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Abstract

:

A high share of distributed energy resources (DERs) in power distribution grids has posed many challenges for system operation and control. Microgrid (MG) application with different distributed control approaches for DERs has been drawn a lot of attention from the research community to provide more flexibility, reliability and resilience for the system. This paper develops a distributed secondary control for DERs in MGs and on top of that using synchronous condenser (SC) participating in the secondary control for voltage support. The proposed distributed secondary control framework of MGs is designed to obtain four objectives as follows: (i) frequency restoration, (ii) average voltage restoration, (iii) arbitrary active power sharing among SGs and BESSs and (iv) arbitrary reactive power sharing among all SGs, BESSs and SCs. The comparison results under different scenarios show that with SC participating in the distributed secondary control in MGs, the system frequency and voltage response are much improved and quickly recovered to the nominal values thanks to the natural inertia response and fast reactive power control of SC sharing with other DERs in the MGs. Additionally, a multi-agent system is implemented to realize the proposed control method in hardware environment.
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1. Introduction


The integration of deep distributed energy resources (DERs) has been changing the characteristics of the power distribution system in terms of operation and control principles. This integration causes generation resources in distribution systems to be dispersed, intermittent and diverse. The applications of microgrids (MGs) become more common to provide flexibility, reliability and resiliency, but at the same time adds complexity to the active distribution networks. A microgrid can be on and off from the grid to enable it to operate in either grid-connected or islanded mode. This increases reliability, minimizes the impact of power disturbances to local utility, moderates ever-growing demand and curbs greenhouse gas emissions. However, the coordination of different DERs in MGs for frequency and voltage control is challenging for control, especially when it operates in an islanded mode with a small inertia constant.



MGs are normally operating under their local controller, which communicates with the control center in order to respond to different types of control signals. Moreover, MGs also have a metering infrastructure to collect local data to monitor their operation. Normally, the MG controller is based on centralized control where all components in MG communicate with the center by sending and receiving signals. With the increase of DERs in the MGs, the centralize control architecture will be more complicated and vulnerable. The distributed control strategy is a promising alternative approach to replace centralized control with MGCC to avoid single-point failure and communication burden.



Synchronous condensers (SCs) have started to receive attention from the research community for inertial support and system stability enhancement in low-inertia systems. SC is considered to play an important role in the system frequency stability and short-circuit level improvement for renewable-based systems [1,2]. In [3], SCs were deployed to enhance weak grids in rural areas thanks to the natural inertia response for frequency stability, fault level contribution and voltage regulation, which are challenging to achieve with power electronic systems on their own. SCs can be applied for both transmission and distribution systems: for transmission system, SCs can mitigate protection performance and coordination complication by providing short circuit level (SCL), phase-locked loop instability of inverter-based generation, quick changes in power flow, system instability and power system asynchronization due to different inertia constants. Additionally, SC can also provide power damping to improve low-frequency oscillation in low inertia systems through excitation system control [4]. They can also mitigate transient faults when integrating large-scale renewable energy resources. In distribution systems, SCs can alleviate large differences in SCL between day and night time, improve voltage dips caused by reduced SCL, as well as enhance power quality. They can be configured to provide different fault current during peak and off-peak load periods. SCs can support fault current and inertia response in the islanded mode of microgrids. SCs have been commissioned for grid-supporting applications all over the world, for instance: in August 2020, two ABB SCs were commissioned for the 685,000 MWh Darlington Point solar farm in New South Wales for stabilizing the local power grid with a high penetration of renewable energy; in February 2021, two SCs were installed for the Lister Drive Greener Grid project in Liverpool, England to strengthen the local grid and further integrate wind and solar power. However, the majority of SC applications are in transmission systems, where it is connected to the terminal to boost the voltage and short circuit level for the connections such as wind farm or long tie lines for inter-area connection [5,6,7].



The normal control structure for MGs is divided into three hierarchical layers: primary, secondary and tertiary. The primary control layer is usually based on a droop control scheme, while the secondary control aims to bring voltage and frequency back to their nominal values after the response of the primary one, and in the tertiary layer, normally, the energy management system is implemented to achieve an optimal operation and congestion management in the MG. To implement each control layer, three different approaches can be applied, which are based on centralized, decentralized and distributed methodologies [8]. The centralize control requires the center controller communicates with all components in the system and needs a huge capacity to process the information transmitted from all controllable elements in the system. This approach is not that robust, as they can cause single point failure. Meanwhile, with decentralized control, the control effort of each component is implemented using only local measurements. In distributed control, the control system is distributed along with the entire system, where all components operate in a coordinated way to achieve the global objectives [9,10,11,12,13,14,15]. In [9], a distributed secondary control was proposed for MGs using a multi-agent system architecture where frequency/voltage restoration and power-sharing objectives were achieved with control hardware in the loop validation of the stability considering network latency. Meanwhile, in [10], a cyber-physical design and implementation for distributed event-triggered secondary control was proposed for islanded MGs, which focuses more on communication networks of cyber system implementation and hardware in the loop validation. References [11,12,13] proposed a distributed secondary control for voltage and frequency restoration for inverter-based MGs, which were using droop control and consensus-based methods. The authors in [14,15] proposed a distributed secondary regulation for frequency and voltage using model predictive control for inverter-based resources. All mentioned research works focused on developing distributed control using inverter-based resources such as BESS, and virtual synchronous machines. The distributed control approach has many plus points over the other two schemes; for example, it improves scalability, reliability, controllability, flexibility and robustness to communication link failure, and significantly reduces communication burden while achieving the overall control objectives. Normally, distributed control applies to secondary and tertiary layers of the control system to coordinate different DERs in the MG to achieve global goals. In [16], a review on distributed control for MGs is presented, where this control approach is applied for alternative current (AC), direct current (DC) and hybrid AC/DC MGs. However, all distributed control approaches are only applied for DER units. In this study, we will use a synchronous condenser participating in distributed secondary control with DERs to achieve global frequency and voltage control in an MG. SC not only contributes to the voltage control, but also supports the inertial response to enhance the rate of change of frequency (ROCOF) and system strength. The contributions of the paper are summarized as follows:




	
Using SCs for (i) participating in distributed secondary control for voltage support and (ii) enhancing ROCOF and system strength.



	
Developing a distributed secondary control for MGs using various types of energy resources, which include SCs, battery energy storage systems (BESSs) and diesel generators. The dynamic behaviors of converter-based and rotating machine-based generators are different and they need a proper coordination to achieve global objectives for the system.



	
Realizing the proposed control by the multi-agent system in a heterogeneous implementation. The validation of the proof of concept in a realistic environment is one step closer to field development.








The remaining part of the paper is organized as follows: Section 2 proposes the methodology of distributed hierarchical control using different types of energy resources and a communication framework based on a multi-agent system. The studied system model and simulation platform are presented in Section 3. Section 4 analyzes the comparison results with and without the proposed method, which is followed by important conclusions drawn in Section 5.




2. Methodology


In this work, we consider an MG with power and energy provided by synchronous generators, battery energy storage systems and synchronous condensers. A hierarchical control with the coordination of distributed energy resources is developed to ensure the stability of the system, maintain the operation at a normal state and enhance the performance of the system under disturbances.



In the hierarchical control architecture of MG, the different control levels have different response times, control objectives and information exchange requirements. Primary control requires only local actions to immediately respond and stabilize frequency and voltage when disturbances occur in the system. Secondary control objectives, which are primarily to mitigate frequency or voltage deviations, are achieved more slowly. At this level of control, coordination between DERs is mandatory to properly regulate frequency and voltage. Distributed secondary control is developed to cooperate different types of DERs with different dynamic behaviors under sparse communication. The proposed control scheme is illustrated in Figure 1. The primary control is implemented locally, while the agents are designed to communicate with neighbors for secondary control.



2.1. Primary Control


2.1.1. Synchronous Generators


The governor and turbine dynamics are modeled by speed-proportional control and first-order turbine dynamics, respectively:


   P  S  G i    =  P  S  G i   *  −  1  K  S  G i   P    (  ω  S  G i   m  −  ω  S  G i   *  )   



(1)






   τ  g i     P ˙   τ i   =  P  S  G i    −  P  τ i    



(2)




where   ω  S  G i   *   is the nominal frequency amplitude,   K  S  G i   P   is the droop coefficient of   S  G i   ,   P  S  G i   m   and   P  S  G i   *   are the measured and reference active power output of   S  G i    and   τ  g i    is the low-pass filter parameter.



For the voltage control coordination, the SG voltages are adjusted following the droop law:


   V  S  G i    =  V  S  G i   *  −  K  S  G i   Q   Q  S  G i   m   



(3)




where   V  S  G i   *   is the nominal voltage amplitude,   K  S  G i   Q   is the droop coefficient and   Q  S  G i   m   is the SG measured reactive power output.




2.1.2. Power Inverter Control of BESSs


Each BESS unit consists of a battery system, a DC/AC inverter and an LCL filter to convert power from DC to AC and provide grid-side functionalities. The inverters operate in voltage control mode (grid-forming inverters).



The frequency and voltage of the inverter are tuned by the conventional droop characteristic:


   ω  B E S  S i    =  ω  B E S  S i   *  −  K  B E S  S i   P   (  P  B E S  S i   m  −  P  B E S  S i   *  )   



(4)






   V  B E S  S i    =  V  B E S  S i   *  −  K  B E S  S i   Q   ( −  Q  B E S  S i   *  )   



(5)




where   ω  B E S  S i   *   and   V  B E S  S i   *   are the nominal amplitude values of frequency and voltage,   K  B E S  S i   P   and   K  B E S  S i   Q   are droop factors, which are usually selected according to the rated output power,   P  B E S  S i   m   and   Q  B E S  S i   m   are the measured active and reactive powers and   P  B E S  S i   *   and   Q  B E S  S i   *   are the reference values of the power output.



The inner control loop includes a current control loop and a voltage control loop. In addition, a virtual impedance loop is also included to obtain accurate power sharing between individual units.




2.1.3. Synchronous Condensers


The SCs generate or absorb the reactive power to contribute to control voltage as well as share the reactive power of the system. Additionally, as a rotating machine, SC can provide a natural inertial response and short-circuit current to support ROCOF and system strength.


   V  S  C i    =  V  S  C i   *  −  K  S  C i   Q   Q  S  C i   m   



(6)




where   V  S  C i   *   is the nominal voltage amplitude,   K  S  C i   Q   is the droop factor, which is determined by the maximum and minimum reactive power of   S  C i   , and   Q  S  G i   m   is the SG measured reactive power output.





2.2. Secondary Control


The primary control presented in the previous section responds quickly to adapt to any changes and stabilize the system. However, as a consequence of the droop control, the voltage and frequency deviation are appeared. In this section, we present the distributed secondary control to restore the system to a normal state. The frequency is regulated by SGs and BESSs inverters, while all DERs are coordinated to control bus voltages. Each DER controller sends and collects information with connected DERs based on communication infrastructure topology. The communication network between the DERs is represented by a graph, whose set of nodes corresponds to the set of DER buses  G  and the set of edges   E = G  .



Distributed secondary control is developed to accomplish four goals: (1) frequency restoration, (2) average voltage restoration, (3) accurate sharing of active power between SGs and BESSs and (4) accurate sharing of reactive power between SGs, BESSs and SCs.


   lim  t → ∞    |  ω *  −  ω i   ( t )  |  = 0  



(7)






   lim  t → ∞    |  K i P   P i   ( t )  −  K j P   P j   ( t )  |  = 0  



(8)






   lim  t → ∞    |  V *  −  1   N  S G   +  N  B E S S   +  N  S C      ∑  i = 1    N  S G   +  N  B E S S   +  N  S C      V i   ( t )  |  = 0  



(9)






   lim  t → ∞    |  K i Q   Q i   ( t )  −  K j Q   Q j   ( t )  |  = 0  



(10)







From the presented primary control, the frequency and voltage set-points will be adjusted to achieve the secondary control objectives. The consensus-based algorithm is used to mitigate frequency and voltage discrepancies between adjacent DERs. The secondary frequency control function is constructed as follows:


    u ˙  i ω  =  c ω   ∑  j = 1    N  S G   +  N  B E S S      [  a  i j    (  ω j  −  ω i  )  +  g j   (  ω *  −  ω i  )  ]   



(11)







For the compromise between accurate reactive power sharing and voltage regulation, there is an immediate phase to estimate the weighted average bus voltages, after which the restoration process will be implemented. First, the estimation of the average voltage value    V i  ¯   of each DER is done in a distributed way through a dynamic consensus algorithm. By using the neighbours’ estimation    V j  ¯  , and information from the local voltage measurement   V i  , the output    V i  ¯   is updated at DER i:


     V i  ¯  ˙  =   V i  ¯  +  ∑  j = 1    N  S G   +  N  B E S S   +  N  S C      a  i j    [   V ¯  j  −   V ¯  i  ]   



(12)







The voltages are then restored by observing the calculated average voltages:


    u ˙  i V  =  c V   [  V *  −  V i  ]   



(13)







The arbitrary active and reactive power sharing:


    u ˙  i P  =  c P   ∑  j = 1    N  S G   +  N  B E S S      a  i j    [  K  j  p   P j  −  K  i  p   P i  ]   



(14)






    u ˙  i Q  =  c Q   ∑  j = 1    N  S G   +  N  B E S S   +  N  S C      a  i j    [  K  j  Q   Q j  −  K  i  Q   Q i  ]   



(15)




where   c ω  ,   c V  ,   c P   and   c Q   are control gains that used to regulate the speed of convergence process and   a  i j    is the communication parameter between DERs i and j,    a  i j   = 1   if   ( i , j ) ∈ E  ; otherwise,    a  i j   = 0  .




2.3. Agent


In the proposed control framework, the primary controllers only need local information, while the secondary controllers require coordination with data exchange between controllers. In order to realize a realistic operation of the control system, the multi-agent system is used to implement the consensus algorithm to fulfill the secondary control goals. An agent is an entity capable of receiving measurements from local sensors, exchanging data with other agents via a communication network according to a specific protocol, processing calculations, and then sending appropriate signals back to lower-level controllers and actuators. Each agent is located at a DER and processes the consensus algorithm in a heterogeneous system. In the distributed scheme used in this work, instead of collecting all data to a central entity as a centralized approach, each agent only needs local and adjacent information, but can send signals back to the system level to achieve provided global goals. The communication network is established by sparse communication links between DERs, which contribute to the secondary process.



An agent is a program in python language and it runs independently and asynchronously in a Raspberry Pi to send secondary control signals to the corresponding local controller. The agents interact with the power system and exchange data with each other through a physical communication network with real characteristics. The implementation process of agents is presented in Algorithm 1. As shown in Figure 1, the SG agents and BESS agents exchange    ω m  ,  V m  ,  P m  ,  Q m    information to join the process of regulating voltage and frequency set-points, while the SC agents exchange only    V m  ,  Q m    to regulate the voltage set-point.






	Algorithm 1: Agent i.



	
	1

	
   N i  ←  N 0 i                             //                                    (         determine if agents have a communication connection with agent i               (        




	2

	
Receive local measurements at corresponding node i: {   ω i m  ,  V i m  ,  P i m  ,  Q i m   } for SG and BESS agents,    V i m  ,  Q i m    for SC agents




	3

	
Send the local information to all neighbors




	4

	
Acquire data from all neighborhood agents: {   ω j  ,  V j  ,  P j  ,  Q j   } for SG and BESS agents, {   V j  ,  Q j   } for SC agents




	5

	
Proceed with the consensus algorithm to compute control signals: {   u i P  ,  u i ω  ,  u i V  ,  u i Q   } for SG and BESS agents, {   u i V  ,  u i Q   } for SC agents   //                (         control laws (11)–(15)               (        




	6

	
Send the control signals to the local controller




	7

	
restart from step 1
















3. The Studied System


A single line diagram of a 20-kV microgrid system is modeled in MATLAB/Simulink, as shown in Figure 2 and Figure 3, which includes two BESSs, one PV, one synchronous generator (SG), one SC and three loads, with the detail parameter listed in Table 1 and Table 2. In the distributed secondary control, two BESSs, one SG and one SC are coordinated to provide services that help MG achieves global control goals of maintaining frequency/voltage and sharing active/reactive power after disturbances happened.



For the implementation of the experiment, we use four Raspberry PIs to run four agents, corresponding to four DERs used in this test case grid. The agents receive local measurements from grid simulation, then communicate with other agents using gRPC, a modern open-source high-performance Remote Procedure Call (RPC) framework. After that, agents process the consensus algorithm and send control signals to local controllers. The topology for the communication between agents is shown in Figure 2.




4. Results


In order to validate the proposed control, three cases are examined. Firstly, the system responses during a load step increase and three-phase short circuit fault scenario with and without SC in operation are plotted to compare the role of SC in frequency and voltage stability enhancement in the inertial and primary control stages. The second case is to validate how the proposed distributed secondary control works when the disturbance occurs. Finally, the last case is to validate how the proposed distributed control performs with the variation of a real PV power profile.



4.1. With and without SC in Operation


In order to experience the dynamic performance of SC for frequency and voltage support for the MGs, a load step change and a three-phase short circuit fault are examined to compare the system response with and without SC in operation.



	
Load step change:



In this part, a 6-MW load increase disturbance happens at t = 15 s; the results show the comparison with and without SC in the distributed secondary control. Figure 4, Figure 5 and Figure 6 show the comparison of the system responses in both operation cases. As can be clearly seen from these figures, the system responses have been significantly improved with SC. With the inertial response from SC, the ROCOF of the system is enhanced dramatically from 26 Hz/s to 18 Hz/s, while the frequency nadir is not that significant but still improved. It can be explained that SC is only participating in the inertial response to help ROCOF at the onset of the disturbance. The same pattern is observed on the voltage magnitude at bus 6, as shown in Figure 5; the voltage magnitude has improved both pre- and post-disturbance with SC in the operation. Figure 6 shows the frequency response; it can clearly be seen that when SC is in operation, the frequency nadir and the settling frequency values are better than without SC.



	
Three phase short circuit fault:



In this section, a scenario with a three-phase short circuit fault is considered. The fault event occurs at bus 4 at   t = 1   s and it is cleared after 200 ms with fault impedance    R f  = 7  Ω  . Figure 7 and Figure 8 show the comparison results of system frequency and voltage in both cases of using and not using SC to highlight the contribution of SC in supporting system stability. The IEEE 1547-2018 standard is also expressed in the figures to check the fault ride-through ability of DER integration. It can be seen that with SC, the frequency is within the allowable range, while it is out of the range with a large over/undershoot without SC. The voltages in both cases are still satisfied with the requirement. With the given value of fault impedance, the voltage does not drop much [18], around 0.83 pu, as shown in Figure 8. As a result, we do not see a significant contribution of SC for voltage support here. It can be concluded that in the fault condition, SC helps the system to enhance frequency stability.







4.2. Distributed Secondary Control


In the aforementioned analysis, the distributed secondary control contributes to (i) frequency restoration, (ii) average voltage restoration, (iii) arbitrary active power-sharing among SGs and BESSs and (iv) arbitrary reactive power sharing among all SGs, BESSs and SCs. In this section, the comparison results show how the proposed control method can achieve these objectives. The results without secondary control are also included to have comparisons.



	(i)

	
Frequency restoration: it can be seen from Figure 9 that, with the proposed distributed secondary control (blue line), the frequency is rapidly recovered to the nominal value (50 Hz), while in the case without the secondary controller, the frequency deviation is not mitigated and the frequency remains at   49.5   Hz after the load increase disturbance.




	(ii)

	
Average voltage restoration: Figure 10 shows how the average voltage can be quickly brought back to the nominal value with the proposed control. However, the average value is approximately   0.98   pu when the system operates without the proposed control. Figure 11 shows the actual voltages measured at DER buses, which are controlled within thresholds.




	(iii)

	
Arbitrary active power-sharing among SGs and BESSs: the active power of two BESSs and one SG rapidly respond to share the power imbalance of the system, as shown in Figure 12. Here, we notice that SG and BESS 1 have the same droop control gain, then as expected, they share the same amount of active power contribution, while that of BESS 2 is double, as seen in Figure 12. The secondary control ensures the accuracy of power-sharing as the initial design.




	(iv)

	
Arbitrary reactive power sharing among all SGs, BESSs and SCs: Figure 13 shows the reactive power contribution from different resources participating in the control. It can be seen clearly that the responses from BESSs are faster than that of SC and SG. This can be explained by the fast response of power converter control in comparison with rotating machines, which need more time for the excitation system to accelerate its electromagnetic field. The settling time of BESSs is also shorter than that of the rotating machines.








4.3. Test Case with a Renewable Energy Resource


The performance of the proposed method is further validated by connecting the test case system to a PV system with real data profiles. The active power output profile of PV is shown in Figure 14 for a 30 s duration. As seen clearly from the figure, the active power of PV gradually reduces at t = 15 s from 2.6 MW to 1.6 MW within approximately 12 s and then starts to increase. With the integration of the PV system into the grid, the control objectives are still achieved. The frequency and voltage are kept at rated values, as shown in Figure 15 and Figure 16. The active and reactive power outputs of DERs are shared proportionally following the droop coefficients of controllers (Figure 17 and Figure 18).




4.4. Discussions


From two disturbances scenarios, it is obvious that SC can contribute to the inertial response and the secondary control to bring the frequency and voltage back to nominal values. With the proposed distributed secondary control, four objectives are rapidly achieved after the load increase disturbance. From the comparison results, we can coordinate different types of generations that have different operation mechanisms for distributed secondary control, which is a new concept in this work.





5. Conclusions


The transition from centralized generation to small dispersed DERs at medium and lower voltage levels in distribution systems has introduced the concept of microgrids as a controllable entity within the next-generation power system. Microgrids highly rely on communication and control to meet their operational constraints and optimization goals. The research community has been moving toward distributed control for MGs to avoid the computational and communication burdens due to the increased number of DERs in the system. This paper proposed a distributed secondary control framework for MGs using SC coordinated with different DER units. With SC participating in the distributed control, system frequency and voltage have been significantly improved and rapidly recovered to the nominal values after the disturbances. Additionally, the power response from converter control of BESSs shows that ramping rate of converter-based resources is much faster than that of rotating machines. Meanwhile, the inertial response of the rotating machine helps ROCOF and system strength enhanced dramatically. The combination of SC and DERs in the distributed control framework for MGs not only helps the system frequency and voltage rapidly recover to nominal values, but also enhances the ROCOF and system strength. Realization by a multi-agent system is implemented to validate the proposed control approach that makes the proof-of-concept proposed closer to the field development.
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Figure 1. The proposed distributed secondary control framework diagram for MGs. 
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Figure 2. Single line diagram of the studied MG. 
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Figure 3. Matlab/Simulink model. 
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Figure 4. Comparison of the rate of change of frequency. 
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Figure 5. Comparison of the voltage at bus 6. 
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Figure 6. Comparison of the frequency at bus 6. 
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Figure 7. Frequency response comparison during a fault case. 
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Figure 8. Voltage response comparison during a fault case. 






Figure 8. Voltage response comparison during a fault case.



[image: Energies 15 02968 g008]







[image: Energies 15 02968 g009 550] 





Figure 9. System frequency. 
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Figure 10. Average voltage. 
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Figure 11. Voltage. 
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Figure 12. Active power output. 
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Figure 13. Reactive power output. 
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Figure 14. Active power PV. 
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Figure 15. Frequency. 
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Figure 16. Voltage. 
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Figure 17. Active power output. 
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Figure 18. Reactive power output. 
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Table 1. MG parameters [17].
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	P (MW)
	Q (MVAr)
	S (MVA)





	SG
	
	
	3



	SC
	
	
	3



	BESS 1
	3
	
	



	BESS 2
	6
	
	



	PV1
	3
	
	



	Load 1
	2.8
	2.2
	



	Load 2
	3.5
	2.7
	



	Load 3
	3.0
	2.5
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Table 2. Line parameters [17].






Table 2. Line parameters [17].





	Resistance (Ohm)
	Reactance (Ohm)
	Line Name





	0.97
	0.384
	z1



	0.85
	0.298
	z2



	0.473
	0.316
	z3



	0.548
	0.224
	z4



	1.028
	0.258
	z5



	0.38
	0.17
	z6



	0.279
	0.182
	z7
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