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Abstract

:

In low-voltage converter-based alternating current (AC) microgrids with resistive distribution lines, the P-V droop with Q-f boost (VPD/FQB) is the most common method for load sharing. However, it cannot achieve the active power sharing proportionally. To overcome this drawback, the conventional P-ω/Q-V droop control is adopted in the low-voltage AC microgrid. As a result, the active power sharing among the distributed generators (DGs) is easily obtained without communication. More importantly, this study clears up the previous misunderstanding that conventional P-ω/Q-V droop control is only applicable to microgrids with highly inductive lines, and lays a foundation for the application of conventional droop control under different line impedances. Moreover, in order to guarantee the accurate reactive power sharing, a guide for designing Q-V droop gains is given, and virtual resistance is adopted to shape the desired output impedance. Finally, the effects of power sharing and transient response are verified through simulations and experiments in converter-based AC Microgrid.
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1. Introduction


Microgrid is a new concept for integrating renewable distributed resources (DGs) in distribution energy system [1,2]. Unlike the conventional power system, microgrid always consists of various renewable DGs, such as, photovoltaic (PV) and wind turbine. These DGs are commonly connected by power electronic converters in parallel. The nature of a converter-based dominated microgrid is different with the grid with synchronous generators (SGs). Compared with the SGs in power plants, converter-based DGs have inherent features: fast response and less-inertia. Thus, in islanded microgrid, converter-based DGs can be treated as controlled voltage sources [3,4,5].



In the islanded mode, the accurate load demand among multiple DGs is an important task [6]. The control strategies based on communication can achieve excellent voltage regulation and proper power sharing, including concentrated control [7,8], master/slave control [9], and distributed control [10,11,12]. However, the communication would increase the investment and reduce the system expandability.



To overcome the above disadvantages, the control strategies without communication are preferable. They are generally based on the droop concept [13]. The conventional P-ω/Q-V droop method is developed by assuming highly inductive equivalent impedance between the DG and the AC bus. However, this assumption is invalid in microgrids where distribution lines are mainly resistive.



In highly resistive line, the control strategies without communication are generally divided into three categories: the P-V droop with Q-f boost (VPD/FQB) method [14,15,16,17,18,19], the virtual impedance methods [20,21,22,23,24], and the variants of droop control [25,26,27]. The detail advantages and disadvantages of these methods [14,15,16,17,18,19,20,21,22,23,24,25,26,27] can be found in our latest review [17].



For low-voltage AC microgrids, the mainly resistive line characteristic is adverse to the conventional droop control [14]. The VPD/FQB offers an alternative method [14,15,16]. However, the VPD/FQB method cannot properly share load active power, which significantly restricts its applications [17]. To ensure accurate proportional load sharing, a robust droop control is proposed by adding an integral control [18,19]. However, the method has a potential issue of requiring the load voltage information which is not local information and is difficult to obtain [17].



Virtual impedance method is a method to change the output impedance characteristic [20,21,22,23,24]. Once the impedance characteristic of a line is shaped from mainly resistive to inductive, the conventional droop could be applied. However, in rural low voltage networks, the values of line resistance are typically large. The larger virtual inductor makes the output voltage drop severely and limits the power output capacity of converters.



There have been some other variants of the droop control for the highly resistive line. A model-free based generalized droop controller (GDC) is developed to remove its dependency to the line parameters on adaptive neuro-fuzzy inference system (ANFIS) [25]. Although the intelligent control structure carefully tracks the GDC dynamic behavior, and exhibits desirable performance for different load change scenarios, the ANFIS controller is slightly complex. In further investigation of the droop concept, power-angle droop control is proposed for rural low voltage networks in [26,27]. The angle droop can improve load power sharing among DGs without a frequency drop. However, if the local control boards are not synchronized with each other, the imperfection of the crystal clock makes frequencies of each DG slightly different, which will lead to system instability [17].



To the best of our knowledge, almost no previous research considers using the conventional droop control in highly resistive line of converter-based AC microgrid. This study proves the validity of conventional droop control in highly resistive line. The feasible condition of stable operation is found through small signal analysis. Moreover, this study provides a potential opinion that the conventional droop control can be extended and applied under arbitrary resistance-inductance (RL) type line impedances. To improve the reactive power sharing, the values of Q-V droop gains are designed. As the line resistances of low voltage AC microgrid are measurable, virtual resistance is also adopted to eliminate the mismatch line resistance. In this paper, the features of studied microgrid are based on as follows: (1) converter-based DGs; (2) multiple parallel-connected DGs; and (3) highly resistive line impedance in low voltage level.



The rest of the paper is organized as follows. In Section 2, the conventional droop control and power transfer principle are briefly introduced. Small signal analyses and the explanation of effectiveness are carried out in Section 3. In Section 4, after analyzing steady state, some measures are taken to improve the proper reactive power sharing. In Section 5, the value of the Q-V droop gain n is designed from the perspective of stability, reactive output capacity, and reactive power sharing. The simulation and experiment results are presented in Section 6 and Section 7, respectively. Finally, Section 8 makes the conclusions and gives the future work of this study.




2. Operation Principle of AC Microgrid


2.1. Droop Method in Inductive Microgrids


To facilitate load sharing and improve reliability in the microgrid with inductive wires, the droop control shown in Equations (1) and (2) is commonly used [13].


   ω =  ω *  − m P   



(1)






   V =  V *  − n Q   



(2)




where ω and V are the angular frequency and voltage amplitude reference of a DG, respectively. ω* and V* represent values of ω and V at no load, and m and n are droop gains of P-ω and Q-V, respectively.




2.2. Power Transmission Characteristics in Resistive Microgrids


In the low voltage microgrid, the distribution line character is mainly resistive (R >> X) as shown in Table 1. In order to explain the matter more easily, this study would neglect the minor line reactance and treat the highly resistive line as pure resistance.



In the low voltage microgrid with resistive wires, as shown in Figure 1, the power flows obey the following relationship [15].


   P =  1 r  V ( V −  V g    cos   δ )   



(3)






   Q = −  1 r  V  V g    sin   δ   



(4)






   δ = φ −  φ g  =   ∫  ( ω −  ω g  )    d t   



(5)




where    V ,   φ ,   ω    and     V g  ,    φ g  ,    ω g     are voltage amplitude, phase angle and angular frequency of the DG and the common bus, respectively. r represents the line resistance. δ is the power angle between two voltages.



From Equations (3) and (4), the relationship between active and reactive power is shown in Figure 2. Usually, according to the requirement of normal operation, the power angle δ should lie in [−π/2, π/2] under the constraints of the stability and transmission efficiency. Given that RL loads are fed, the scope of power angle δ belongs to [−π/2, 0]. Furthermore, when resistance-capacitance (RC) loads are fed,    δ ∈ [ 0 , π / 2 ]   .





3. Small Signal Analysis


3.1. Small Signal Stability


In this study, we propose to use the droop laws in Equations (1) and (2) to control DGs in the microgrid with resistive wires. To verify its effectiveness, the system stability is investigated in this section.



For simplicity, the small signal stability analysis is carried out [30,31]. Assume that    (  V 0  ,  V g 0  ,  δ 0  )    is the equilibrium point of the system. Linearization of the Equations (1)–(5) in the Laplace domain yields.


   Δ ω = − m Δ P   



(6)






   Δ V = − n Δ Q   



(7)






   Δ P =  k  p δ   Δ δ +  k  p V   Δ V   



(8)






   Δ Q =  k  q δ   Δ δ +  k  q V   Δ V   



(9)






   s Δ δ = Δ ω − Δ  ω g    



(10)




where “s” is the corresponding operator in the Laplace domain, and:


    {     k  p δ   =     V 0   V g 0  sin  δ 0   r        k  p V   =    2  V 0  −  V g 0  cos  δ 0   r         ,  {     k  q δ   = −     V 0   V g 0  cos  δ 0   r        k  q V   = −     V g 0  sin  δ 0   r         



(11)







By substituting Equations (6), (7), and (10) into Equations (8) and (9), the characteristic equation of the closed-loop system is obtained.


   ( 1 + n  k  q V   ) s + m  k  p δ   + m n  k  p δ    k  q V   − m n  k  p V    k  q δ   = 0   



(12)







To determine the system dynamics and stability, the roots of Equation (12) is solved.


   s = −   m  k  p δ   + m n  k  p δ    k  q V   − m n  k  p V    k  q δ     1 + n  k  q V       



(13)







For stability, the following conditions should be satisfied.


    {     k  p δ   + n  k  p δ    k  q V   − n  k  p V    k  q δ   > 0     1 + n  k  q V   > 0     m > 0       



(14)







According to Equation (11), the simplified stability conditions are obtained from Equation (14):


    {    n >   − r sin  δ 0    2  V 0  cos  δ 0  −  V g 0    ;    δ 0  ∈ [ − π / 2 , 0 ]     n <  r   V g 0  sin  δ 0    ;    δ 0  ∈ [ 0 , π / 2 ]       



(15)







In the conventional power system with multi-machines, the power angle is always less than 30° and too large power angle is easy to cause loss of stability [32,33]. Here, it is assumed that the absolute power angle is less than 30°.


   −  π 6  <  δ 0  <  π 6    



(16)







Thus, the droop gain n should be met the following equation.


    r  2  3   V 0  − 2  V g 0    < n <   2 r    V g 0      



(17)







Equation (17) reveals that the droop gain n has a large range of values when     δ 0  ∈ [ − π / 6 , π / 6 ]   .



Through the above small signal stability analysis, the stability condition of Equation (17) is given. Moreover, it is worth noting that Equation (13) is effective by omitting the power filters, and thus the order of small signal dynamics is reduced to analyze the damping of the dominant low-frequency mode [30].




3.2. Explanation of Operating Principle


To better understand the effectiveness of conventional droop control, this part would give the explanation. According to the small signal analysis of above Section 3.1, the whole small signal model is shown in Figure 3a. In pure resistive line of AC microgrid, Equations (3), (4) and (11) reveal that active power is predominately dependent on the output voltage amplitude, while the reactive power mostly depends on the power angle. Hence,     k  p δ      and     k  q V      can be approximated to zero. The relationship between    Δ P − Δ V    and    Δ Q − Δ δ    can be simplify expressed as:


   Δ P ∝  k  p V   Δ V   



(18)






   Δ Q ∝  k  q δ   Δ δ   



(19)




where   ∝   represents “a positive correlation”.



When the conventional Q-V droop control in Equation (2) is adopted, the negative feedback relation is simplified as:


   Δ V ∝ − n Δ Q   



(20)







With Equations (18)–(20), the indirect relevance of P-δ is built as:


   Δ P ∝  k  p V   Δ V ∝ − n  k  p V   Δ Q ∝ − n  k  p V    k  q δ   Δ δ   



(21)







Substituting Equation (11) into Equation (21) yields:


   Δ P ∝   n ( 2  V 0  −  V g 0    cos    δ 0  )  V 0   V g 0    cos    δ 0     r 2    Δ δ   



(22)







From Equation (22), the Q-V droop serves as an indirect bridge between active power and power angle. Thus, the power angle can indirectly regulate active power in highly resistive lines of AC microgrid. Moreover, the relevance between active power and power angle could be enhanced by regulating the Q-V droop gain n. The indirect coupling relationship is illustrated in Figure 3. Figure 3b,c shows the active power control and reactive power control, respectively.



In Figure 3, with neglecting the voltage dynamics (n = 0), the simplified P-δ dynamic is investigated [30]. Only with regard to active power component can the root in Equation (13) be expressed:


   λ = − m  k  p δ     



(23)







By considering Equations (4) and (11), kpδ is negative when the output reactive power is positive. From Equation (23), the system would be unstable. Thus, in pure resistance line, the strong coupling of power components cannot be neglected, and the Q-V droop gain n is vital to guarantee the stable operation in Equation (17).





4. Steady State Analysis


When P-ω droop characteristic is adopted, the active power is ideally shared in the steady-state. This section focuses on discussing the conditions of reactive power sharing. As δ is normally assumed to be small, Equations (3) and (4) are approximated as [13]:


   P ≅   V ( V −  V g  )  r    



(24)






   Q ≅ −   V  V g   r  δ   



(25)







And, roughly,


   P ≅    V g  ( V −  V g  )  r    



(26)




which represents the delivered active power into the bus.



Power flowing through line resistance yields the associated voltage drop, which is calculated as follows from Equation (26):


   V −  V g  =   r P    V g      



(27)







Substituting Equation (27) into Equation (2) in terms of V, the output reactive power of DG is given by:


   Q =    V *  −  V g   n  −   r P   n  V g      



(28)







For a microgrid with two parallel-connected DGs, the error of reactive power sharing is defined as:


     Δ Q   =    Q 1     Q 1 *    −    Q 2     Q 2 *         = (  V *  −  V g  ) (  1   n 1   Q 1 *    −  1   n 2   Q 2 *    ) −    r 1   P 1     n 1   V g   Q 1 *    +    r 2   P 2     n 2   V g   Q 2 *        



(29)




where     Q 1 *     and     Q 2 *     are rated reactive powers of the 1st and 2nd DG , respectively. With taking the ratio     k Q  =  Q 1 *  :  Q 2 *    , Equation (29) is rewritten as:


   Δ Q =  Q 2 *  [      (  V *  −  V g  ) (  n 2  −  k Q   n 1  )    k Q   n 1   n 2     ︸  First error term  +       k Q   n 1   r 2   P 2  −  n 2   r 1   P 1     k Q   n 1   n 2   V g     ︸  Second error term  ]   



(30)







Equation (30) shows that the error of reactive power sharing includes two terms. The first error term depends on the operation voltage of common bus Vg and the relationship between two Q-V droop gains. The second error term is mainly determined by the mismatch line resistance r and output active power P, simultaneously.



Firstly, to reduce the first error term, we choose the values of n1 and n2 as follows:


    n 2  =  k Q   n 1    



(31)







Secondly, in steady state, the output active power of DGs satisfies the following relationships [13].


      P 1     P 2    =    P 1 *     P 2 *    =    m 2     m 1      



(32)




where     P 1 *     and     P 2 *     are rated active powers of the 1st and 2nd DG , respectively. With taking the ratio     k P  =  P 1 *  :  P 2 *    , Equation (30) is rewritten by substituting Equation (31) into Equation (30).


   Δ Q =    r 2  −  r 1   k P     k Q   n 1   V g     P 2   Q 2 *    



(33)







From Equation (33), the total error of reactive power sharing would be approximately decreased to zero when meeting the special condition in Equation (34).


    k P  =    P 1 *     P 2 *    =    r 2     r 1      



(34)







However, the line resistance is normally constant after DG unit installation, and its value does not match each other in Equation (34). From Equation (29), same values of virtual resistance is not helpful to improve the reactive power sharing for two DGs. Thus, it is necessary to shape desired output impedances by eliminating the mismatch line resistance [16]. As the line resistances can be calculated or measured according to the actual line material and length in low-voltage AC microgrid, the virtual resistance is designed as shown in Equation (35) and Figure 4.


    r  v i   =  r  r e f _ i   −  r i    



(35)




where rvi and ri are the values of virtual resistance and line resistance, respectively. rref_i is the reference value of compensation (hereafter referred to as reference resistance), which should be chosen according to Equation (34).


      r  r e f _ 2      r  r e f _ 1     =    P 1 *     P 2 *      



(36)







In Figure 4, once the virtual resistance takes effect, the equivalent reference resistance of DG units will become matched to each other as in Equation (36). Due to the compatible operation, the reactive power is shared proportionally among DGs.



This study presents a simple method in Equations (31), (35) and (36) to guarantee accurate reactive power sharing based on the known line resistance. There are also some other measures to improve the reactive power sharing, such as adaptive voltage droop control [34,35], synchronized reactive power compensation [36],    Q −  V ˙     droop control [37], droop control based synchronized operation [38], virtual impedance method [39,40], and hierarchical droop control [41]. Then, the methods in [34,35,36,37,38,39,40,41] can also be extended to the resistive lines of low voltage microgrid.




5. Guide on Designing the Q-V Droop Gains Considering Stability, Reactive Output Capacity, and Reactive Power Sharing


From above analysis, the values of the Q-V droop gains are vital from the perspective of stability, reactive output capacity, and reactive power sharing. According to Equation (2), in steady state, n should meet the following equation in order to guarantee the voltage quality.


   n <    V max  −  V min     Q max      



(37)




where Qmax represents the maximum reactive power; and Vmax and Vmin are the maximum and minimum allowable microgrid voltage magnitude, respectively.



Considering both the stability aspect in Equation (17) and reactive output capacity in Equation (37), the synthesized range of n is obtained.


    r  2  3   V 0  − 2  V g 0    < n < min  {     V max  −  V min     Q max    ,   2 r    V g 0     }    



(38)







Furthermore, from Equation (29), the bigger the value of n is, the higher the accuracy of reactive power sharing becomes. Thus, the value of n should be designed as large as possible in Equation (38).



On the other hand, if n is chosen only considering the stability aspect and reactive power sharing (   n = 2 r /  V g 0    ), the maximum reactive power is also obtained according to Equation (37):


    Q max  <    V g 0  (  V max  −  V min  )   2 r     



(39)







To test the robustness of the predefined n, the stability is analyzed while varying the line resistance, the load active power, and load reactive power. Taking the parameters of DG1 in Case A of Section 6 as an example, the dominant pole of Equation (13) is shown in Figure 5, and some conclusions are summarized as follows:

	(1)

	
For different line resistances in Figure 5a, the system is always stable during    r ∈ [ 0.1 , 3.4 )   . When the line resistance is too large, n should be redesigned according to Equation (38);




	(2)

	
Figure 5b reveals that the output active power has little effect on the system stability;




	(3)

	
Figure 5c reveals that n is always applicable in a larger range of output reactive power.









In short, the predefined Q-V droop gain is robust subject to the varying line resistance, the load power.




6. Simulation Results


To investigate the validity of conventional P-ω/Q-V droop control in highly resistance line, a single-phase converter-based AC microgrid with two DGs is built. The referent voltage frequency f* and amplitude V* are 50 Hz and 330 V, respectively. The other simulation parameters are shown in Table 2.



6.1. Case A: Two DGs with Same Power Rating under Resistance-Inductance Load


In this case, the droop gains m = 6.28 × 10−5 rad/w·s and n = 1 × 10−3 V/Var are selected for two DGs according to Equation (38). The detailed parameters of lines and load are available in Figure 6. During 0–0.7 s, the microgrid operates in the state of Figure 6a. To study the dynamic response, the load power changes at t = 0.7 s, and the operation state is switched to that as shown in Figure 6b. During 1.4–2 s, the state is recovered to that in Figure 6a. Figure 7 shows the real waveforms of power, voltage, current, and power angle.



From the simulation results in Figure 6 and Figure 7, the conventional droop control can function well in pure resistive line of AC microgrid. Figure 7a shows that the active power is equally shared by two DGs. Figure 7b shows that the DG1 with smaller line resistance injects greater reactive power to inductive loads than DG2. Thus, the virtual resistance should be adopted to shape the desired output resistance.




6.2. Case B: Virtual Resistance of DG1 to Improve Reactive Power Sharing under Resistance-Inductance Load


Compared with the simulation parameters of Case A, only virtual resistance rv1 = 0.1 Ω of DG1 is added according to Equations (35) and (36). Simulation results are shown in Figure 8. Compared with Figure 7b, the reactive power sharing difference between two DGs is greatly reduced, which verifies the effectiveness of virtual resistance.




6.3. Case C: Both Power Rating of DG1 Are Twice Those of DG2 under Resistance-Inductance Load


In this case, to verify the proportionate power sharing of both DGs, the P-ω droop gain m and Q-V droop gain n are chose according to Equations (31) and (32) as shown in Table 2.


       m 2  = 2  m 1    ;      n 2  = 2  n 1       



(40)







Moreover, to guarantee the accurate reactive power sharing, virtual resistance rv2 of DG2 is added according to Equations (35) and (36).


    r  r e f _ 2   = 2  r  r e f _ 1   = 0.4   Ω   



(41)






    r  v 2   =  r  r e f _ 2   −  r 2  = 0.1   Ω   



(42)







Simulation results are shown in Figure 9. It reveals that output active and reactive powers of DG1 are exactly twice those of DG2.




6.4. Case D: Two DGs with the Same Power Rating under Resistance-Capacitance Load


Compared with the simulation parameters of Case A, only inductive loads are changed to capacitive loads. Simulation results are shown in Figure 10 and Figure 11. Equation (38) is also workable according to the values of control parameters and operation point.



Figure 11b reveals that there is an error of reactive power sharing among two DGs. Thus, it is necessary to take the measure of virtual resistance method.




6.5. Case E: Virtual Resistance of DG1 to Improve Reactive Power Sharing under Resistance-Capacitance Load


Similar to the virtual resistance method of Case B, virtual resistance rv1 = 0.1 Ω of DG1 is added according to Equations (35) and (36). Simulation results are shown in Figure 12. Compared with Figure 11b, the reactive power sharing difference between two DGs is greatly reduced, which verifies the effectiveness of virtual resistance under RC loads.




6.6. Case F: Validity of Conventional Droop Control in Highly Resistive Line of AC Microgrid


In this case, the validity of conventional droop control is tested in the line parameters of low-voltage AC microgrid as presented in Table 1. The line lengths of DG1 and DG2 are 400 m and 600 m, respectively. From the simulation results in Figure 13 and Figure 14, the conventional droop control is quite applicable for the highly resistive line of AC microgrid.



As the line character is mainly resistive (R >> X) in low voltage microgrid, the above analysis and simulations are reasonable by neglecting the minor line reactance and treating the highly resistive line as pure resistance.





7. Experiment Results


A converter-based microgrid prototype is built in lab as shown in Figure 15. The microgrid consists of two micro-sources based on single-phase inverter. The main circuits are shown in Figure 16, which includes the experiment parameters for output filter, line, and load. The sample frequency is 12.8 kHz. The referent voltage frequency f* and amplitude V* are 50 Hz and 48 V, respectively.



7.1. Case I: Two DGs with the Same Power Rating


According to Equation (38), the droop gains m = 3.14 × 10−3 rad/W·s and n = 2 × 10−2 V/Var are selected for two DGs. Figure 17 shows the measured waveforms with the conventional droop control methods. The waveforms from top to down are the output voltage (U1) of inverter 1, the output current (I1) of inverter 1, the output voltage (U2) of inverter 2 and the output current (I2) of inverter 2. The voltage amplitudes of inverter 1 and 2 are 45.7 V and 46.4 V, respectively. The current amplitudes of inverter 1 and 2 are 2.16 A and 1.65 A, respectively.



Figure 18 shows the steady-state output active and reactive power of each inverter with the conventional droop control. The steady-state output active powers of the inverters are 36.6 W and 36.5 W, and the output reactive powers are 36.1 Var and 9.1 Var. When using conventional P-ω droop control, no active power divergence appear since frequency is a global variable, i.e. same frequency can be measured along the microgrid; however, voltage may drop along the microgrid power lines, which produces the well know reactive power divergence.




7.2. Case II: The Active Power Rating of DG1 Is Twice that for DG2


To investigate the proper active power sharing, the P-ω droop gain of DG1 is changed to m = 1.57 × 10−3 rad/W·s compared with the experiment parameters of Case I. Figure 19 and Figure 20 show the measured waveforms and output power with the conventional droop control methods, respectively.



The voltage amplitudes of inverter 1 and 2 are 46.1 V and 46.0 V, respectively. The current amplitudes of inverter 1 and 2 are 2.12 A and 1.78 A, respectively. The steady-state output active powers of the inverters are 48.9 W and 24.7 W, and the output reactive powers are 12.16 Var and 33.34 Var. Figure 20 reveals that output active power of DG1 is twice that for DG2.




7.3. Case III: Redesign the Q-V Droop Gains of DG1 to Improve the Reactive Power Sharing


To improve the reactive power sharing, the virtual resistance rv1 = 0.5 Ω of DG1 is adopted according to Equations (35) and (36) compared with the experiment parameters of Case I.



Figure 21 and Figure 22 show the measured waveforms and output power with the conventional droop control methods, respectively. The voltage amplitudes of inverter 1 and 2 are 45.7 V and 46.1 V, respectively. The current amplitudes of inverter 1 and 2 are 1.82 A and 1.80 A, respectively. The steady-state output active powers of the inverters are 36.3 W and 36.0 W, and the output reactive powers are 23.9 Var and 21.9 Var. The minor error of reactive power sharing might be caused by the line resistance error. These results indicate that the virtual resistance method has no effect on the active power sharing performance, but makes reactive power be shared roughly.





8. Conclusions


This paper presents that the conventional droop control is still valid in highly resistive line of low-voltage AC microgrid. Small signal analysis is constructed to verify the effectiveness. A detail explanation is also given to help researcher understand the explicit reason. As the Q-V droop gain n is vital from the perspective of stability, reactive output capacity, and reactive power sharing, the design guides of Q-V droop gain are given. Simulation and experiment results reveal that the power sharing and transient process are satisfactory. Moreover, the conventional droop control can be regarded as a universal control of parallel-connected DGs with different line impedances, which is the future work of this study.



Furthermore, as the expansion of main ideas in this study, the VPD/FQB method can also be applied in highly inductive line of AC microgrid. Thus, the reactive power sharing among the DGs could be obtained easily. In pure inductive line, the VPD/FQB method and the physical transmission equations are presented as:


    {    V =  V *  − n P     ω =  ω *  + m Q       



(43)






    {    P =   V  V g   X  sin   δ     Q =   V ( V −  V g    cos   δ )  X        



(44)







Similar to Figure 3, the whole small signal model of Equations (43) and (44) are shown in Figure 23.
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Figure 1. Equivalent circuit of a distributed generator (DG) unit connected to the common bus. 






Figure 1. Equivalent circuit of a distributed generator (DG) unit connected to the common bus.



[image: Energies 09 00943 g001]







[image: Energies 09 00943 g002 550] 





Figure 2. Power circle diagram of Equations (3) and (4). RL: resistance-inductance; and RC: resistance-capacitance. 
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Figure 3. The coupling relationship: (a) the whole small signal model; (b) active power control; and (c) reactive power control. 
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Figure 4. Equivalent output voltage source considering virtual resistance. 
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Figure 5. Dominant pole of Equation (13) for different conditions: (a) different line resistances; (b) different load active power; and (c) different load reactive power. 
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Figure 6. Simulation parameters and results in Case A: (a) during 0–0.7 s and 1.4–2 s; and (b) during 0.7–1.4 s. 
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Figure 7. Simulation results in Case A: (a) active power; (b) reactive power; (c) power angle; (d) frequency; (e) voltage amplitude; and (f) voltage and current of DG1. 
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Figure 8. Simulation results in Case B: (a) active power; (b) reactive power; and (c) frequency. 
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Figure 9. Simulation results in Case C: (a) active power; (b) reactive power; and (c) frequency. 
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Figure 10. Simulation parameters and results in Case D: (a) during 0–0.7 s and 1.4–2 s; and (b) during 0.7–1.4 s. 
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Figure 11. Simulation results in Case D: (a) active power; (b) reactive power; and (c) frequency. 
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[image: Energies 09 00943 g011]







[image: Energies 09 00943 g012 550] 





Figure 12. Simulation results in Case E: (a) active power; (b) reactive power; and (c) frequency. 
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Figure 13. Simulation parameters and results in Case F: (a) during 0–0.7 s and 1.4–2 s; and (b) during 0.7–1.4 s. 
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Figure 14. Simulation results in Case F: (a) active power; (b) reactive power; (c) power angle; (d) frequency; (e) voltage amplitude; and (f) voltage and current of DG1. 






Figure 14. Simulation results in Case F: (a) active power; (b) reactive power; (c) power angle; (d) frequency; (e) voltage amplitude; and (f) voltage and current of DG1.



[image: Energies 09 00943 g014]







[image: Energies 09 00943 g015 550] 





Figure 15. Prototype of parallel inverters system setup. 
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Figure 16. Main circuits of the experiment system. 
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Figure 17. Steady state experimental waveforms of Case I. 
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Figure 18. Steady-state power of Case I: (a) active power; and (b) reactive power. 
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Figure 19. Steady state experimental waveforms of Case II. 
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Figure 20. Steady-state power of Case II: (a) active power; and (b) reactive power. 
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Figure 21. Steady state experimental waveforms of Case III. 






Figure 21. Steady state experimental waveforms of Case III.



[image: Energies 09 00943 g021]







[image: Energies 09 00943 g022 550] 





Figure 22. Steady-state power of Case III: (a) active power, and (b) reactive power. 
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Figure 23. The whole small signal model in pure inductive line of AC microgrid. 
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Table 1. Line parameters in microgrid [28,29].
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Type of Line

	
Line Resistance R (Ω/km)

	
Line Reactance X (Ω/km)

	
Ratio of     R X    






	
Low voltage line

	
0.642

	
0.083

	
7.7




	
Medium voltage line

	
0.161

	
0.190

	
0.85




	
High voltage line

	
0.06

	
0.191

	
0.31
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Table 2. Simulation Parameters of Six Cases.







Table 2. Simulation Parameters of Six Cases.







	
Cases

	
P-ω Droop Gain m (rad/W·s)

	
Q-V Droop Gain n (V/Var)

	
Virtual Resistance (Ω)

	
Line Characters (Ω)

	
Load Characters (Ω)




	
DG1 (10−5)

	
DG2 (10−5)

	
DG1 (10−3)

	
DG2 (10−3)

	
DG1

	
DG2

	
DG1

	
DG2

	
0–0.7 s, 1.4–2 s

	
0.7–1.4 s






	
Case A

	
6.28

	
6.28

	
1

	
1

	
0

	
0

	
0.2

	
0.3

	
6 + j6

	
4 + j4




	
Case B

	
6.28

	
6.28

	
1

	
1

	
0.1

	
0

	
0.2

	
0.3

	
6 + j6

	
4 + j4




	
Case C

	
6.28

	
15.6

	
1

	
2

	
0

	
0.1

	
0.2

	
0.3

	
6 + j6

	
4 + j4




	
Case D

	
6.28

	
6.28

	
1

	
1

	
0

	
0

	
0.2

	
0.3

	
6 − j6

	
4 − j4




	
Case E

	
6.28

	
6.28

	
1

	
1

	
0.1

	
0

	
0.2

	
0.3

	
6 − j6

	
4 − j4




	
Case F

	
6.28

	
6.28

	
1

	
1

	
0.13

	
0

	
0.2568 + j0.0332

	
0.3852 + j0.0498

	
6 + j6

	
4 + j4










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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