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Abstract

:

Steady-state, harmonics, and transient analysis of a power system by using a detailed simulation model is essential to microgrid operation before the installation of new power facilities, because the microgrid, which is a small-scale independent power grid consisting of distributed resources and an energy storage system, has no choice but to include many inverters consisting of switching devices. Accordingly, in the case of an accident in a microgrid system, various power system simulation tools must be used to calculate the fault current for grid protection components. Specifically, Modelling using Power System Computer Aided Design (PSCAD)/Electro-Magnetic Transient Design and Control (EMTDC) can perform detailed modeling of switching devices into each inverter, and Electrical Transient Analyzer Program (ETAP) can design protection relays. From this perspective, this study designed whole protection components in a microgrid system, including the capacity of switching devices for fault ride through a protective relay and the capacity of the circuit breaker. The parameters of an actual microgrid on the San Cristobal Island, Galapagos, were used to make a detailed simulation model in both PSCAD/EMTDC and ETAP. The capacities of the switching devices were estimated by using PSCAD/EMTDC. Additionally, the rated breaking capacities and the setting values of the protective relay were also calculated from the result of an ETAP simulation.
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1. Introduction


According to advanced research, computer modeling and power system analysis are very important for the stable operation and management of power systems [1]. Specifically, before connecting a new power facility to a sensitive power system such as a microgrid, detailed analysis using computer simulation must be performed to check normal operation, transient state, harmonics, and dynamic characteristics. As the microgrid is a small-scale independent power grid, which consists of renewable energy sources, such as solar or wind power, with an energy storage system (ESS), a detailed power system analysis should be completed [2,3]. Several inspiring papers, such as ”Fault analysis of 380V DC-microgrid” and ”An inverter-only supplied microgrid analysis,” have analyzed various results on microgrids using power system simulation tools [4,5,6,7,8,9]. However, there are no papers that design whole protection components of the microgrid using the Power System Computer Aided Design (PSCAD)/Electro-Magnetic Transient Design and Control (EMTDC) and Electrical Transient Analyzer Program (ETAP) programs. In addition, in the event of an accident on the microgrid, the calculation of the fault current requires the use of various simulation tools to improve accuracy. Currently, PSCAD/EMTDC is specialized in various types of AC and DC power facilities, namely PCS simulation studies, including power electronics, subsynchronous resonance, and lightning overvoltage [10,11,12,13]. Thus, detailed modeling of the inverter switching device and the conventional power system can be performed. ETAP is useful to calculate the fault current, design a protection system, and analyze power system stability [14,15,16,17]. With ETAP, unlike PSCAD/EMTDC, it is not possible to model the inverter’s switching device in detail, but the advantages of simple modeling of the power system, the result of the accident current calculation, and setting the protective relay in the event of a system accident can be derived within a short time.



This study proposed to design a method of whole protection components in a microgrid system by using various power system simulation programs. First, the simulation models of the microgrid were made using the PSCAD/EMTDC and ETAP programs. In this study, the PSCAD/EMTDC simulation model was focused on inverter facilities, including the topology, filter, and even the controller. The ETAP model was created by using its well-made libraries. Second, the ground and short-circuit fault current values were calculated. Then, the calculation results were compared with each program to improve the accuracy and reliability of the simulation models. Third, the circuit breaker capacities were decided by the worst fault current flowing into the bus at each distributed resources-side, calculated through the ETAP program. Fourth, the capacities of the switching devices in the inverter system were estimated to consider the self-protection sequence and the capable low voltage ride through (LVRT) operation through the PSCAD/EMTDC simulation result in which the maximum fault current flows to the insulated gate bipolar transistors (IGBTs) [18,19,20,21,22]. Finally, the setting values of the protective relays were corrected in consequence of the ETAP simulation results. To verify the effectiveness of the proposed method, the parameters for San Cristobal Island, Galapagos, where the actual average load is about 1.8 MW, were applied to each simulation tool. The example microgrid was installed with distributed resources, including 6.39 MW diesel generators, a 2.095 MWh ESS, 1 MW photovoltaics (PVs), and three 0.8 MW wind turbines. The simulation analysis scenarios assumed that the fault occurred at the zero-crossing point of phase A in normal conditions. This is shown as a single line diagram in Figure 1. The power system of this study operates only two 1.67 MW diesel generators according to the load size, PV generates 1 MW output, and ESS controls PV output fluctuations [23]. In addition, the wind turbine (WT) was operated at only two 800 kW to prevent light-load operation of diesel generators.




2. Protection Theory


There are many studies on how to protect microgrids [24,25]. In this paper, we focused on two items necessary for microgrid protection. The first is the LVRT control of the inverter. It is a method to prevent drop from the power system by supplying reactive power in consideration of the accident time and voltage reduction rate when low voltage of the system occurs. Therefore, the capacity of the inverter’s IGBT must be designed in accordance with the LVRT condition. Second, the short-circuit current calculation needs to be considered. In the event of an accident in the power system, not only the inverter, but also the circuit breaker and protection relay must be managed. Accordingly, it is possible to quickly prevent the spread of an accident by the proper breaker capacity and the set value of the protection relay through accurate short-circuit current calculation.



2.1. LVRT Control Method


Figure 2 shows the detailed controller of a two-level power conversion system (PCS) model for the PVs, ESS, and WTs. From inverter control theory, the terminal voltage of the two-level inverter in the dq-axis using Park’s transformation can be expressed as


   v  t d   = −  L i    d  i d    d t   + ω  L i   i q  +  v  s d    



(1)






   v  t q   = −  L i    d  i q    d t   − ω  L i   i d  +  v  s q    



(2)







By using decisions of filter capacity, the gains and bandwidth of the proportional integral (PI) controller were calculated. Then, these values were tuned considering the response of the PCS, such as overshoot, rising time, and so on [26,27]. If the PI controller is used, it can be expressed as


   v  t d  *  = − (   k p  +    k i   s   ) (   i d *  −  i d   ) + ω  L i   i q  +  v d   



(3)






   v  t q  *  = − (   k p  +    k i   s   ) (   i q *  −  i q   ) − ω  L i   i d  +  v q   



(4)







In the above equation,    i d *    and    i q *     are set to perform current control by using Equations (5) and (6):


   Q  r e f   =       0     0.8  V  r a t e d   < Δ V ≤   0         Δ V × k     0.5  V  r a t e d   < Δ V ≤   0.8  V  r a t e d            Q  m a x     ( 0.3  V  r a t e d   < Δ V ≤ 0.5  V  r a t e d   )        



(5)






   i d *  =  Q  r e f   /  3 2   v q   



(6)






   i q *  =  P  r e f   /  3 2   v q   



(7)




where    i d *    means that the PCS operates as the unity power factor in a steady state and supports the grid stability by using a LVRT operation in a transient state, as shown in Figure 3. In addition,   Δ V   in Equation (5) refers to the error between the line voltage root mean square (RMS) value and the reference line voltage RMS value flowing into each system. If the grid voltage drops below 30% of the rated voltage because of a severe fault, the PCS will be disconnected from the grid by its self-protection. The    P  r e f     of    i q *    represents the active power of the connected sources.




2.2. Fault Current Calculation


When an accident occurs in the power system, an asymmetric current flows about the horizontal axis as shown in Figure 4. The fault current expressed in red in Figure 4 includes the symmetrical AC current that occurred by the rotating machine connected to the power system and the DC current indicated in blue, which is determined according to the X/R ratio. In ETAP, according to the International Electrotechnical Commission (IEC) standard, the short-circuit current is calculated as above [28].    I k    is the RMS value of the AC symmetrical component of an available short-circuit current applicable at the instant of the short-circuit if the impedance remains at zero time value, which is shown in Equation (8). Voltage factor c is used to adjust the value of the equivalent voltage source for minimum and maximum current calculations according to the nominal voltage and voltage regulation. In Equation (9),    i p    is the maximum possible instantaneous value of the available short-circuit current; m is a function of the power system X/R ratio at the fault location. Therefore, the initial symmetric short-circuit current and peak short-circuit current can be calculated using the ETAP program.


   I k  = c  U n  /  3   Z  e q    



(8)






   i p  =  2  m  I k   



(9)









3. Power System Modeling of a Microgrid


The example power system model of Galapagos’ San Cristobal Island was made by using the PSCAD/EMTDC and ETAP programs. The distributed resources of the island consist of a 6.39 MW diesel power plant, 1 MW PV, a 2.095 MWh ESS, and a 2.4 MW wind power plant. In addition, the input parameters in each program were set to match the actual values.



3.1. Power System Modeling Using PSCAD/EMTDC


Figure 5 represents the overall PSCAD/EMTDC model of the island. All of the distributed resources, including the diesel generators, PV, ESS, and wind farm, are connected to the same bus in the substation. In addition, there are three load buses, which are linked to the urban area with two lines and the rural area with one line. The real line parameters of the overhead lines and underground cables are used for the simulation model. The 1.8 MW averaged power loads are modeled as a variable load with the actual load data applied.



Figure 6 is an enlarged view of a diesel power plant simulation model. It consists of six generators, each with a different capacity. However, in this study, two 1.67 MW diesel generators were operated, considering the grid conditions. Figure 7 is a detailed model of the 1.67 MW generator in Figure 6. This figure shows the detailed parameters of the engine and synchronous generator, such as the subtransient reactance, transient reactance, and the rated speed of the engine.



Figure 8 is a simulation model of a 1 MW PV plant and a 2.095 MWh ESS. Ten 100 kW PVs are linked separately to ten 100 kW PCSs. The 2.095 MWh ESS is composed of three 500 kW PCSs with parallel connections, which are shown enlarged in Figure 9. The battery model of ESS uses the library provided by PSCAD/EMTDC, as indicated by the blue box. The ESS plays a role as the PV output power controller as it does with the actual operation. The simulation model of the 2.4 MW wind farm is shown in Figure 10. It is composed of three 800 kW PCSs. The actual wind power generator is of PMSG (permanent magnet synchronous generator) type, and it is equivalent to a voltage source inverter, as shown in Figure 2. In this study, the wind farm is operated as a curtailed output power to prevent the light operation of diesel generators.



In this paper, we assume the worst situation considering the light load operation of the diesel generator. Therefore, for the situation of 2.7 MW of power load, the output of the 1.6 MW diesel generator is operated at the output of 30%, which is the limit of light load operation. Accordingly, the diesel generator is operated at 0.7 MW, output power of the PV inverter is 1 MW, and output power of the WT inverter is 1 MW. In the case of ESS, because the PV maintains its rating, it already regulates the output fluctuation of PV. Table 1 represents the detailed parameters for the PCS controllers.




3.2. Power System Modeling Using ETAP


Figure 11 shows the modeling results using the ETAP program. The capacity of the distributed power source is modeled in the same way as with PSCAD/EMTDC. Unlike PSCAD/EMTDC, the equivalent line is set to a calculated line parameter that is based on the actual line length. In addition, it is modeled using breakers and relays provided by ETAP, as shown in the blue box, to derive the set values of the breakers and protective relays.



In ETAP, detailed generator parameters can be set, as shown in Figure 12. The generator’s rated value, impedance, and dynamic model are set to match the actual parameters.



Figure 13 is a simulation model of the ESS. Three 500 kW PCSs are connected in parallel, and the detailed parameters are shown on the right side of the figure. In addition, 34 batteries in one rack, each with a capacity of 68.476 kWh, are connected, resulting in a total capacity of 2.095 MWh.



The detailed parameters and structure of the 100 kW PCSs are the same as the setting values on the right side of Figure 14.



Figure 15 shows the result of modeling a wind farm composed of three 800 kW units. The rated value of the wind power generator can be set through the parameters on the left side of Figure 16, and the cut-in speed, cut-out speed, power coefficient, etc., of the wind power generator were designed according to the characteristics of the actual wind power generator.





4. Simulation Results


4.1. Scenario 1—Ground Fault Accident of Main Power Plant Bus (13.8 kV)


4.1.1. Using PSCAD/EMTDC


In order to confirm the result of the system accident through PSCAD/EMTDC, it is assumed that a single line ground fault occurred in about 5 s. Figure 17a shows the three-phase instantaneous voltage of the main bus and Figure 17b represents the three-phase instantaneous current of the main bus. It can be seen that the voltage of phase A becomes 0 V through the instantaneous three-phase voltage in Figure 17a. The maximum value of the ground fault current is about 2.5 kA.



Figure 18a shows the active and reactive power values of a 1 MW PV plant. In the case of an accident, the active power value at the top of the figure is controlled to 0 MW and the reactive power value is about 0.2 MVAr, depending on the LVRT. In addition, Figure 18b shows the current values of the upper IGBT and the lower IGBT of the inverter, and it can be confirmed that a maximum current of 0.65 kA occurs. The ESS PCS and wind farm’s PCS shown in Figure 19 and Figure 20 also perform active and reactive power control in the same way as the PV PCS, and a current of up to about 0.7 kA flows into the IGBT devices of the 500 kW PCS for the ESS. Figure 20b shows that up to about 2.5 kA flows into the IGBT devices of the 800 kW PCS for the wind turbines. The effective power shown in Figure 18a, Figure 19a and Figure 20a is designed to be controlled by 0 MW in the event of an accident, but not controlled by 0 MW in a short period of time due to a transient state, and this energy is consumed by DC choppers [29,30].




4.1.2. Using ETAP


Figure 21 shows the result of the analysis of the magnitude of the accident current in the event of a ground fault in the power system through ETAP. The magnitude of the accident current flowing into the distributed power and load can be known, but only the magnitude of the accident current of the main bus of the power plant is enlarged, compared with the result value of PSCAD/EMTDC. In ETAP, it can be confirmed that the accident current is 2.27 kA, which indicates that there is an error of about 0.23 kA with PSCAD/EMTDC.





4.2. Scenario 2—Three-Phase Fault Accident of Main Power Plant Bus (13.8 kV)


4.2.1. Using PSCAD/EMTDC


In scenario 2, a three-phase short-circuit accident is assumed at about 5 s. Figure 22a shows the three-phase instantaneous voltage of the main bus, and Figure 22b shows the three-phase instantaneous current on the side of the main bus. It can be seen that a three-phase short-circuit accident occurs because the voltage on the abc-phase when the accident occurs is 0 V. At this time, the maximum value of the short-circuit current is about 1.8 kA.



Figure 23a shows the active and reactive power values of the 100 kW PCS of PV, and Figure 23b shows the amount of current flowing into the upper and lower IGBTs of the PCS. In contrary to the single line ground fault, when a three-phase short-circuit occurs, the rated voltage drops below 30% and the PCS is cut off from the grid by its self-protection. Therefore, it can be seen from Figure 23a that the reactive power is continuously 0 MW and 0 MVAr, and Figure 23b shows that the IGBT switching operation also stops.



It can be seen from Figure 24 and Figure 25 that the ESS’s PCS and the wind farm’s PCS also stop the active and reactive power control and stop the IGBT switching operation in the same way as the PV’s PCS results above.




4.2.2. Using ETAP


Figure 26 shows the analysis result indicating the magnitude of the accident current when a three-phase short-circuit accident occurs in the power system through ETAP. The magnitude of the accident current of the main bus of the power plant is 1.7 kA, and it can be seen that there is an error of about 0.1 kA with PSCAD/EMTDC.






5. Discussion


In the 13.8 kV main bus for each scenario derived from the PSCAD/EMTDC and ETAP simulations, the error between both simulation results was about 0.23 kA in the case of ground fault and about 0.1 kA in the case of a three-phase fault. The negligible errors were caused by the different input parameters for each simulation’s characteristics. From the simulation results under fault conditions, the validity of the simulation modeling was verified.



In scenario 2, since the switching of the PCS stopped, the required current capacities of the IGBTs were estimated from scenario 1. Therefore, the capacities of each IGBT should be designed above the maximum current value shown in Table 2 to prevent the failure of a LVRT operation. In addition, the reason that the fault current was smaller in a three-phase fault than in the single ground fault, shown in Table 2, was because the voltage drop became more than −70%, as shown in Figure 3, so switching of the IGBT was dropped out.



As a result of using ETAP, the set values of the breaker and protective relay connected to each bus were derived. Firstly, the circuit breaker should be designed based on the value of the larger current among the single line ground fault and the three-phase short-circuit fault. Table 3 shows the values of the accident current flowing into the PV plant, ESS, and wind farm. From these results, the rated breaking capacities of circuit breakers should be selected as values above the maximum accident current.



Figure 27 shows the correction of the overcurrent relay number 15 connected to the ESS from the ETAP simulation results. It means that the relay operates with an inverse time limit, the time delay operation is set at 150% of the rated current, and the pick-up current is 1.18 kA. In addition, the delay time is 0.4 s based on the three-phase short-circuit fault current. If the fault current is up to 1.60 kA, it will operate within 50 ms with a definite time operation.




6. Conclusions


In this study, we proposed a complete protection system of a microgrid using the PSCAD/EMTDC and ETAP programs to ensure a more stable microgrid operation. In the design example of the microgrid, the reliability of the simulation models was improved by cross-checking the accident current results between two simulation tools. PSCAD/EMTDC calculated the IGBT minimum withstand current value for each inverter for LVRT operation, which is essential for a microgrid. Through the ETAP analysis result, the fault current result value of the bus at the sensitive renewable facility side was derived from the overcurrent, and the minimum rated breaking capacity of each facility was suggested. Accordingly, the rated capacity of the circuit breaker should be designed to exceed the value of the fault current flowing into each bus. In addition, through ETAP, the characteristic curve of the protection relay connected to each bus can be derived. Through this, it was possible to derive the protective relay correction value according to the characteristics of each relay.



In this paper, through the PSCAD/EMTDC and ETAP system analysis programs, a method to simultaneously consider PCS LVRT operation, protection relay, and circuit breaker design methods was proposed. If the protection system of the microgrid is designed through various system analysis programs as shown above, stable operation of the power system will be possible in the future.







Author Contributions


Conceptualization: E.-H.K.; methodology: H.S. and S.H.C.; resources: H.S., S.H.C., and E.-H.K.; writing—original draft preparation: H.S. and S.H.C.; writing—review and editing: H.S. and E.-H.K.; supervision: E.-H.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Jeju National University and the Korea Institute of Energy Technology Evaluation and Planning (KETEP).




Acknowledgments


This research was supported by the 2019 scientific promotion program funded by Jeju National University and the Korea Institute of Energy Technology Evaluation and Planning (Project number: 20194030202310).




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	    V  t d     
	d-axis terminal voltage



	    V  t q     
	q-axis terminal voltage



	    V  s d     
	d-axis grid voltage



	    V  s q     
	q-axis grid voltage



	    i d    
	d-axis current



	    i q    
	q-axis current



	    S  u x     
	Upper arm IGBT (   x =  Phase   a  , b , c )  



	    S  l x     
	Lower arm IGBT (   x =  Phase   a  , b , c )  



	    i  u x     
	Upper arm current (   x =  Phase   a  , b , c )  



	    i  l x     
	Lower arm current (   x =  Phase   a  , b , c )  



	    L i    
	Filter inductance



	    k p    
	Proportional gain



	    k i    
	Integral gain



	  ω  
	Grid’s angular frequency



	   Δ V   
	Voltage error



	    P  r e f     
	Reference of active power



	    Q  r e f     
	Reference of reactive power



	    I k    
	Initial symmetrical short-circuit current



	    U n    
	Nominal voltage



	    Z  e q     
	Equivalent impedance



	    i p    
	Peak short-circuit current



	IEC
	International Electrotechnical Commission



	RMS
	Root mean square



	AC
	Alternating current



	DC
	Direct current



	ESS
	Energy storage system



	PCS
	Power conversion system



	LVRT
	Low voltage ride through



	IGBT
	Insulated gate bipolar transistor



	PV
	Photovoltaic



	WT
	Wind turbine
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Figure 1. Overview of San Cristobal Island power system. 
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Figure 2. Two-level inverter simulation model. 
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Figure 3. Low-voltage ride-through requirement. 
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Figure 4. The form of fault current. 
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Figure 5. Overall simulation model in PSCAD/EMTDC. 






Figure 5. Overall simulation model in PSCAD/EMTDC.



[image: Energies 13 05784 g005]







[image: Energies 13 05784 g006 550] 





Figure 6. Structure of a diesel power plant model in PSCAD/EMTDC. 
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Figure 7. Detailed model of the diesel generator and its parameters. 
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Figure 8. Photovoltaic (PV) plant and energy storage system (ESS) simulation models in PSCAD/EMTDC. 






Figure 8. Photovoltaic (PV) plant and energy storage system (ESS) simulation models in PSCAD/EMTDC.



[image: Energies 13 05784 g008]







[image: Energies 13 05784 g009 550] 





Figure 9. ESS model and battery model parameters in PSCAD/EMTDC. 
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Figure 10. Wind farm simulation model in PSCAD/EMTDC. 
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Figure 11. Overall simulation model in ETAP. 
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Figure 12. The 1.67 MW diesel generator parameters in ETAP. 
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Figure 13. ESS simulation model. 
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Figure 14. PV simulation model. 
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Figure 15. Wind farm simulation model. 
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Figure 16. The 800 kW wind turbine generator parameters. 
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Figure 17. Simulation results of scenario 1: (a) instantaneous three-phase voltage of main bus and (b) instantaneous three-phase current of main bus. 
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Figure 18. Simulation results of scenario 1: (a) 1 MW PV plant (top: active power; bottom: reactive power) and (b) 100 kW PCS (top: current of upper insulated gate bipolar transistor (IGBT); bottom: current of lower IGBT). 
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Figure 19. Simulation results of scenario 1: (a) 1.5 MW PCS of ESS (top: active power; bottom: reactive power) and (b) 500 kW PCS (top: upper current of IGBT; bottom: lower current of IGBT). 
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Figure 20. Simulation results of scenario 1: (a) 2.4 MW PCS of wind farm (top: active power; bottom: reactive power) and (b) 800 kW PCS (top: upper current of IGBT; bottom: lower current of IGBT). 
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Figure 21. Simulation results of scenario 1: single line ground fault current calculation using ETAP. 
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Figure 22. Simulation results of scenario 2: (a) instantaneous three-phase voltage of main bus and (b) instantaneous three-phase current of main bus. 
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Figure 23. Simulation results of scenario 2: (a) 1 MW PV plant (top: active power; bottom: reactive power) and (b) 100 kW PCS (top: current of upper IGBT; bottom: current of lower IGBT). 
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Figure 24. Simulation results of scenario 2: (a) 1.5 MW PCS of ESS (top: active power; bottom: reactive power) and (b) 500 kW PCS (top: upper current of IGBT; bottom: lower current of IGBT). 






Figure 24. Simulation results of scenario 2: (a) 1.5 MW PCS of ESS (top: active power; bottom: reactive power) and (b) 500 kW PCS (top: upper current of IGBT; bottom: lower current of IGBT).



[image: Energies 13 05784 g024]







[image: Energies 13 05784 g025 550] 





Figure 25. Simulation results of scenario 2: (a) 2.4 MW PCS of wind farm (top: active power; bottom: reactive power) and (b) 800 kW PCS (top: upper current of IGBT; bottom: lower current of IGBT). 
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Figure 26. Simulation results of scenario 2: three-phase fault current calculation using ETAP. 
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Figure 27. Protective relay correction time current curve. 
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Table 1. Detailed parameters for the power conversion systems (PCSs).






Table 1. Detailed parameters for the power conversion systems (PCSs).





	
Items

	
Values






	
Common parameters

	
Grid frequency

	
60 Hz




	
Primary side transformer voltage

	
13.8 kV




	
PV

	
Secondary side transformer voltage

	
0.38 kV




	
Rated converter capacity

	
100 kW




	
Filter inductance

	
0.89 mH




	
Filter capacitance

	
90 uF




	
Switching frequency

	
5000 Hz




	
Controller bandwidth

DC link voltage

	
2000 rad/s

0.8 kV




	
ESS

	
Secondary side transformer voltage

	
0.38 kV




	
Rated converter capacity

	
500 kW




	
Filter inductance

	
0.36 mH




	
Filter capacitance

	
459 uF




	
Switching frequency

	
2500 Hz




	
Controller bandwidth

DC link voltage

	
1000 rad/s

0.8 kV




	
Wind turbine

	
Secondary side transformer voltage

	
0.44 kV




	
Rated converter capacity

	
800 kW




	
Filter inductance

	
0.22 mH




	
Filter capacitance

	
734 uF




	
Switching frequency

	
2500 Hz




	
Controller bandwidth

DC link voltage

	
1000 rad/s

1 kV
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Table 2. Maximum current flowing into the IGBTs.






Table 2. Maximum current flowing into the IGBTs.





	PCS
	Single Ground Fault Current (kA)
	Three-Phase Fault Current (kA)





	100 kW (PV)
	0.6
	0.5



	500 kW (ESS)
	0.7
	0.6



	800 kW (Wind turbine)
	2.5
	2.2
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Table 3. Selection of the rated current of the breaker.
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	Items
	Single Ground Fault Current (kA)
	Three-Phase Fault Current (kA)





	PV plant side bus
	0.58
	0.50



	ESS side bus
	1.28
	1.07



	Wind farm side bus
	0.68
	0.98
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
."'“” _| ‘s.uh _| A .u:
Transformer I ' _
Vas i i tua r Iubﬂ

@ ’ J b P10t Lib
Grid || Llilg e —"%} i

A

Yy vy Y !
abc abc T—TT
° A e A
.S“” ‘shl .S”,' b “uc ¢

1;75;Ci ‘];7£;c] iici iicl ‘1;75;61 f TI 1KA‘I\
iy —so——PI—

A 4

id wl Vi —
iq wl Viq m.
i~






media/file52.png
2, 0.
i
S o By
A s m
. =
8 elel s
i ,.
INLy D
)
ot 3
: M : it .
o mM —— A h&
& M, t ,w hlé
6 M, v I ¢ |
L k. . LB B






media/file39.jpg





media/file18.png
Main bus (13.8 kV)

o - s [masterbattery] id='203247321' X
2 .o—o. | Configuration ~
zo zo — -
— ~ Ll Ssew
i i  Gener
iy D= Battery name Bat1
z z Data entry Tabular data
2 g Nominal voltage 0.8 [kv]
F I Rated capacity 2.61875 [kA™hr]
= = Loss of capacity at nominal current in an hour 100 [%]
“ “ Initial state of charge 50 [%]
v Outputs
State of Charge [%] B_soc3
. . | .
z B 83 B
g 2 g 2 g 2
| | ok | [ Camsl | [ Heb.

n





media/file21.jpg





media/file44.png
=V bus -
15.0 2.0 I fault

10.0 ’ﬁﬁﬂ‘ ‘ 1.5 n ﬁ

AV ATA A A la
|

|- n
| f

~ 3

L et E——— =

|
|
|
A

g |
i o AW W WY
TOYYVVY Ny WWV

-15.0 o

eC 4950  4.975 5.000 5.025 5050 5.075 5100 5.125 5.150  5.175 = i ion oo s i 0E e o o

(a) (b)





media/file26.png
il il i






media/file7.jpg
(ka)4






media/file28.png
8 24

Immmm.s kV)

;)CB ZJ‘) cs ZGi} c8 2']‘) o ZBI

20
Inv 4 Inv
dcBus dcBus
1

Inverter Editor - Inv 4

Info ]Haﬁng AC Loading | DC Generation | Duty C Harmonic | Reliability | Remarks | Cor ¢ | »
| DC 100kW 380V AC 138KV 90kVA
DC Rating
[k | 100 v 1m Vmax 10 % Vmn 0 %
FLA 3.2
Efficiency Imax
%Load 100 [ 9 ] .
10 %
KEH, € 90 L1l 2
AC Rating SC Contribution to AC System
kv
WA ® 38 1% KL D 3
Min, PF Max, PF
%PF 100 &

AC Grounding

R

Earthing Type
[7] Grounded

88 E Qi

ErTTEls

lsc:KvFLAl 5600 A

Distributed

Neutral

=13} 8 @) () (coen






media/file10.png
N

:

AW €00 (M) 5200

i

J

v

4

Main bus (13.8 kV)

E:
Al

b

00 (m)
>

v
| Resstavty: 1000 [ohe*m)

nh:lh

p 6.39 MW Diesel power plant

BALLERE

»
e e we | W e e (e e e ()

1 MW PV and 2.095 MWh ESS

Overhead cable

e W B

B~ 5
*"
§ uge T

Underground cable





media/file49.jpg





media/file11.jpg
‘Main bus (13.8 kV)






media/file6.png
Low voltage
disconnection

Voltage sag

Dead band

1AQ

-50

%

-20%

AQ
AV

|

AV

Qmax





media/file36.png
MW

0.2

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

=p py

J L

MVAr

0.10

0.05

0.00

-0.05

-0.10

-0.15

-0.20

-0.25

-0.30

=0 pv

\\

L

%V

sec

4.950  4.975

5.000

5.025

5.050  5.075

(a)

5.100

5.125

5.150

5.175

= Jau

\-Itu

A

AR

——
e e

ALK

-
.

=

-

p—

S—
—_—

-0.6

-0.8

= Ibl

= Icl

=l

/I Alal

{

i

1 L dd

L

T

-0.2
A

)

1L

sec

5.024

5.026

5.028

5.030  5.032

(b)

5.034

5.036

5.038  5.040





media/file15.jpg
il

H

i

Im-.num

|

w

TS

T Y






nav.xhtml


  energies-13-05784


  
    		
      energies-13-05784
    


  




  





media/file54.png
Seconds

Amps X 100 Bus 32 (Nom. kV=13.8, Plot Ref. kV=13.8)

= 1 s 10 0 50 100 300 S0 1K 3 £ 10K
I - c e e - B —— - ——rrrrr)
- <4 500
- - m
Relay15-P-51
OoCc1
L LS :m
i GIPAM-2200 DG 1
i CT Ratio 100:5 o
3 |IEC - Extremely Inverse 4%
. Pickup =1.18 (0.02 - 2 xCT Sec) .
! Time Dial =0.4 le
3x=45,5x=1335,8x=0508s
. r R
v B S w
- - o
s
- 43 >
=N
= 4 u
- 3"
- B .5
! Relay 15-P - 50 .
! oc1 1s
LS
. GIPAM-2200 DG g
CT Ratio 100:5
Inst=16.05 (1 - 32 xCT Sec)
E Time Delay =0.05 s 1
! 1os
v b .DS
Rolay 15
PP a PEEPEPEPE a PO S iy o i S W8 PP R tetaaaaa ] 01
5 1 s 10 0 50 100 300 S 1K x < 10K





media/file2.png
Load bus #1, 2, 3

0.38 kV

0.2 MVA * 10 %
~o

¥

13.8 kV
0.38 kV

100 kW
PCS * 10

[
!

3

13.8 k\6.6 MVA * 3
0.38 kV

500 kw
PCS * 3

1 MW PV Plant 2.095 MWh BESS

I f"T’T13.8kV
[ |

. 800 kW
1TMVA*3  pcg+3

13.8kV  0.44 kV
~__3F
3€ N

2.4 MW Wind farm

L) 13.8 kV

4 MVA
™M 0.48 kv

3§

G1

2.2 MVA

(
l/

Lly13.8kv LLJ 13.8kV
MM o48kvy MM 4.16 kv

§ bé

4 MVA

6.39 MW Diesel power plant





media/file53.jpg
Seconds.

Amps X 100 Bus 32 (Nom kV=138, Pt Ref kV=138)

pones





media/file23.jpg
S E e W )| | e ) )





media/file24.png
[ Synchronous Generator Editor - Gen 7 = Synchronous Generator Editor - Gen 7
PSS Harmonic | Protection | Reliability | Fuel Cost | Remarks | Comment | | PSS | Harmonic | Protection | Reliabilty | Fuel Cost | Remarks | Comment |
Info | Fating | Capability | Imp/Model | Grounding | Inertia | Exciter | Governor | | Info | Rating | Capability | Imp/Model | Grounding | Inertia | Exciter | Governor |
[416kv  1600KW Voltage Control [416ky  1600KkW Voltage Control
Rating i Impedanse on Xd" Tolerance
% % m
% % T . e e B E
W XPF A XEf i xd" 19 Xd/Ra 19 Ra 1 Ra  00919% 0%
1600 416 & 1662 % 4 - = L S
%o Bus Ivastn FLA APM w2 18 xyR2 9 R2 2 R2  0.18%% =
nertia
[ 100 [ %12 [ 7800 Xo 7 XyRO 7 R0 1 RO 009193 T
Gen, Category | %V [ Angle | kW | kvar [ % PF | Qmax [ Qmin | Rde 0  Rdc 0
as1an A Dynamic Model . .
orma E % % Sec
utdown A —_— — ) —
St @ Subtransient Xd 155 Xq 156 Tdo' 65 Sbreak 0.8
e - © Transient Xdu 165  Xqu 165  Tdo" 0035 S100 1,07
PrimeMover Rating Myar Limits ) Equivalent X' 28 Xo 8 | Tgo' 1.5 s1o0 118
Continuous HP Reak KW ) Capability Curve Peak kvar —g — .
i i i o e e L 15 X" 19 Tqo' 00% Damping 0
. Type |EC 60909 S.C,
Operating Values ——-; Vangle il kvar O T = Exciter Type | Turhine 130% o']
0 0 0 0 0
i = [7]Compound Exc, PG 75
otor | Round-Rator v G0STSC
Exciter Type [Thyristor Self-Excitation v]
G D W @ ) (o) (el






media/file29.jpg
Main bus (13 8 KV)

—
s
s
. e
P
”35‘@,@,” u.. ®
—0—0 »
OO - - o 7
3 -
e 1 o e 13
s
wote uerr Wt
Sisom e e i
o 10 s s s
wiel w63 -
o






media/file1.jpg





media/file12.png
Main bus (13.8 kV)

[wye] oy

[ & m: SIER
WAW] b

[wye] oy

__T.\

B ER
[vaW) 22

[wye] o'y

w091
™S
uag [asa|q

09T
™S
uag [asaic)

oot
1vD

uag [asai

¥90

Diesel Gen
CA
650 kw

Diesel Gen
650 kw

650 kw






media/file9.jpg
s

L
Wb

"

i

4604604406 ¢






media/file42.png
3t

el O
—o—o0

O
o






media/file47.jpg
LEERREEEER EERREREREE]






media/file38.png
e =p INV 0.8 = Jau |= 1bu = Icu

0.40 0.6

0.30 0.4 § N

0.20 0.2 NN _ 4 lln / " " 1 MM

0.10 — N 1 "
£ o000 —_— s 1 I[ |I|" I

o0 o RALAA R RN BRI LA e A

0.20 0.4 v l‘ :

-0.30 0.6

-0.40 0.8

0.10 IV 05l = Ib| |= I

0.05 0.6 pr

0.00 \\ 0.4 '1ﬂf“~

o \ o INNNNN R L 110 MMM
o ) LR
g o1 2 A L CEACTAATA

o V\\\ i VL (@l BTVINIEL

0.25 \/ / 04 "

-0.30 \AAAAAAAAASL Av.'/ G !

0.35 0.8
seC 4950 4.975 5.00 5.025 5050 5075 5.100 5125 5.150  5.175 sec 5010 5.012 5.014 5.016 5.018 5.020 5.022 5.024

(a)

(b)





media/file17.jpg
Main bus (13.8 kV)

4 imacbaey] e 2032321
e
ENEEEL)
 comert
P -
Dusey T
Nominratage bl
oy 2ot
Lo ey o i b BB
st e o9
- outpts
et owsers] [
=
o = o






media/file30.png
Main bus (13.8 kV)

sw 17

Fuse 10

VR2 _FR2

Relay 10 Relay 11

>

4 Cable 12
3-1/c 3/0
swis g
SW 19 W20,
Bus 25 Bus 26 Bus 27
— ———
’ sw 22 | [
Fuse 11 Fuse 12 Fuse 13
A T T T8
Ay 1000 KVA e 1000 kVA Ay 1000 kvA
sw 249 SW 25 [ SW 26 [
wrG1 wrG3 WIG4
800 kW 800 kW 800 kw






media/file51.jpg
e

e
|

. .





media/file35.jpg





media/file48.png
(a)

=p N = - -
0.20 - 0.30 1 2 Ibu =l
0.20 N
0.10 11 I
0.10
200 — VAV FAVAT ML,
. . v V\' w' _VV 'll /
-0.10
= -0.10 N /
= -0.20 /
-0.20 -0.30 l
-0.40
-0.30 /
-0.50
-0.40 -0.60
0.030 Q- IWV 0.60 1! Ib |m x|
0.020 0.50
0.40
0.010 /
p— 0.30 N
™’ I
0.000 ——— ~ 0.20
>
2 0.010 0.10 I
0.00 ‘7“1‘- / W—[ y
-0.020 VVV VV' V a7, 7l | l /
-0.10 H /
-0.030 0,20
-0.040 -0.30
seC 4950 4.975 5.000 5.025 5.050 5.075 5.100 5.125 5150 5.175 sec 50050 5.0060 5.0070 5.0080 5.0090 5.0100





media/file27.jpg
g
PPl ol
el
i
A
A@LVA—I|N.
.
g

9]

g

i

g

L]

T8

]

oo

=4

kY






media/file3.jpg





media/file22.png
6.39 MW Diesel power plant

) S

D

-0
R S -

?

HO—©

O OB OnC)
RF 5 Relay 5 F 6 Relay 6
B50 CB 6] -

Circuit breaker

it

¢/

3¢
it
it
it

)
—O

) @ [ ]
;
L oo oo i T
— — —
Ky L iy
lE102.4 MW Wind _
—O—0 farm S—.Relay 15
.t cB ltlj
—O Protective relay
Bus 17 .- |
13.8kV ki
Main bus - = e
= =)
) ) )
] 3 3 T T

Power load

1 MW PV and 2.095 MWh ESS






media/file19.jpg
|

1 [MVA]
13.8 [KV]/ 0.44 [kV]

Main bus (13.8 kV)

'Wind Turbine






media/file40.png
T%/ -
!
- ———— | dlmmm r
- —— — ——
~ —— ~— S
- g  — —u
——
oy -
g ]
Ll IM - Ll A. L
=X = T
———= ~
. ————
b — ———— e —
— ————a. A""“ —
— ———— ' —_
— — ——
i — — |35 —— -
. = | |1 = =
- —
< - C
——
— N
s - _
= o}
- T T — - T T
e T s e s T T e s T I T = T B
N AN+ + 00 @ = A A a A A A0 o0 6 oo
A2 A2
“ <
>
S
Loy
w 2
Am
W M.
-3
<,
A\i
} %
/:f/ RN
I
o
J n_-lal
| |
: :
o
. M
T N e N T e g g N 22 38 a
8333997 F8E8833885¢
Ml KA

5.008 5010  5.012  5.014 5016  5.018 5020  5.022

5.006

5025 5050 5075 5100 5.125  5.150

5.000

4,975

4,950

sec

sec

(a)





media/file33.jpg
‘‘‘‘‘‘‘‘‘‘






media/file32.png
Wind Turbine Generator - WTG1

info  Rating Imp/Model Turbine Wind  Pitch Control Inertia Reliability Remarks Comment

| Generic 13.8kv 800 kw Induction Generator
Rating
kv % PF % EFF Poles RPM
[ ] [®s] [& ] [ ] [ ] [0
KVA % of Bus kVnom FLA
I 941 I 1380 39.38
Mvar Limits Wind Speed
Controller Avg WindSpeedI 10 m/s
@ User-Defined
# |Nind/Gen %Generation| kW | kvar | %PF | Omax | Qmin
100 0 0
100 0 0
100 0 0
100 0 0
100 0 0
100 0 0
100 0 0
100 0 0
100 0 0
100 0 0
Operating Values
%V Vangle kw kvar
(=] [=1 [=] [=]

Wind Turbine Generator - WTG1

info  Rating Imp/Model Turbine Wind Pitch Control Inertia Reliability Remarks Comment

[ Generic 138kv 800 kw

Aerodynamics
V Rated Swept Area  Air Density
| 15 | | 2828 | | 1.225 |
Cut-in Speed  Diameter RPM
L 4 [ e | [ 15 ]
Cut-out Speed  Pitch Angle
L s | [ 1 |
Power Coefficient Cp
ci c2 c3
| 0.73 | | 151 | | 058 |
c4 cs c6
| 0.002 | | 214 | | 13.2 |
c7 cs c9
| 184 | | -0.02 | | -0.003 |

Induction Generator
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