameter optimization, the design method in this paper realized the effective control of the grid-connected system under the input-fluctuation condition.



Finally, combined with the new characteristics of weak grid-impedance change, the influence of VSG control parameters and grid impedance on the dynamic response performance of the system was explored through root locus and simulation. Through theoretical analysis and simulation comparison, the VSG control parameters designed under the strong grid affected the transient process and stability of the power system under a weak grid. This paper shows how to optimize the control parameter design according to the change of grid impedance, which can improve the dynamic stability and dynamic response speed of the system.



At the same time, system experiments were completed in this paper, including experiments under the conditions of source-side power fluctuation, grid-side frequency fluctuation, and impedance fluctuation. The experimental results verify the correctness and feasibility of the improved method.



Based on the research of this paper, the high adaptability of VSG to new energy/power-generation systems is improved.
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Figure 1. Control circuit diagram of current-controlled virtual synchronizer system. 
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Figure 2. Characteristic curve of synchronous generator. (a) Active power–frequency characteristic curve; (b) Reactive power–voltage static characteristic curve. 
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Figure 3. Control block diagram of synchronous generator governor. 
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Figure 4. Active power–frequency modulation loop structure block diagram. 
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Figure 5. Control block diagram of synchronous generator excitation regulator. 






Figure 5. Control block diagram of synchronous generator excitation regulator.



[image: Energies 15 07091 g005]







[image: Energies 15 07091 g006 550] 





Figure 6. Block diagram of reactive power–voltage loop structure. 
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Figure 7. Control principle block diagram of virtual synchronous generator. 
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Figure 8. Small-signal modeling in response to changes in grid frequency. 
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Figure 9. Small-signal modeling in response to changes in active command values. 
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Figure 10. Root-trajectory diagram of damping coefficient and rotational inertia. 
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Figure 11. Simulation of rotational inertia affecting system’s active output performance. 
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Figure 12. Simulation of damping coefficient affecting system’s active output performance. 
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Figure 13. Simulation of grid impedance affecting system’s active output performance in weak grid. 
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Figure 14. Diagram of dynamic adjustment of damping coefficient. 
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Figure 15. Simulation diagram of active command value adjustment. 
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Figure 16. Simulation diagram when the grid frequency fluctuates. 
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Figure 17. Experimental platform circuit. (a) The main circuit; (b) The control circuit. 
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Figure 18. Inverter output current and output active power waveform when the grid frequency is reduced. 
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Figure 19. Inverter output current and output active power waveform when the grid frequency rises. 






Figure 19. Inverter output current and output active power waveform when the grid frequency rises.



[image: Energies 15 07091 g019]







[image: Energies 15 07091 g020 550] 





Figure 20. The output active power and frequency of the inverter when the damping coefficient D = 8.35 in a strong grid. 
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Figure 21. The output active power and frequency of the inverter when the damping coefficient D = 8.35 in a weak grid. 
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Figure 22. The output active power and frequency of the inverter when the damping coefficient D = 5.67 in a weak grid. 
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Table 1. Simulation platform parameters.
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	Symbol
	Parameter
	Value





	P0
	Rated active power
	19 kW



	Udc
	DC-side voltage
	700 V



	Ug
	Grid voltage
	220 V



	I2
	Rated current
	56.75 A



	L1
	Inverter-side inductor
	2 mH



	C
	Filter capacitor
	10 μF



	L2
	Grid-side inductance
	0.3 mH



	Zg1
	Grid impedance
	3 mH



	Zg2
	Grid impedance
	6 mH



	fs
	Switching frequency
	20 kHz



	Kp
	PI regulator parameters
	0.02334



	Ki
	PI regulator parameters
	65.53



	σ
	Overshoot
	15%



	ξ
	Engineering damping coefficient
	0.707



	J
	Rotational inertia
	0.00283
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