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Abstract

:

The paper proposes an improved primary regulation method for inverter-interfaced generating units in islanded microgrids. The considered approach employs an off-line minimum losses optimal power flow (OPF) to devise the primary frequency regulation curve’s set-points while satisfying the power balance, frequency and current constraints. In this way, generators will reach an optimized operating point corresponding to a given and unique power flow distribution presenting the minimum power losses. The proposed approach can be particularly interesting for diesel-based islanded microgrids that face, constantly, the issue of reducing their dependency from fossil fuels and of enhancing their generation and distribution efficiency. The Glow-worm Swarm Optimization (GSO) algorithm is selected as a key heuristic tool for solving the optimization problem. The main program is carried out in Matlab environment. A case study with a parametric analysis is implemented and all results are assessed and compared with the conventional droop control method to show the effectiveness of the proposed method as well as the improved reliability of the system.
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1. Introduction


In the last years, thanks to the development of new devices and new technologies and the wide use of information and communications technology (ICT) in power systems, microgrids have become an effective solution for providing electricity at small scale using various distributed energy sources and energy storage systems. Microgrids are flexible systems that can be operated either in grid-connected or in islanded mode [1]. When operated in grid-connected mode, microgrids purchase electricity from the main grid to control voltage and power balance [2] or sell unused electricity to the main grid for maximizing the operational benefits [3]. When operated in islanded mode, microgrids operate independently from the main grid and the management of voltage and frequency are the most important operations to enhance the optimal generated power sharing while stabilizing the system [4]. The generated power sharing problem is implemented at different control levels (primary, secondary and tertiary regulation) with various time scales from milliseconds to minutes.



Recently, studies about droop control for microgrid systems have focused on finding solutions for improving system stability. As an example, in [5], a new scheme for the control of parallel-connected inverters in an islanded microgrid was presented. The study uses the feedback from those variables that can be measured locally at the inverter. In this way it is not necessary to establish a communication flow of control signals between the devices, with high advantages for large microgrids, where distances between inverters make communication impractical. In [6] the authors propose a new methodology for quickly and accurately calculating the average power for single-phase paralleled inverters intended to be applied in a droop-control microgrid system. In [7], the authors face the issue of frequency stabilization of islanded microgrids through Demand Response and generation-side management, using droop control and allowing them to share imbalances. Finally, in [8] the authors propose a direct current vector control mechanism integrated in the droop control method for improving microgrid’s stability, relibility and power quality.



There are three most famous droop control methodologies in the literature: linear, nonlinear and dynamic droop control. Linear (or conventional) droop control is based on the use of a constant droop coefficient for each distributed generator (DG). This type of control is executed as a primary control to regulate frequency and voltage in a microgrid and to devise the power sharing between the DGs involved in the regulation. The issue is very relevant as demonstrated by the scientific literature [9]. As an example, in [10] the authors study the problem of droop control in microgrids with highly-resistive lines. In [11], a model for islanded microgrids with droop control is proposed, introducing a suitable state-space transformation that allows writing the closed-loop model in an explicit state-space form. Then, the authors adopt the singular perturbations technique to obtain reduced order models that reproduce the stability properties of the original closed-loop model.



In [5,12], the authors present two different problems about controlling parallel-connected inverters by using linear droop control in an islanded supply system, without communicating control signals between the inverters. In [13], the linear droop control method is used to find the best placement and operation mode for DG units in islanded microgrids. The paper only focuses on minimum fuel consumption cost and voltage stability issues and does not include frequency constraints.



The non-linear and dynamic droop control rely on more complicated functions and are difficult to apply broadly. In nonlinear droop control, the frequency and voltage of the system are changed as a function of the optimized sharing between the DGs of the active and reactive power, respectively. In [14] the authors apply this method to minimize the operating cost, verifying the effectiveness of the method in an experimental case study. The nonlinear-droop control is also mentioned in [15,16,17] where the authors propose different approaches to this issue.



Finally, dynamic droop control uses dynamic signals, like voltage and frequency reference values, to regulate the output power of the generators. In [18], a dynamic droop control methodology is applied to improve the quality of power system stability in presence of variability of renewable energy sources in an islanded microgrid. Another research study adopted the same methodology to regulate the active power flow following the frequency values at no load to reduce the fuel cost of DGs [19]. A dynamic power sharing method for minimum operation costs is mentioned in [20]. However, results are just focused on the sharing of power to attain minimum operational cost without considering frequency limitations. Another dynamic droop control method is applied in [21] to regulate the frequency in presence of wind generators and solve stability problems. In this case, an efficient droop control allows extracting the maximum available power from wind turbines regardless of the wind speed. Table 1 summarizes the above analysis highlighting the advantages and disadvantages of the various approaches present in literature.



In this paper, a driven primary regulation method, based on simple and easy to implement algorithms, is proposed with the aim of minimizing the power losses in an isolated microgrid. Based on the optimal power flow procedure, the droop coefficients in the droop control function are adjusted following the variation of the loading conditions, and a unique piecewise droop curve for the controlled generator is built from a set of optimized operating points. In this way, the distributed generator’s power output can be adjusted more flexibly, the operational efficiency of microgrid is increased, and the power losses are reduced. The novelty of the paper, with respect to the state of the art, is, therefore, the use of non-costant droop coefficients in order to enhance the overall efficiency of the microgrid while preserving its stability. This issue is of particular interest for diesel-based islanded microgrids that face, constantly, the issue of reducing their dependency from fossil fuels and of enhancing the quality of the supply, also reducing voltage drops and power losses.



From a technical point of view, the contributions of the paper are listed below: (1) The proposed primary droop regulation improves the overall efficiency of the microgrid by adopting a Glow-worm Swarm Optimization (GSO) procedure. (2) The proposed primary droop regulation keeps frequency within desired limits and can relieve also volumes that secondary and tertiary regulation have to take over from primary control, if limited load-generators variations occur in the microgrid. (3) The model for implementing the system in Matlab/Simulink (R2017b, Palermo, Italy) environment is fully described. (4) The approach is tested under dynamic conditions in simulation environment for giving good results.



The paper extends previous work of the same authors [22] where a case study showing the advantages of the proposed approach was discussed. In this work, the mathematical approach is described in details, clarifying some important aspects of the implemented model and providing new simulation results for showing the effectiveness of the method. Moreover, the optimal power flow formulation is enhanced by taking into account the ampacity of the microgrid’s lines as a new constraint and considering the dependence of the system loads on frequency and bus voltages. In this way, the loads representation is more accurate and, as a consequence, the achieved simulation results are improved.



The paper includes four sections, as described below. Section 2 introduces the proposed primary regulation technique for minimum power losses operation and the advantages of the new method compared to the conventional droop control. Finally, it contains the description of the GSO algorithm that is used to solve the optimal power flow (OPF) problem. Moreover, the section describes the implementation in Matlab/Simulink environment; such implementation is useful to check the effectiveness of the proposed method as well as its improved reliability. Section 3 presents the analysis of a case study. Section 4 contains a discussion on the results of the simulations. The results show the dependency between the droop coefficient value and the system operating point and how the proposed regulation method can be used to reduce the power losses in the microgrid. Finally, Section 5 reports the conclusion of the work.




2. Driven Primary Regulation for Minimum Power Losses Operation


The droop control is a control method that is widely used to regulate frequency and voltage and to adjust the power sharing between the generators in a microgrid. In the following, a comparison between the linear droop control method and the new primary regulation method is presented, considering, as an example, the system in Figure 1, including i distributed generators (DG1, DG2,…, DGi) connected to a load bus.



2.1. Conventional Droop Control Method


The linear droop control technique is shown in Equations (1) and (2) [5]:


PGi=−KGi(fx,i−f0i)



(1)






QGi=−Kdi(|Vi|−V0i)



(2)




where PGi and QGi are the real and reactive power generated by the i-th generator; KGi and Kdi are the frequency and voltage droop coefficient of the i-th generator; fx,i and Vi are the frequency and output voltage at the i-th generator; f0i and V0i are the frequency and voltage of the i-th generator at no load.



In the conventional droop control method, the droop coefficient KGi of the i-th generator is typically taken at its maximum value KGmaxi, namely the ratio between the maximum output power PGmaxi (rated power) and the maximum frequency deviation:


KGi=KGmaxi=PGmaxif0i−fmin=ΔPmaxiΔfmaxi



(3)




where fmin is the frequency lower limit [16].



Since fxi is the same for all the generators in the microgrid, from Equation (1) it derives that the real power sharing between the generators is function of the droop coefficients KGi. Moreover, the microgrid operating frequency fx can be written for the generic i-th generator as it follows:


fx,i=f0−1KGi⋅PGi



(4)







When the load increases, the microgrid operating frequency varies from fx to f’x and the new value must be comprised in between the minimum acceptable frequency fmin and the maximum acceptable frequency fmax [23].



Figure 2 illustrates the variation of the microgrid operating frequency fx as a function of the real power generated by DG1, DG2, …, DGi. When the load increases, the active power of DG1 changes from P1 to P’1, the active power of DG2 changes from P2 to P’2, etc.… It is observed that, in standard linear droop control, the change of the real power demand of the generic i-th generator always stays proportional to its rated power. As shown in Figure 2, the real power demand variation leads to a slight change of the microgrid operating frequency fx and after a few oscillations, the frequency of the system is again stable at a new microgrid operating frequency f’x. The strength of conventional droop control is in its simplicity and reliability, but power sharing based on rated power cannot provide a good solution for optimization problems.




2.2. Proposed Driven Primary Regulation Method


In the literature, some examples can be found showing that, in practical applications, KG can be adjusted [24]. For example, in [25], it is proved that the coefficient KG of wind turbine is not constant. When wind direction and speed fluctuate, the output power changes and this means that the real power of the wind generator transferred to the primary frequency control changes. As a consequence, the value of KG should be picked out under various wind speeds. It is worth to highlight that, also in [2,19], different droop relations are required to resynchronize the system in different operating conditions.



The proposed driven primary regulation method for inverter-interfaced units in isolated microgrids presented in the following is an expansion of the conventional droop control method described in Section 2.1. The new droop curves are built by changing the load in the microgrid and assessing through the OPF the relevant value of KGi, which is considered as the only adjustable parameter producing a new real power sharing among the two generators. The droop coefficients KGi of all the generators are selected optimally in a given range [KGmini; KGmaxi], according to the limitations of output power and frequency. For every load condition, an OPF problem is solved for finding a minimum–losses operating state, assuming that every generator is able to regulate its frequency droop coefficient.



The OPF underlying the construction of the piecewise linear droop control law is formulated as indicated in [26]. The objective of the OPF problem is the minimization of the power losses of the microgrid and can be written as it follows:


OF(KG)=PLoss=∑i=1nbusPi(KG)



(5)




where nbus is the total number of buses of the microgrid and Pi(KG) is the injected power at bus i given by:


Pi(KG)=∑j=1nbr|Vi||Vj||Yij|cos(θij−δi+δj)



(6)




where Vi and Vj are the voltages at buses i and j, respectively; δi and δj are the phase angles of the voltages at bus i, j; Yij is the admittance of the ij branch; θij is the phase angle of Yij; nbr is the number of branches connected to bus i.



The OPF is solved considering the following constraints:


{∑i=1nGPGi=∑i=1ndPLi+PlossKGimin≤KGi≤KGimaxPGimin≤PGi≤PGimaxi=2÷nGfmin≤f≤fmaxVmin≤V≤VmaxIbranchj≤Imaxbranchjj=2÷nbranch



(7)




where nG is the number of generators in microgrid; nd is the number of load buses; PGi is the real power generated by DGi; PLi is the real power demand of the i-th load; Ploss indicates the total real power losses of migrogrid; Ibranchj is the current flowing in the j-th branch of microgrid; Imaxbranchj is the ampacity of the j-th branch of microgrid and nbranch is the number of transmission branch in the microgrid.



In the problem formulation, loads are modeled as frequency and voltage dependent terms, as expressed below [27]:


PLi=P0i|Vi|α(1+Kpf·Δf)



(8)






QLi=Q0i|Vi|β(1+Kqf·Δf)



(9)




where ∆f is the frequency deviation; P0i and Q0i are the real and reactive power of the load in the operating point; α, β are the real and reactive power exponents [3,28]; Kpf is a coefficient ranging from 0 to 3.0; Kqf is a coefficient ranging from −2.0 to 0 [27].



The coefficients KGi are the decision variables of the optimization problem, although they are not explicitly appearing in the objective function (5), they are contained in the expression (1) of generated powers in inverter interfaced units. The solution found for each load condition is an optimal operating point characterized the following state variables:

	
The amplitude and displacement of the voltage phasors at the P–Q buses.



	
The amplitude and displacement of the voltage phasors at all the P–V buses except the reference bus (Qi depends on Vi by (2));



	
The voltage amplitude at the reference bus;



	
The frequency of the system in the range [fmin, fmax].








The power flow solution has thus 2xbus nodes and 2xnbus variables. Consider the power sharing between two generators DG1 and DG2, as shown in Figure 3, where the frequencies f0i are considered equal to fmax.



The droop coefficients of DG2 are kept constant (continuous brown line) while KG1 of DG1 is varied (from the blue to the red dashed line) allowing to modify the real power contribution of each generator to the overall load demand. Finally, to ensure the stability of the system while adopting the new droop law, the frequency of the microgrid should be a monotonic function satisfying the following property [8]:


f(Pi)>f(Pi+ΔPi) for Pi,ΔPi>0



(10)







This requirement is to get a single droop value for every changing load condition and to provide a negative feedback in the droop relations.



Regarding the power loss minimization issue, it is worth to underline that in a system with parallel inverters, the losses can be separated into two terms. The first is generated by the currents flowing from the generators to the loads, and is the power losses component considered in this paper. The second term is generated by the circulation currents between paralleled three-phase generators’ converters. The method to calculate this second power loss component is presented in [29]. At present, there are many research studies on methods to eliminate this loss component [30,31,32,33], but this issue is beyond the scope of this paper.




2.3. Glow-worm Swarm Optimization Algorithm


The optimization problem here considered (5)–(9) is highly non-linear and multimodal. For this reason, to solve this problem, a swarm intelligence algorithm is a good choice. There are three most popular swarm techniques: Ant Colony Optimization (ACO), Particle Swarm Optimization (PSO) and Glow-worm Swarm Optimization (GSO). In [34], the authors reviewed various papers and gave evidences that the glow-worm swarm has high ability of looking for global optimization and has a fast convergence rate, achieving more stable and accurate results compared to other methods. For these reasons, GSO is selected as a key tool to solve the optimization problem in this paper.



GSO is a relatively recent heuristic method proposed by Krishnanad and Ghose [4,35]. The optimization algorithm starts from a random distribution of solutions in the search space of the objective function. The objective function values are then encoded into a function that is called ‘luciferin’ and is calculated for each solution (firefly), in this way, the better objective function, the greater the firefly’s brightness. Fireflies will move towards solutions that have a higher luciferin value within a dynamic range. In the last iteration, the solution with the highest luciferin value will be the solution of problem. The steps of the GSO algorithm are reported below:

	
Step 1: Start.



	
Step 2: Collect input data regarding the microgrid (including real power and reactive power of generators, bus voltages, features of the lines, droop parameters, etc.).



	
Step 3: Initialize a population of glow-worms randomly. Every glow-worm is a potential solution of optimization problem.



	
Step 4: Generate luciferin lo, local decision range ro at time t = 0.



	
Step 5: The objective function is calculated by running the OPF for each solution and is stored in vector J(x).



	
Step 6: Update the value of luciferin li(t + 1) using (11):


li(t+1)=(1−ρ)li(t)+γJ(xi(t+1))



(11)




where ρ is the luciferin decay constant (0 < ρ < 1) and γ is the enhancement constant (0 < γ < 1).



	
Step 7: Find the neighborhood agents having stronger luciferin in the local decision range.



	
Step 8: Update the probability of glow–worm i moving to neighbor j in the t iteration denoted by pij(t):


pij(t)=lj(t)−li(t)∑k∈Ni(t)lk(t)−li(t)



(12)




where Ni(t) is the set of neighborhood of glow-worm i at the t-th iteration.



	
Step 9: Update the location of glow-worms as following:


xi(t+1)=xi(t)+s(xj(t)−xi(t)||xj(t)−xi(t)||)



(13)




where s is the step-size.



	
Step 10: Update the local decision range rdi(t+1):


rdi(t+1)=min[rs,max[0,rdi(t)+β(nt−|Ni(t)|)]]



(14)







	
Step 11: Iterate the step from 5 to 10 until reach the maximum iterations number.



	
Step 12: Show the results.








The whole system has been implemented in Matlab/Simulink environment, as described in the following section.




2.4. Simulation of the Droop Control Loop


The droop control loop, implementing the proposed regulation method and containing the constraints of the optimization problem, is shown in Figure 4a. A Phase-Locked Loop (PLL) is used to remove disturbance signals and keep the system frequency stable at its reference values [5,36]. The structure of phase-locked loop is illustrated in the Figure 4b.



As shown in Figure 4a, the control signals are transferred to the control loops (Proportional Integral (PI) controllers) to generate the reference signals for the Pulse Width Modulator (PMW). The symmetrical optimum method is used to adjust the PI controller [37].



The process model transfer function is expressed as follows:


G(s)=KP(1+Tα·s)(1+Te·s)



(15)






Tα=12fsw



(16)






Te=σ2Ti



(17)




where KP is the proportional gain constant; fsw is the switching frequency of the PWM; Ti is the integral time constant and σ is defined as the symmetrical distance between 1/Ti and 1/Te to crossover frequency fc. The recommended value for σ is between 2 and 4. By increasing σ, the system will have a better damping and higher phase margin, but its response will become slower [38]. The block diagram of the outer voltage PI controller is presented in Figure 5.



Figure 5 shows a PI controller Pv(s), an inner current control block GC,CL(s) and the integrator block Lv(s), whose transfer functions are:


Pv(s)=KP1+Ti·sTi·s



(18)






Lv(s)=Vc(s)IL(s)=1Cfs



(19)






GC,CL(s)=12Tα·s+1



(20)




where Cf is filter parameters.



The open loop Gv(s)OL and close loop Gv(s)CL transfer functions of the current controller are defined as it follows:


Gv(s)OL=Pv(s)·GC,CL(s)·LV(s)=Kp·(1+Ti·sTi·s)·11+2Tα·s·1Cf·s



(21)






Gv(s)CL=KP·(1+Ti.s)KP·(1+Ti·s)+Ti·s·(1+Tα·s)·Cf



(22)







The block of the outer current PI controller is presented in Figure 6.



The transfer function of the current loop can be expressed as:


PC(s)=KP1+Ti·sTi·s



(23)






Lc(s)=IL(s)UL(s)=1Lfs+Rf=1Rf(1+Tfs) with Tf=LfRf



(24)




where Lf and Rf are the filter parameters and Tf is the system time constant.


C(s)=11+Tα·s



(25)







The open Gc(s)OL and close loop Gc(s)CL transfer functions of the current controller are defined as it follows:


Gc(s)OL=Pc(s)·C(s)·Lc(s)=Kp·(1+Ti·sTi·s)·11+Tα·s·1Rf(1+Tf·s)



(26)






Gc(s)CL=KP·(1+Ti·s)·1RfKP·(1+Ti·s)·1Rf+Ti·s+Ti·s·(1+Tα·s)·(1+Tf·s)



(27)









3. Case Study


The effects of the proposed regulation method on the real power sharing between DGs are analyzed in a simple case study. The test microgrid in Figure 7 is based on the 4-bus test system issued by IEEE [39]. However, the parameters are modified to be more appropriate for the proposed problem. A system with two generators indicated as DG1 and DG2 and two loads, is considered. The electrical parameters of the microgrid are reported in Table 2.



The generator DG1 can provide real power in the range 0–0.3 pu, while DG2 can operate in the range 0–0.2 pu. The no load-frequency f0 is assumed the same for DG1 and DG2 and equal to 1.02 pu. The system frequency limits are set to fmin = 0.98 pu and fmax = 1.02 pu, meaning that the frequency must be within +/−1 Hz of 50 Hz.



In the considered case study, the droop coefficient KG1 of DG1 is varied for adjusting the output power of the generators. KG1max is assumed equal to 7.5, while the coefficient KG2 of DG2 is assumed invariable and equal to 5 in all the examined cases. The load at bus 4 is assumed equal to 0.1 pu while the load at bus 3 varies in the range from 0.1 pu to 0.37 pu with a step equal to +0.02 pu.



For testing the proposed method in different conditions, in the following, three scenarios are considered:

	
Scenario 1, implementing the conventional droop control method



	
Scenario 2, implementing the proposed optimized control method with KG1 selected optimally in the range [5–7.5]



	
Scenario 3, implementing the proposed optimized control method with KG1 selected optimally in the range [6–7.5]








As shown in Section 2.2, the new droop curves of the generators are built by solving the OPF problem. Therefore, for the proposed example, there are two droop curves of DG1 constructed to reduce the power losses for the considered test microgrid. The first curve is built with KG1 selected optimally in the range [5–7.5] (Scenario 2) and is illustrated in Figure 8a. The second is built with KG1 in the range [6–7.5] (Scenario 3) and is shown in the Figure 8b. The conventional droop control curve (Scenario 1) is also represented in Figure 8 to show the improvements obtained with the proposed optimized control method.



The active power PG1 of the generator DG1, the power losses Ploss and the frequency f as function of KG1 are listed in Table 3.




4. Discussion


In the previous Figure 8, the underlying droop curve is a piecewise line that is composed by a set of 15 optimal operating points at different load demand conditions. With a different adjustment range of frequency coefficient, a different shape of the P–f curve is constructed. In order to figure out this set of optimized operating point, the program has to collect the information of power grid topology, load demands and power capacity of distributed generators, so for every specific microgrid, an unique droop control relation will be considered. In Table 2, it can be noticed that the scenario 2 with KG1 in the range [5–7.5] gives the best results in terms of power losses reduction with respect to scenario 1. Indeed, power losses are reduced of about 8% as compared to the conventional droop control method. The improvement is illustrated clearly at low power demand where the power sharing is needed to be adjusted for optimizing the microgrid’s operation.



The power losses in scenarios 2 and 3 are quite similar, but the variation of the adjustment range for the frequency coefficient leads to the variation of the power sharing between the generators and other parameters of islanded microgrid as shown in Figure 9.



Figure 9a shows the power sharing between the two DGs in the three scenarios. The wider range of droop coefficients, the greater adjustability of the generators, this explains why the power output of the distributed generators in the three cases is different. As a consequence, the frequency of the islanded microgrid is improved in each of scenario. With KG1 constant at 7.5 (scenario 1), the frequency fluctuates from 0.9918 pu to 1.0036 pu, while with KG1 in the range from 6 to 7.5, the frequency changes from 0.989 to 1.0014 and with KG1 varying in the range from 5 to 7.5, the frequency only changes from 0.989 to 0.9996. In all cases, the frequency stay within the constrained operating limits from 0.98 pu to 1.02 pu. Figure 9c shows that the frequency response is smooth: system frequency fluctuates within the imposed limits from 0.992 pu to 0.998 pu, without abnormal peaks or nadir. This trend demonstrates the stability of the proposed control method.



The values of the currents in the microgrid branches are shown in Figure 9d. The change in power sharing leads to the current flowing in transmission lines also changes. It observed that all values are smaller than the related limit Imaxbranch. From the results, it can be seen that the new proposed droop control method demonstrates its powerful efficiency compared to conventional droop method, the microgrid operates more effectively at every load variation. By this way, the frequency is kept within desired limits and the volumes are relieved for secondary and tertiary regulation which have to take over from primary control, if limited load-generators variations occur in the microgrid.




5. Conclusions


This work presented an improved droop regulation methodology for islanded microgrids. In the new methodology, solving an OPF problem, new feasible and optimized set points for distributed generators are found to minimize the microgrid operation losses and satisfy the grid and generators constraints. In this way, the frequency is kept within the desired limits and the energy volumes are relieved for secondary and tertiary regulation purposes. The GSO algorithm is selected to solve the OPF problem, for its ability of looking for global optimization and its fast convergence rate.



A case study was implemented for demonstrating the effectiveness of the proposed method in different loading conditions. And a Matlab/Simulink model was built for testing the operating characteristics of the system. The achieved results were compared to those obtained with the conventional droop regulation. It was shown that, when a load variation occurs, the proposed droop regulation adjusts the droop coefficients, minimizes the power losses, and maximizes the efficiency of power sharing between distributed generators.



In further works, the optimization procedure, that currently considers only the minimization of the microgrid’s power losses, will be modified in order to generate new droop regulation curves for larger systems, and to minimize also the microgrid’s operating cost. Moreover, the new regulation method will be applied to battery storage systems since they are currently showing their potential to enhance system stability in grid-connected and in islanded microgrids.
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Abbreviations and Nomenclature




	DG
	Distributed generator
	δi
	Phase angles of the voltages at bus i



	OPF
	Optimal Power Flow
	θij
	Phase angle of Yij



	GSO
	Glow-worm Swarm Optimization
	nbr
	Number of branches connected to bus i



	OF
	Objective Function
	P0i
	Real power of the load in the operating point



	ICT
	Information and Communications Technology
	Q0i
	Reactive power of the load in the operating point



	ACO
	Ant Colony Optimization
	α
	Real power exponents



	PSO
	Particle Swarm Optimization
	β
	Reactive power exponents



	PWM
	Pulse Width Modulator
	Yij
	Admittance of the ij branch



	PLL
	Phase-Locked Loop
	Kpf
	Coefficient, ranging from 0 to 3.0



	PI
	Proportional Integral
	Kqf
	Coefficient ranging from −2.0 to 0



	PGi
	Real power generated of the i-th generator
	∆P
	Real power deviation



	QGi
	Reactive power generated of the i-th generator
	x(t)
	Location of glow-worms in the search space at iteration t



	KGi
	Frequency droop coefficient of the i-th generator
	l(t)
	Value of luciferin at iteration t



	Kdi
	Voltage droop coefficient of the i-th generator
	ρ
	Luciferin decay constant



	fx,i
	Frequency at the i-th generator
	γ
	Enhancement constant



	Vi
	Output voltage at the i-th generator
	Ni(t)
	Set of neighborhood of glow-worm i at the t-th iteration



	f0i
	Frequency of the i-th generator at no load
	s
	Step-size



	V0i
	Voltage of the i-th generator at no load
	rdi
	Local decision range



	KGmaxi
	Maximum value of frequency droop coefficient of the i-th generator
	KP
	Proportional gain constant



	PGmaxi
	Rated power of i-th generator
	fsw
	The switching frequency of the PWM



	nG
	Number of generators in microgrid
	Ti
	Integral time constant



	nd
	Number of load buses
	σ
	Symmetrical distance



	PLi
	Real power demand of the i-th load
	fc
	Crossover frequency



	Ibranchi
	Current flowing in the i-th branch of the microgrid
	Lv(s)
	LC filter transfer function



	Imaxbranchi
	Ampacity of the i-th branch of the microgrid
	Pv(s)
	PI controller transfer function



	nbranch
	Number of transmission branches in the microgrid
	GC,CL(s)
	Inner current control transfer function



	fmax
	Frequency upper limit
	Cf
	Filter parameters



	fmin
	Frequency lower limit
	Lf, Rf
	Filter parameters



	Pi
	Injected power at bus i
	Tf
	System time constant



	Ploss
	Power losses of the microgrid
	Gv(s)OL
	Open loop transfer function



	nbus
	Number of buses of the microgrid
	Gv(s)CL
	Close loop transfer function



	Vi
	Voltages at buses i
	∆f
	Frequency deviation
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Figure 1. Distributed generators connected to a load through three cable lines. 
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Figure 2. Power sharing with conventional droop control method. 
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Figure 3. Power sharing with new droop control method among two generating units. 
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Figure 4. Simulation block diagram: (a) Block diagram of the control system of one inverter; (b) Structure of phase-locked loop (PLL). 
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Figure 5. Block of the outer voltage PI controller. 
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Figure 6. Block of the outer current PI controller. 
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Figure 7. Test microgrid. 
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Figure 8. P-f relation curves: (a) P-f relation of DG1 with KG1 selected optimally in the range [5–7.5]; (b) P-f relation of DG1 with KG1 selected optimally in the range [6–7.5]. 
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Figure 9. Simulation results: (a) Real power of the distributed generators in the three scenarios; (b) Power losses of the microgrid in the three scenarios; (c) System frequency in the three scenarios; (d) Current of branches in the three scenarios. 
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Table 1. The advantages and disadvantages of droop control methods.
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	Droop Control Methods
	Conventional Droop Control
	Non-Linear Droop Control
	Dynamic Droop Control
	Proposed Droop Control





	References
	[9,10,11]
	[5,12,13,14,15,16,17]
	[18,19,20,21]
	



	Simple
	✓
	-
	-
	✓



	Easy to implement
	✓
	-
	-
	✓



	Quick response
	✓
	-
	-
	✓



	No communication signals between the inverters
	✓
	-
	-
	✓



	Improved power sharing
	-
	✓
	✓
	✓



	Improved stability
	-
	✓
	✓
	✓
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Table 2. Electric parameters of the microgrid branches.
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	Branch
	R (pu)
	X (pu)
	R/X
	Imaxbranch (pu)





	1–3
	0.22229917
	0.02873961
	7.7
	0.5396



	2–4
	0.22229917
	0.02873961
	7.7
	0.5396



	3–4
	0.22229917
	0.02873961
	7.7
	0.5396
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Table 3. New operating points of DG1 droop curve in the three scenarios.
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Scenario

	
Initial Load

	
Scenario 1

	
Scenario 2

	
Scenario 3




	
PL3

	
PL4

	
KG1

	
PG1

	
Ploss

	
f

	
KG1

	
PG1

	
Ploss

	
f

	
KG1

	
PG1

	
Ploss

	
f






	
1

	
0.1

	
0.1

	
7.5

	
0.1233

	
0.0049

	
1.0036

	
5.01

	
0.1022

	
0.0045

	
0.9996

	
6.01

	
0.1118

	
0.0046

	
1.0014




	
2

	
0.12

	
0.1

	
7.5

	
0.1357

	
0.0058

	
1.0019

	
5.18

	
0.1144

	
0.0055

	
0.9979

	
6.00

	
0.123

	
0.0056

	
0.9995




	
3

	
0.14

	
0.1

	
7.5

	
0.1482

	
0.0069

	
1.0002

	
5.42

	
0.1279

	
0.0066

	
0.9964

	
6.00

	
0.1343

	
0.0067

	
0.9976




	
4

	
0.16

	
0.1

	
7.5

	
0.1607

	
0.0082

	
0.9986

	
5.66

	
0.1414

	
0.0079

	
0.995

	
5.99

	
0.1456

	
0.0080

	
0.9957




	
5

	
0.18

	
0.1

	
7.5

	
0.1732

	
0.0096

	
0.9969

	
5.85

	
0.1550

	
0.0093

	
0.9935

	
5.99

	
0.1569

	
0.0094

	
0.9938




	
6

	
0.2

	
0.1

	
7.5

	
0.1858

	
0.0112

	
0.9952

	
6.02

	
0.1686

	
0.0110

	
0.992

	
6.02

	
0.1685

	
0.0110

	
0.992




	
7

	
0.22

	
0.1

	
7.5

	
0.1985

	
0.0129

	
0.9935

	
6.17

	
0.1821

	
0.0127

	
0.9905

	
6.17

	
0.1821

	
0.0127

	
0.9905




	
8

	
0.24

	
0.1

	
7.5

	
0.2112

	
0.0147

	
0.9918

	
6.32

	
0.1958

	
0.0146

	
0.989

	
6.32

	
0.1958

	
0.0146

	
0.989




	
9

	
0.26

	
0.1

	
7.5

	
0.2239

	
0.0168

	
0.9901

	
6.44

	
0.2094

	
0.0167

	
0.9875

	
6.44

	
0.2094

	
0.0167

	
0.9875




	
10

	
0.28

	
0.1

	
7.5

	
0.2368

	
0.019

	
0.9884

	
6.54

	
0.2231

	
0.0189

	
0.9859

	
6.55

	
0.2232

	
0.0189

	
0.9859




	
11

	
0.3

	
0.1

	
7.5

	
0.2496

	
0.0214

	
0.9867

	
6.65

	
0.2369

	
0.0213

	
0.9844

	
6.65

	
0.2369

	
0.0213

	
0.9844




	
12

	
0.32

	
0.1

	
7.5

	
0.2626

	
0.0239

	
0.985

	
6.74

	
0.2507

	
0.0238

	
0.9828

	
6.74

	
0.2506

	
0.0238

	
0.9828




	
13

	
0.34

	
0.1

	
7.5

	
0.2755

	
0.0266

	
0.9833

	
6.82

	
0.2645

	
0.0265

	
0.9812

	
6.82

	
0.2645

	
0.0265

	
0.9812




	
14

	
0.36

	
0.1

	
7.5

	
0.2886

	
0.0295

	
0.9815

	
7.01

	
0.2805

	
0.0295

	
0.98

	
7.01

	
0.2803

	
0.0295

	
0.98




	
15

	
0.37

	
0.1

	
7.5

	
0.2952

	
0.0311

	
0.9806

	
7.29

	
0.2918

	
0.0311

	
0.98

	
7.29

	
0.2918

	
0.0311

	
0.98
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