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Abstract

:

In this paper, the effect of the line impedance difference between various inverters on power sharing with the traditional droop control method is fully analyzed. It reveals that the line impedance difference causes a significant reactive power error. An improved droop control method to eliminate the reactive power errors caused by the line impedance errors is proposed. In the proposed method, a voltage compensation determined by the actual reactive power error between the local inverter and the average one is added into the local voltage reference based on the CAN communication. Even when the communication is interrupted, the controller will operate with the last value of the average power, which still outperforms the traditional method. The effectiveness of the proposed control method is verified by simulation and experimental results, which show the proposed method possesses the better power sharing performance and dynamic response.
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1. Introduction


Uninterruptable power supplies (UPSs) which are used to supply AC power to sensitive loads in some environments such as banks, transportation, Internet Data Centers (IDCs), are becoming more and more important [1,2,3,4]. Parallel operation is an important way to improve the reliability of the power system. Compared with a single unit, a parallel system has the following advantages: low-cost, easy to maintain, redundancy and better capacity expansion [5,6,7,8].



To get better power sharing, the droop control method is widely used to compensate the unbalance between the active and reactive power by slightly adjusting the frequency and amplitude of the output voltage. Although the possibility of performing autonomous power sharing among UPS units exists, the traditional droop control has several limitations. The conflict between power sharing accuracy and voltage bias is a well-known tradeoff of droop control [9]. The power sharing accuracy can also be affected by other factors; the line impedance being one of them [8]. Influenced by the mismatch of the line impedance, the traditional droop control fails to achieve power sharing accuracy, and in some situations, it can make the system unstable [10]. To solve the issue, some improved methods have been reported in the literature.



The design of virtual output impedance is considered an effective way to prevent power coupling and improve power sharing. A comprehensive adjustment of the virtual output impedance concept is presented in [11,12,13,14], which indicated that the closed-loop output impedances can be negligible in the steady state with proper design of the voltage controller. These methods only focus on the mismatch in the output impedances of the closed-loop controller but neglect the mismatch of the physical line impedance. A high-gain droop control approach is employed in [9], but when the fluctuation of the power is large, it will cause poor power quality. Adaptive virtual impedance has been used in [15] to achieve accurate power sharing, but this method may reduce the dynamic response with non-linear loads. An output voltage reference which can be adjusted by the virtual impedance based on output current feedback is proposed in [12,16], however this method can degrade the system power quality. Based on the assumption that the line impedance is small, a control strategy with inductive virtual impedance was introduced in [17] to ensure accurate power sharing. In [18], the concept of virtual impedance is extended to negative impedance just by offsetting part of line resistance by the virtual negative resistance. When the same effect as in [17], is achieved, the power quality is improved. However the dynamic performance with this method needs further analysis.



Anti-droop control [19] and the genetic algorithm [20] are proposed to decrease the reactive power sharing error, but these methods require knowledge of the power line impedance. In [21,22], the line impedance can be estimated by the harmonic of the load voltage, but this method needs extra sensors and involves a complicated harmonic analysis algorithm. Besides, this method may not be valid for longer lines. In [23], a line impedance identification approach is proposed by means of constant power control. However, this method needs precise power calculation. In [24], a harmonic signal injection technique is studied for the measurement of the line impedance, which may decrease the output voltage accuracy and influence system stability with non-linear loads. Besides, although the line impedance can be estimated, the temperature, humidity and stray parameters will also produce a deviation between the theoretical value and the practical one.



In order to improve reactive power sharing, the adaptive droop control method [25,26] is proposed in which the voltage droop slope is dynamically adjusted to compensate for the drop voltage across the line impedance. Although the accurate power sharing can be achieved under steady state conditions, the dynamic performance, which is a very important characteristic for UPS parallel systems [1,2,3,4,5,6,7,8,9], would degrade. The line impedance regulator (LIR), which is connected in series into the coupling line to induce a controllable counter voltage, is proposed in [27] to compensate the line impedance voltage drop. This approach depends on two factors: the estimation of the line impedance voltage drop by the predetermined line impedance value and the measurement of the current flowing through the line. This approach results in relatively improved power sharing performance between two nodes, but it needs further investigation for a multi node scenario.



Decentralized [28], fully coupled [7] or centralized [29,30,31] communication links can also be used in droop control methods, through which the output voltage and current of each unit can be gathered, but the power sharing performance in these cases is susceptible to link failures.



In this paper, a novel droop control method considering the difference of the line impedance between each unit is proposed. This method directly adjusts the voltage reference in a local controller by the error between the local reactive power and the average one to eliminate the power sharing error and accordingly to achieve accurate power sharing and better dynamic performance. The results of simulation and experimental are given to verify the correctness and feasibility of the proposed control method. Compared with the other solutions mentioned above, the major work and contributions of this paper include several parts which can be summarized as follows:

	(1)

	
The effect of the mismatch in line impedance on the power sharing with the traditional droop control method is not well analyzed so far. This paper systematically analyzes it in two different ways.




	(2)

	
The communication in this proposed method is just used to set the reference voltage instead of acting in the tuning control loop, therefore the power sharing is not susceptible to any delays in the communication. In addition, when the communication is interrupted, the controller can operate with the last value before the communication failure occurred, which has the advantages of high power sharing accuracy and robustness to the communication interrupt.




	(3)

	
This proposed method does not need any complicated algorithms or the value of the line impedance.




	(4)

	
Simulations and experiments are carried out with non-linear loads, which can better verify the advantages of the proposed method on the performance of dynamic, power sharing and voltage accuracy compared to those in [20,21,22,23,24,25,26,27,28,29,30,31,32,33] with linear loads.










2. Problem Statement


2.1. The Traditional Droop Control Method


Figure 1 shows the diagram of the parallel system with two units connected to the load.



The inverter output apparent power is Soi, which can be expressed by Equation (1):


Soi=Poi*+jQoi*=EoiVoej(δi−φoi)−Vo2ejδiRli2+Xli2=EoiVocos(δi−φoi)−Vo2cosδiRli2+Xli2+jEoiVosin(δi−φoi)−Vo2sinδiRli2+Xli2



(1)




where Eoi∠φoi, Poi* and Qoi* are the output voltage, active and reactive power of the i-th inverter respectively; Vo is the amplitude of load voltage, setting the phase angle is zero; Rli+jXli is the line impedance of the i-th inverter. Generally Xli≫Rli, that is, the phase angle δi can be set 90° [2,3,4]. The active and reactive power of each unit can be shown as Equation (2):


{Poi*=EoiVosinφoiXliQoi*=EoiVocosφoi−Vo2Xli



(2)







The phase shift angle φoi is very small. Therefore, the active power and reactive power of each unit can be regulated by the conventional droop control [20], shown as Equation (3):


{wi=w*−kθdiPoiEi=E*−kvdiQoi



(3)




where wi and w* are the reference and nominal frequency, respectively; Ei and E* are the reference and nominal voltage amplitude, respectively; kθdi and kvdi are droop control coefficients of the i-th inverter; Poi and Qoi are the filtered active and reactive power of the i-th inverter, respectively.




2.2. The Limitation of The Traditional Droop Control against The Line Impedance Difference


The effect of the line impedance difference on the power sharing with the traditional droop control method is not well analyzed so far. To better analyze the limitations under this condition, this analysis is performed based on the individual outputs and the difference of the drop voltage across the line impedance respectively.



2.2.1. The Analysis Based on The Individual Outputs


Because w*, E* and the droop coefficients of each unit are the same as each other, in order to share the load power equally, only when the reference wi and Ei of each unit are the same, the equations kθd1kθd2=Po2Po1 and kvd1kvd2=Qo2Qo1 can be held. By substituting Equation (2) into (3), the expressions of wi and Ei can be obtained. After Laplace transformation [13], it yields:


wi(s)=w*XlisXli+kθdiEoiVo



(4)






Eoi=Vo−Xlikvdi+(Xlikvdi−Vo)2+4XlikvdiE*2



(5)







As can be seen from Equation (4), each inverter can be pulled into synchronization after regulating (according to the final value theorem shown as the Equation (6)):


errw=lims→0sE(s)=lims→0s[w1(s)−w2(s)]=0



(6)







It also indicates that the active power control is decoupled from the line impedance. From Equation (5), it can be seen that the output voltages of all units can be equal only when Xlikvdi=const. It also indicates that the reactive power control is coupled with the line impedance and needs improvement.




2.2.2. The Effect Analysis Based on The Droop Voltage Difference across The Line Impedance


Figure 2 shows the single-line diagram of two inverters with different line impedance.



Considering the line impedance of inverter 2 as reference, the difference of line impedance between the two inverters is given by Equation (7):


{R′=Rl1−Rl2X′=Xl1−Xl2



(7)




where Rl1 and Rl2, Xl1 and Xl2 are the resistance and reactance of the line impedance of inverter 1 and inverter 2, respectively. According to [15], the drop voltage across the line impedance (Eoi′) can be expressed by Equation (8):


{Eo1′≈Xl1Qo1+Rl1Po1V0Eo2′≈Xl2Qo2+Rl2Po2V0



(8)







By setting Rl2=R and Xl2=X, Equation (9) can be obtained:


{Eo1′≈(X+X′)Qo1+(R+R′)Po1V0=XQo1+RPo1V0+X′Qo1+R′Po1V0Eo2′≈XQo2+RPo2V0



(9)




so the output voltage of each inverter can be expressed by (10):


{Eo1=Eo1′+VoEo2=Eo2′+Vo



(10)







From (10) and (3), Equation (11) can be obtained:


Eo1′−Eo2′=−kvd1(Qo1−Qo2)



(11)







From (8) and (9), Equation (12) can be obtained:


Eo1′−Eo2′=X(Qo1−Qo2)V0+X′Qo1+R′Po1V0



(12)







Combining equations (11) and (12), (13) can be obtained:


{Eo1′−Eo2′=X′Qo1+R′Po1V0+Xkvdi=ΔEoQo1−Qo2=−X′Qo1+R′Po1kvdiV0+X=ΔQo



(13)







From Equation (13), it can be seen that only if X′=R′=0, Eo1′−Eo2′ is equal to zero. It means the drop voltage across line impedance of each unit is the same, that is, the mismatch of the line impedance causes a reactive power error between each unit. From the Equation (13), it is also shown that the bigger the line impedance is, the greater the voltage drops. In other word, the inverter with bigger line impedance would supply smaller reactive power.






3. The Proposed Droop Control Method and The Small-signal Stability Analysis


In this method, a voltage compensation determined by the reactive power error between the local inverter and the average one is added to the local voltage reference based on the CAN communication. By regulating the voltage reference in the local controller, the power sharing error can be reduced and the power sharing accuracy can be improved.



3.1. The Proposed Droop Control Method


Defining Eo1″+ΔEo=Eo1′, Equation (14) can be obtained based on (3) and (10):


Eo1″+ΔEo+Vo=E*−kvd1Qo1



(14)







To modify the output voltage reference, Eα can be compensated by utilizing the term ΔEo, shown as (15):


Eo1″+ΔEo+Vo=(E*+Eα)−kvd1Qo1



(15)







Therefore, ΔEo is essentially eliminated in (16):


Eo1″+Vo=E*−kvd1Qo1



(16)







The proposed controller to tune the voltage reference and get accurate power sharing is shown in Figure 3.



The reference QAvg, which is calculated based on the reactive power of each unit through the communication, is used to modify the voltage reference by an integral controller. It is implemented in a local unit, as shown in Figure 3. The reference QAvg depends on the system load so it is a fixed value until the load varies. When the system load varies, the reference QAvg will be adjusted and the proposed droop controller starts to work in the local unit. In fact, the tuning process is based on the average reactive power of the parallel system. The communication is just used to set the QAvg instead of working within the tuning closed-loop. In other words, the accuracy of the reactive power sharing is unaffected by any communication delays in steady-state. When the communication is interrupted, the present average power would be lost, but the accurate power sharing can also be achieved based on the last value of QAvg due to the integral controller action as long as the system load is not changed. To reduce the risk of the loss of the communication, the redundant CAN bus communication scheme can also be adopted as well as the techniques mentioned in [22,23]. As analyzed above, though the inverters can finally be pulled into synchronization, the regulation process may take some time because of the integral element. Therefore, the differential controller can be applied with the purpose of improving the dynamic response.




3.2. Small-Signal Stability Analysis


To analyze the stability of the proposed method, a small-signal model of the parallel control system is established. Based on the Equation (2) and modeling the low-pass filters with a first-order system, in which τ is time constant of the cut-off angular frequency, Equation (14) can be linearized as follows [24]:


{p^oi=1τs+1VoXli(e^oisinφoi+φ^iEoicosφoi)q^oi=1τs+1VoXli(φ^iEoisinφoi−e^oicosφoi)



(17)




where p^oi, q^oi, e^oi and φ^oi denote small-signal perturbed values of Eoi, φoi, Poi* and Qoi*, respectively. The capital letters mean the steady-state value. Figure 4 shows the proposed droop control with the compensation controller.



If the voltage regulator and PLL regulator have no steady-state error, then Eoi=Eact_i, φoi=φact_i. From Figure 4, the equation can be expressed by (15):


{Eoi=E*−kvdiQoi+kQ_is(QAvg−Qoi)φoi=(w*−kθdiPoi−skP_dPoi)s



(18)







By perturbing (15), Equation (16) can be obtained:


{e^oi=−(kQ_is+kvdi)q^oiφ^oi=−(kP_d+kθdis)p^oi



(19)







Substituting (14) into (16), (17) can be obtained:


as3+bs2+cs+d=0



(20)




where the coefficients a,b,c and d are:


{a=τEoiVoXlikP_dcosφoi+τ2Xli2b=2τXli2+EoiVo2kP_dkvdi+τEoiVoXlikθdicosφoi+EoiVoXlikP_dcosφoi+τVoXlikvdicosφoic=Xli2+EoiVo2(kP_dkQ_i+kvdikθdi)+EoiVoXlikθdicosφoi+τVoXlicosφoikQ_i+VoXlicosφoikvdid=EoiVo2kθdikQ_i+VoXlikQ_icosφoi



(21)







The coefficients kθdi and kvdi of the droop controller can be designed using the traditional method, shown as (19):


{Δwmax=kθdiPoimaxΔVmax=kvdiQoimax



(22)




where Poimax and Qoimax are the maximum of active power and reactive power of the i-th inverter, respectively. ΔVmax and Δwmax, are the maximum of amplitude and frequency deviation adopted by the pure traditional droop control method, respectively.



Figure 5 shows the root trajectories. There are three roots in this system and the arrows indicate the corresponding pole evolution as the coefficient increase. Figure 5a shows that the poles λ1 and λ2 become dominant with increasing kQ_i. Figure 5b shows that the system is always determined by the two dominant poles λ1 and λ2. With the increase of kP_d, the system has better dynamic performance. The system is stable in this range because all three poles remain in the left half-plane.





4. Verification of The Proposed Method


4.1. Simulation Verification


Taking the communication channel of reactive power from unit 1 to unit 2 for example, the corresponding communication system in Matlab/Simulink can be shown as Figure 6. The power calculated by each unit can be transmitted to another through the “transport delay” component in the Simulink library. By configuring the corresponding time of this component, it can simulate the information update delays of the communication system.



In addition, the communication interruption can also be simulated by adding the “latch” function, which is composed of the “switch” component in the Simulink library. There are three inputs in the “switch” component, which are numbered from top to bottom. The first and the third input ports are the data ports, which are connected to the signal Q2 and the signal Qo1 (the output of the “switch” component), respectively. The second input port is the control port, which is connected to the “pulse generation” component to simulate the interruption and restoration of the communication system. When the second input value is greater or equal to the threshold configured in the “switch” component, the signal from the first input passes through; otherwise, the signal from the third input passes through. In this simulation, the threshold is set to 1. According to the criterion mentioned above, the case when the communication is interrupted can be obtained as follows.



If the binary signal from “pulse generator1” is “0”, which means the communication is interrupted, the output Qo1 just holds the last received value instead of updating from Q2; otherwise, it indicates the communication system is restored, and the Qo1 can receive the value from Q2 again.



Assuming the time of the “transport delay” is set to 0.25 s and Q1 is a linear wave, the simulation waveforms can be shown as Figure 7. From Figure 7, Q2 lags behind Q1 0.25 s. When the communication is interrupted, Qo1 just maintains the last received value. When the communication is restored, Qo1 can continue to update the value from Q2.



In order to verify the proposed droop control method, a parallel system consisting of two inverters driven with non-linear load is established by Matlab/Simulink. The main parameters are shown in Table 1.



To verify the performance of the accuracy in terms of the power sharing and output voltage, the compared results between the traditional method and the proposed method are shown in simulation I. To verify the robustness to the communication interrupt and communication delay with the proposed method, the results are shown in simulation II and simulation III.



Simulation I



Figure 8 shows the simulation results by setting different line impedance with the 10 kVA non-linear load, introducing the proposed control method at 0.3 s. Before 0.3 s, the active power of each unit can be shared equally, however, the reactive power error between the two units is about 2000 var. This illustrates that the line impedance difference has a significant influence on the power sharing. When the proposed droop control method is introduced, the reactive power sharing can be greatly optimized. The output voltage is 219.3 V after adopting the proposed droop method. Compared to the output voltage in [11,12], it is much closer to 220 V.



Simulation II



Figure 9 shows the performance of the parallel system with the proposed method when the communication is disabled at 0.2 s and re-enabled at 0.5 s. From 0 s to 0.3 s, the total load of the system is 10 kVA. When the communication is disabled at 0.2 s, the power of the two units can also be shared equally because QAVG remains constant. At 0.3 s, the total power jumps from 10 kVA to 15 kVA. Theoretically, the value of QAVG at this time is 4.5 kvar, but because the communication is disabled, the value of QAVG at this time is still 3 kvar, which is the same as the value at 0.2 s. So the active power can’t be shared equally until the communication is re-enabled at 0.5 s. Figure 9a,b show the active power and reactive power in this process. Figure 9c,d show the current adjustment at 0.3 s and 0.5 s, respectively. The corresponding experiment will be shown in Experiment III.



Simulation III



Figure 10 shows the simulation results of the controller considering the effect of time delay mismatches among the communication channels. A delay of 100 ms is included in the communication link of unit 2, which means a 100 ms information update delay from unit 1. However, no delay is considered for unit 1, which means that the unit 1 can receive the information from unit 2 immediately. In addition, the load changes (10 kVA → 15 kVA → 10 kVA) have been introduced at 0.2 s and 0.5 s under this condition. Despite the fact two units cannot receive the information simultaneously, the power sharing can also be achieved since the load has not changed. That is, the accurate power sharing is not affected by the time delay in steady-state. When the load changes, the system can reach steady-state despite it would take some time. However, compared to the method in [12,17], the time delay has little effect on the system transients. The corresponding experiment will be shown later.




4.2. Experimental Verification


The parallel system consisting of 2 × 10 kVA inverters with 220 V/50 Hz rated voltage is established to verify the proposed droop control method, shown as Figure 11. The two units are both connected to the common non-linear load (PF = 0.8, HCF = 2.9). The communication of each unit is established through the CAN bus. The corresponding coefficients of the controllers are shown in Table 1. To evaluate the performance of the proposed method, the power sharing error Aerr_i is defined, shown as (19):


Aerr_i%=Ai−Ao_iAo_i×100%



(23)




where Ai is the actual value of the active or reactive power of the i-th unit, Ao_i is the desired value of the active or reactive power of the i-th unit.



Experiment I



With different line impedance, the proposed control method is enabled at 0.1 s and the abrupt non-linear load changes (10 kVA → 20 kVA → 10 kVA) are introduced at 0.42 s and 0.7 s, respectively. Figure 12 shows the waveforms of active power and reactive power during the process. It can be seen that, from 0 s to 0.2 s, with the traditional droop control method, the reactive power sharing accuracy is as poor as 59.33%. When the proposed method is enabled, the reactive power of two units can be adjusted so that they share equally (Qo2 = 3.01 kvar, Qo1 = 2.98 kvar) after less than 0.15 s. When the load varies, the reactive power and the active power can also be shared equally, demonstrating the effectiveness of the proposed method.



Experiment II



To further verify the dynamic performance of the proposed method with different line impedance, the abrupt non-linear load changes (0 kVA → 20 kVA → 0 kVA → 20 kVA →……) occur repeatedly. Figure 13 shows the output voltage and current waveforms. During the dynamic process of carrying non-linear load, very good current-sharing characteristics are achieved. More importantly, the distortion voltage of the parallel system is only 1.3%, which is much smaller than the 3.47% reported in [21] and is smaller than the 2.45% in [22]. This means the proposed controller has a negligible effect on the load voltage. It also illustrates that the proposed control method has better dynamic performance without sacrificing the property of output voltage.



Experiment III



Figure 14 and Figure 15 show the experimental waveforms when the communication is interrupted and restored under the condition of two units with the proposed method in different line impedance. In this experiment, the CAN bus cable is unplugged from one of the two units at 1.2 s and plugged back at 6.4 s. The non-linear load change (10 kVA → 20 kVA) is introduced at 3 s.



Figure 14a shows the waveforms of active power and reactive power during the process. From 1.2 s to 3 s, although the communication is lost, accurate power sharing can be achieved. At 3 s, due to the load changing, there is a slight active power error between the two units, but it can be quickly adjusted to zero. However, the reactive power sharing fails to achieve, which is explained in Section 2. Because each unit can hold the last received value, the reactive power sharing error is 7.8% during this time, which is still better than that with the traditional method shown as Figure 14b (the reactive power sharing error is about 45.2%). Until the CAN bus cable is plugged back at 6.4 s which means the communication is restored, the accurate power sharing can be get again.



Figure 15 shows the waveforms of voltage and current during this process in Experiment III with non-linear load.



We can see that the voltage is stable, and it only take less than 100 ms to achieve accurate current sharing after the communication is restored, unlike the method proposed in [11], which would take more than 2.2 s



Experiment IV



The performance of power sharing considering the communication delay is shown as Figure 16. The delay time in the communication channel to unit 2 is 100 ms, and no delay is included in the communication channel to unit 1. In this case, the unit 1 starts to adjust before unit 2 does, which has more effect on the system transients compared to the case when the delays are the same. In this experiment, the difference of the delay time between the two units is 100 ms, which is much longer than that in [15]. Also, the load changes (10 kVA → 20 kVA → 10 kVA) are introduced at the 2 s and 7 s.



As can be seen from Figure 16, the power sharing accuracy in steady-state is not affected by the time delay. In transient-state, although the accurate power sharing cannot be achieved immediately, it only takes about 250 ms to balance the power of the two units, which is much shorter than the time reported in [15]. The power difference between the two units can be negligible compared to the method described in [17].



It is worth mentioning that the delay time cannot be infinite in real CAN communication system. If the unit does not receive any information within the specified time (300 ms in this experiment), the communication can be considered to be interrupted. The performance is shown in the experiment III when communication is interrupted and restored.





5. Conclusions


In this paper, an improved droop control method is proposed to enhance the power sharing accuracy in a voltage-source inverter parallel system. The method of adding the voltage compensation into the voltage reference, which is determined by the reactive power error between the local unit and the average one, can reduce the power sharing error significantly. The power sharing accuracy and dynamic performance are enhanced accordingly. The performance of the proposed method after the communication is interrupted is also evaluated and it is verified that in this case the power sharing performance with the proposed method is still better than the traditional methods. The proposed method has the advantages of high power sharing accuracy, a simple algorithm and robustness to communication failures. The proposed method enhances the practicability of the droop control method and accordingly enhances the comprehensive performance of inverter parallel systems.



In the future, we plan to verify the performance of the proposed control strategy with unbalanced loads in UPS parallel systems. With the proposed method, units with different power rating should be considered. Especially, the case when the unit with higher power rating is connected to the higher line impedance should be further investigated deeply. It can also be extended to islanded microgrids.
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Figure 1. Diagram of inverter parallel system with two units considering line impedance. 
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Figure 2. Single-line diagram of two inverters in parallel with different line impedance. 
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Figure 3. Control configuration diagram of inverter parallel system with proposed droop control method. 
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Figure 4. Detailed block diagram of droop control method with compensation controller. 
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Figure 5. Small-signal model root trajectories with parameters variations. (a) Root trajectories when kQ_i is varied from 0 to 1 × 10−2; (b) Root trajectories when kP_d is varied from 0 to 1 × 10−7. 
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Figure 6. The simulated communication system in Matlab. 
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Figure 7. The simulated waveforms of the communication system. 
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Figure 8. Simulation results of proposed method in simulation I. (a) The active power (W); (b) The reactive power (var); (c) The RMS value of inverter output voltage (V); (d) The inverter output voltage (V). 
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Figure 9. Simulation results of proposed method in simulation II. (a) The active power (W); (b) The reactive power (var); (c) The current waveforms of two inverters around 0.3 s (A); (d) The current waveforms of two inverters around 0.5 s (A). 






Figure 9. Simulation results of proposed method in simulation II. (a) The active power (W); (b) The reactive power (var); (c) The current waveforms of two inverters around 0.3 s (A); (d) The current waveforms of two inverters around 0.5 s (A).



[image: Energies 12 01158 g009]







[image: Energies 12 01158 g010 550]





Figure 10. Performance with the communication delay. (a) The active power (W); (b) The reactive power (var). 
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Figure 11. Photograph of experimental prototype of two-inverter parallel system. 
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Figure 12. The experimental active/reactive power of proposed method in experiment I. 
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Figure 13. Experimental waveforms of current and voltage in dynamic process of proposed method in experiment II: (a) with repetitive step change of non-linear load; (b) during T1; (c) during T2. 
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Figure 14. The waveforms of the active and reactive power in experiment III: (a) The proposed method; (b) The traditional method. 






Figure 14. The waveforms of the active and reactive power in experiment III: (a) The proposed method; (b) The traditional method.



[image: Energies 12 01158 g014]







[image: Energies 12 01158 g015 550]





Figure 15. Current and voltage experimental waveforms of proposed method in experiment III: (a) in a long time scale; (b) during T1; (c) during T2. 
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Figure 16. The performance of power sharing with a time delay difference in communication system. 
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Table 1. Parameters of the parallel system.
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	Symbols of Items
	Value
	Unit





	kθd1, kθd2
	2 × 10−5
	rad/W



	kP_d
	3 × 10−8
	rad/W/s



	kvd1, kvd2
	5 × 10−5
	V/var



	kQ_i
	5 × 10−3
	V/var/s



	w*
	314
	rad/s



	Vo
	311
	V



	φo1, φo2
	0
	rad



	Xl1
	0.617
	Ω



	Xl2
	0.317
	Ω



	τ
	0.04
	s
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