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Abstract:



The development of a proper protection system is essential for the secure and reliable operation of microgrids. In this paper, a novel adaptive protection system for microgrids is presented. The protection scheme is based on a protective device that includes two directional elements which are operating in an interleaved manner, namely overcurrent and undervoltage elements. The proposed protection scheme can be implemented in microprocessor-based relays. To define the settings of the protective device, a robust programming approach was proposed considering a finite set of fault scenarios. The scenarios are generated based on the predictions about the available energy and the demand. For each decision step, a robust optimization problem is solved online, which is based on forecasting with a confidence band to represent the uncertainty. The system is tested and compared using real data sets from an existing microgrid in northern Chile. To assess the performance of the proposed protection system, fault scenarios not considered in the optimization were taken into account. The results obtained show that the proposed protective device is able to manage those failure scenarios, as well as those included in the tuning of the settings. Practical considerations are also discussed.
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1. Introduction


Microgrids have received much attention in recent years since they appear as a new solution to the power supply, taking advantage of local energy resources (such as wind and solar). A microgrid is defined as a self-contained power system, which includes directly connected synchronous generator-based distributed generation (DG) units, as well as inverter-based DG units, energy storage systems, and loads, forming a controllable system [1]. Microgrids can operate while being connected to a main grid (grid-connected mode) or in isolated mode. During grid-connected mode, the microgrid receives power from both the utility and the DG units. When it is operating in isolated mode, the microgrid must autonomously meet the power requirements of the customers securely, reliably, and with adequate power quality.



When the microgrid concept was introduced in 2001 as a new solution to the power supply, it became evident that the protection requirements would be different compared to traditional power systems [2]. As detailed in [3], the differences are mainly due to the short-circuit fault currents that can change in magnitude and direction, depending on the operating conditions of the microgrid [4]. Indeed, the isolated mode operation appears the most challenging to solve, due to the absence of a bulk power system [5]. On the one hand, at a grid-connected microgrid, directional overcurrent protection solutions can be applied [6]. On the other hand, in an isolated microgrid, the directional overcurrent protective devices might not be sufficient, due to the possible reduced fault current magnitudes [7]. Consequently, the protection systems based on the detection of fault currents may be ineffective to protect a microgrid against short-circuit faults, and it will be necessary to propose new protection systems for its safe and reliable operation, mainly in isolated microgrids with inverter-based DGs.



Regardless of the changes in the operating conditions of the microgrid, the protection devices adjustment must be realized in such a way that its protective function meets the requirements of sensitivity, selectivity, reliability, and speed [8]. Therefore, the protection system of a microgrid must be designed to operate properly, even when facing the variability of renewable generation sources and demand, the changes in operating mode, the connection and disconnection of DG units, the changes in topology, the variety of possible fault conditions, and other planned or unplanned events. One way to overcome the difficulties in the adjustment of protective devices, imposed by the uncertainty in the operation of a microgrid, is to establish a setting group that can operate well under a variety of conditions and operational parameters. Different approaches have been applied to electrical power systems (EPS) for management and decision making under uncertainty, such as stochastic programming and robust optimization [9].



Firstly, stochastic programming has established itself as a powerful modeling tool when the probability distributions of the random variables are exactly known. However, in many EPS applications, the decision-maker does not have this information; for instance, when it comes to represent the probability of a given fault that may occur in each location of the protective zones, for use in protection coordination [10]. Secondly, robust optimization has recently gained substantial popularity as a modeling framework for optimization under parameter uncertainty [11]. Compared to the stochastic programming approach, robust optimization is more practical in that it only requires a deterministic uncertainty set. Thus, it is feasible to apply the robust optimization technique to solve the protection coordination problem, because the robust model constructs an optimal solution that immunizes against all realizations of the uncertain data within a deterministic uncertainty set [11].



To apply a robust optimization approach to the adjustment of protection devices for microgrids, it is necessary to consider the protection scheme and coordination aspects. Related to the protection scheme, one way to design an adequate protection device for microgrids is to include the information provided by several variables (in addition to the fault current) into the fault detection. For example, in [4], an approach using the voltage magnitude was proposed. In [12], a strategy for the protection of low voltage microgrids based on relays was presented, which applies to both modes of operation. This approach presents a scheme based on directional overcurrent and undervoltage devices. One of the remarkable features of this proposal is that the protective devices make decisions based on local measurements. However, such an approach did not discuss the convenience of the use of a time-voltage characteristic and did not include the calculation of the fault resistance. In [13], a work that considered the low magnitudes of fault currents using undervoltage devices was presented. However, the simulation results were obtained in a simplified microgrid, and the protection coordination method is not easily applicable to more complex microgrids.



Although the use of several variables to determine a fault condition in microgrids was widely analyzed in different cases, little attention has been paid to the coordination of these protection schemes. Nevertheless, different protection coordination methods have been proposed in power systems literature. In [14], the use of an optimization method to solve the protection coordination problem was proposed. This approach is applied to EPS, where different methods to coordinate directional overcurrent relays have been applied [15]. For instance, it has been shown that optimal linear programming can be used to optimize the time dial setting when the pickup current is previously defined using some heuristic rule [16]. In [17], a new time-current-voltage characteristic for directional relays was proposed. The new tripping characteristic integrates the fault voltage magnitude into the time-current curve, forming a three-dimensional tripping curve. The protection coordination problem in this case was formulated as a constrained nonlinear programming problem to determine the optimal relay settings. In [14], the protection coordination problem was formulated as an optimization problem where the primary objective was to minimize the overall relay operating time. The approach is presented as a non-linear programming problem by considering both the time dial setting and the pickup current as optimization variables. The obtained results indicated that the pickup current settings were extremely low, as explained in [18]. The aforementioned protection coordination methods conceive the optimization problem without considering the uncertainties of the different variables that could affect the performance of the protection scheme. Besides, the methods used a single operating condition and fault conditions with zero fault resistance [16]. Under these circumstances, the state-of-the-art methods cannot ensure that the protection system remains coordinated for a wide variety of scenarios, as is the case of microgrids.



The objective of this study is the development of an adaptive protection system for microgrids able to deal with a variable operating context:

	
connection and disconnection of DG units and storage devices;



	
changes in the operation mode of the microgrid (isolated, grid-connected);



	
topology changes;



	
load variations (intra-daily, daily, seasonal).








The rest of the paper is organized as follows: Section 2 presents the formulation of a robust coordination problem. Section 3 presents the methodological proposal together with its validation. In Section 4, the evaluation of the proposed method is presented. Finally, the conclusions are presented in Section 5.




2. Formulation of the Robust Coordination Problem


Protection coordination is a process for determining the primary protective devices responsible for clearing faults as quickly and selectively as possible. For each fault location, every protective device should be backed up by another device [19]. The first step of a protection coordination procedure is to determine the primary/backup (P/B) pairs. In a microgrid with radial topology, the coordination begins from the most remote protection device with respect to the slack node. In this particular case, each P/B pair can be determined easily. However, in microgrids with more complex structures, the selection of inception points becomes a challenge. Regardless of the microgrid configuration, an appropriate method to determine the P/B pairs should be used, such as that presented in [20].



With P/B pairs properly defined, we establish an optimization problem, where the objective is to minimize a certain cost function defined as [image: ], considering some uncertainty or possible variation in the data of [image: ] and [image: ]. We assume that [image: ] and/or [image: ] are random variables with values of [image: ] and [image: ], respectively, and [image: ]. The scenario approach is used to structure uncertain input data. A scenario represents a possible realization of the uncertain input data. A specific case of the above is to model the variation in the matrix [image: ] by means of a worst-case approach [21]. Here, we have a finite set of [image: ] scenarios defined as: [image: ]. The robust criterion aims to minimize the cost function in the worst-case scenario. The problem is defined as [21]:


[image: ]



(1)







We can cast the problem in epigraph form as:


[image: ]



(2)




which can be solved in a variety of ways, with t as the auxiliary variable.



Let [image: ] denote the cost function related to the protection coordination problem in microgrids, where [image: ] represents the protection device settings; [image: ], [image: ] represents the set of permissible settings; and [image: ] represents the fault conditions, [image: ], [image: ], with [image: ] being the maximum number of fault events considered, and [image: ] the finite set of scenarios. The way in which the set [image: ] is defined will be explained in the next section.



Thus, the coordination problem can be defined as:


[image: ]










[image: ]



(3)
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Equation (3) can be particularized to the problem of selecting the settings for a coordinated operation of directional overcurrent and undervoltage protection elements, by defining [image: ] as the sum of the operating times of all elements.



The inverse time curve of protection elements can be estimated based on standards or manufacturer data. On one side, the overcurrent element responds to a characteristic function approximated by:


[image: ]



(4)




where [image: ] is the operating time of overcurrent element [image: ] for a fault [image: ]; [image: ] and [image: ] are constants that depend upon the kind of device being simulated; [image: ] is the time dial setting; [image: ] is the short-circuit current measured at the secondary winding of the current transformer of protection device [image: ] with [image: ]; and [image: ] is the pickup current value of the protection device [image: ]. If [image: ] is assumed to be known, (4) can be rewritten linearly for a specific fault current as:


[image: ]



(5)




where:


[image: ]



(6)







On the other side, in this proposal, the undervoltage element responds to a characteristic function approximated by:


[image: ]



(7)




where [image: ] is the operating time of undervoltage element [image: ], for a fault [image: ]; [image: ] is the time dial setting; [image: ] is the short-circuit voltage measured at the secondary winding of the potential transformers of device [image: ] during a fault with [image: ]; and [image: ] is the pickup voltage value of device [image: ]. The undervoltage element is inhibited from acting on faults with [image: ] by means of a minimum voltage setting. This setting selects the operating voltage below which the element is blocked.



If [image: ] is assumed to be known, (7) can be rewritten linearly for a specific fault voltage as:


[image: ]



(8)




where:


[image: ]



(9)







Therefore, using (5) and (8), the problem can be represented as a linear programming model, with [image: ] and [image: ] named as the characteristic-curve factors of the protection elements. Finally, the coordination problem is defined as:


[image: ]
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(10)
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where [image: ] and [image: ] are the number of overcurrent and undervoltage protective elements, respectively; [image: ] and [image: ] are, respectively, the bounds on the operation times for the overcurrent and undervoltage elements; [image: ] is the operating time of the first backup overcurrent protection of device [image: ]; [image: ] is the coordination time interval (CTI) for the overcurrent devices [image: ] and [image: ]; and [image: ] is the CTI for the overcurrent device [image: ] and the undervoltage device [image: ]. It is worth noting that, in this proposal, the undervoltage element is defined as a backup of the overcurrent device.



For the transient configurations that can occur, [8] has recommended including coordination criteria using an additional constraint as follows:


[image: ]



(11)




where the superscript (’) corresponds to a transient configuration when only one protection device of a zone has operated.




3. Methodology Framework and Validation


3.1. Description of the Proposed Method


The proposed robust coordination procedure is embedded in an updated version of the microgrid protection framework presented by the authors in [22]. Thus, the protection system is composed of two main units, namely a Monitoring and Diagnostic Unit (MDU) and a Dynamic Protection Adjustment Unit (DPAU), as is presented in Figure 1.


Figure 1. Proposed protection and monitoring system for microgrids.



[image: Energies 11 00308 g001]






The MDU verifies the operating conditions of the energy sources with a model-based approach. The model-based method estimates the operating condition of each energy source based on real measurements and model-generated data, comparing the measurements with the theoretical model. If an abnormal operating condition is detected, this unit sends the information to the DPAU, indicating that the generation capabilities of the energy sources have been reduced. Otherwise, in a normal operating condition, this unit sends the power currently supplied by the energy source to the DPAU. In the case that a severe fault is detected, the MDU can send the disconnect signal of the affected energy source.



The DPAU of Figure 1 is responsible for defining the settings of the protection devices. The proposed DPAU is based on an adaptive coordination approach, where the protective devices are readjusted to accomplish the fault detection requirements arising from the changes in the operating conditions. The DPAU works online in a triggered-event manner. A diagram with all the stages of the proposed methodology is shown in Figure 2, including the robust coordination procedure presented in Section 2, as the final stage.


Figure 2. Four-stage procedure for the DPAU.



[image: Energies 11 00308 g002]






Each of the stages shown in Figure 2 is detailed below.



3.1.1. Analysis of Operating Conditions


The DPAU follows the evolution of the operating conditions of the microgrid, including the information sent from the MDU. The objective of this stage is to evaluate those aspects that influence the operation of the protection system, whether they cause degradation of the sensitivity, changes in the speed, or the loss of the coordination. When a change in the classification of the operating condition is presented, then the methodology for adjusting protections is executed. If not, the settings are maintained until a relevant change occurs. The following aspects are considered when deciding whether to start the readjustment methodology:

	
Changes in the operating mode.



	
Changes in the DG units and energy storage systems.



	
Changes in the topology.



	
Changes in the net load parameter ([image: ]), defined as follows:


[image: ]



(12)




where [image: ] is the total load and [image: ] is the generation of renewable energy sources.








According to the [image: ] value, the operating condition of the microgrid is classified based on a threshold, which depends on the particular characteristics of the microgrid. The NL parameter might be affected by load management executed in the microgrid. For example, strategies such as demand response or energy management system (EMS) actions could change the value of NL. Even though load management systems could be helpful while operating in abnormal conditions (e.g., an overload in a distribution line), the methodology does not contemplate interaction with such systems at the moment.



This step also involves the definition of the P/B pairs following the methodology presented in [20].




3.1.2. Definition of the Operation Scenarios


The operation scenarios are defined considering historical data and forecast of energy generation with renewable sources and demand, and establishing a confidence interval to represent the uncertainty. Besides, the generation capabilities of the energy sources are adjusted with data received from the MDU, if necessary (e.g., reduction in electricity production capacity by excessive dust on the modules of a photovoltaic (PV) plant). Thus, the operation scenarios are defined as follows:

	
Get the initial condition for [image: ].



	
The DPAU asks for renewable generation and a load forecast for the next forecasting horizon [image: ]. Several conventional forecasting methods can be applied for this purpose [23].



	
For a defined confidence band, the following three different operation scenarios are considered: upper band limit, base, and lower band limit.








This approach corresponds to a rolling horizon strategy as is presented in [23]. It is important to note that the refresh rate of the analysis depends on the specific energy management system (EMS) implementation. It should be high enough to follow the sudden changes of operating mode, demand, topology, and non-dispatchable generators.




3.1.3. Analysis and Study of the Microgrid


For each operation scenario, a three phase power flow study is performed [24]. In this work, it is assumed that all the information to perform a power flow study is available. Consequently, pickup current values are determined as the maximum current of the three simulated scenarios plus a security margin of 20%. This parameter directly affects the sensitivity of the protection device and must be updated for the different operating conditions.



Then, a three-phase short-circuit analysis is executed considering three fault locations, defined at 1%, 50%, and 99% of the length of each protected line. Different methods have been proposed for the calculation of short-circuit currents in microgrids with the presence of DG units of different types. Superposition strategies or iterative short-circuit methods can be used for this purpose [25]. Thus, with an appropriate method, the short-circuit currents with zero fault resistance ([image: ]) are calculated. These values are the maximum fault currents expected in the different locations of the microgrid, which are useful for both defining the rating of the components and applying the methodology for adjusting protective devices. In addition, with the maximum fault current ([image: ]), we propose to calculate the maximum fault resistance ([image: ]) based on [26].



The fault resistance concept refers to the resistance of the electric arc that usually appears in a short-circuit fault, which can be included in the calculations. This fault resistance will limit the short-circuit current and will change the voltage drop during a short-circuit. An electric arc is a non-linear phenomenon that depends on diverse factors; however, there are several approaches that consider the arc as a single resistance, which depends on the current and the arc length. Thus, based on experimental testing, the following equation for fault resistance is used [26]:


[image: ]



(13)




where [image: ] is measured in ohms, [image: ] is the arc length in meters, [image: ] is the maximum short-circuit fault current in amperes in (4), and 1443.57 is the arc voltage gradient, which is a constant obtained experimentally, and measured in [[image: ]].



The final step is to calculate the short-circuit currents with [image: ] for all the combinations of locations/scenarios. These currents will be the lowest expected fault currents, for which the protection system must act. Together with the fault currents, the fault voltages must be computed with [image: ] in order to adjust the undervoltage devices.




3.1.4. Robust Coordination Procedure


The methodology continues with the procedure for adjusting the protective devices using a set of fault scenarios developed in the previous stage. The objective of the robust optimization is to hedge against the risk of system performance degradation on a set of possible scenarios while maintaining an appropriate system performance. Consequently, a protective device setting is said to be robust, if it clears the fault in a timely manner and remains properly coordinated for a set of feasible operation scenarios of the microgrid. This set of scenarios also aims to cover other less critical operation conditions calculated in the previous stage (database of short circuit currents for each operation scenario (three), fault resistance (two), and line location (three)). Thus, with [image: ] = 18, a set [image: ] is developed (according to Section 2). In this case, [image: ] and [image: ], where [image: ] is the number of characteristic-curve factors of the protection elements, and [image: ] is the number of time dial settings of overcurrent and undervoltage elements. Finally, the parameter [image: ] is zero.



The robust optimization procedure considers that the settings of the protective devices will take discrete values (as it is with current electronic protective devices). Therefore, it is necessary to define them as discrete variables, according to the resolution of each particular protective device.





3.2. Validation of the Methodological Proposal


In this subsection, the results obtained for the application of the methodology on the IEEE 37-node test feeder are presented. Detailed specifications of the feeder can be found in [27]. A few modifications in the original test feeder are incorporated, as shown in Figure 3. In the distribution grid, two power units have been installed as follows: (i) battery energy storage system (BESS) at node 701, 5 [MW], interfaced with a voltage-source-inverter, and with a maximum fault current of 2 [p.u.] according to [28]; and (ii) 3 [MW] PV plant at node 720, controlled with a current-source-inverter, and with a maximum fault current of 1.5 [p.u.] according to [28]. Besides, overcurrent and undervoltage protective devices were included along the central feeder. Finally, balanced loads were considered.


Figure 3. Modified IEEE 37-node test feeder for validation of the methodology.



[image: Energies 11 00308 g003]






For one operating condition, three operation scenarios were considered in isolated mode (i.e., protection device in node 799 opened), taking into account the test feeder specifications as follows: (i) upper scenario: considering the rated load of the operating condition, supplied by the PV plant at 3 [MW], and the BESS being charged; (ii) base scenario: with 3% lower load; and, (iii) lower scenario: with 6% lower load. With these considerations, the proposed methodology was applied to obtain the protective device settings.



A commonly used methodology was used for comparison purposes [17]. In this alternative methodology, the protection coordination problem is solved using a linear programming method, applied for a single operation scenario. In both the proposed and the alternative methodologies, the pickup currents were calculated as 1.2 times the maximum load current, and the pickup voltages as 0.85 times the rated voltage of 4.8 [kV]. Table 1 shows the results of both methodologies.



Table 1. Obtained results of modified IEEE 37-node system.







	
Bus No.

	
Primary Device

	
Current Pickup [A]

	
Voltage Pickup [V]

	
Backup Device

	
Settings with Proposed Methodology

	
Settings with Alternative Methodology




	
[image: ] [s]

	
[image: ] [s]

	
[image: ] [s]

	
[image: ] [s]






	
702

	
1

	
230

	
4080

	
-

	
0.14

	
0.47

	
0.22

	
0.40




	
703

	
1

	
160

	
4080

	
702-1

	
0.14

	
0.37

	
0.14

	
0.35




	
2

	
50

	
4080

	
0.05

	
0.13

	
0.05

	
0.12




	
709

	
1

	
120

	
4080

	
703-1

	
0.13

	
0.33

	
0.13

	
0.31




	
2

	
20

	
4080

	
0.05

	
0.12

	
0.05

	
0.12




	
3

	
45

	
4080

	
0.08

	
0.10

	
0.08

	
0.10




	
708

	
1

	
110

	
4080

	
709-1

	
0.10

	
0.26

	
0.10

	
0.25




	
2

	
20

	
4080

	
0.05

	
0.12

	
0.05

	
0.12




	
734

	
1

	
70

	
4080

	
708-1

	
0.08

	
0.20

	
0.08

	
0.20




	
2

	
25

	
4080

	
0.05

	
0.13

	
0.05

	
0.13




	
738

	
1

	
25

	
4080

	
734-1

	
0.05

	
0.14

	
0.05

	
0.14










The time dial settings [image: ] and [image: ] obtained with the proposed methodology for the first feeder protective devices were lower than those of the alternative methodology. However, towards the end of the feeder, the setting results were similar with both methodologies. The obtained values indicate that the proposed methodology resulted in better overall settings compared to the alternative methodology, also ensuring a coordinated operation.




3.3. Practical Considerations


The practical implementation of the proposed protection and monitoring system, shown in Figure 1, can be divided into three levels, according to the functions to be performed, as follows:

	
The first level comprises field devices, such as controllers, actuators, protective devices, and sensors, all of which are deployed on the entire microgrid. The controllers and actuators perform the control actions on the microgrid. The protective devices are adjustable and provide the remote trip capacity. The sensors are the main components for achieving accurate and reliable field data.



	
The second level is the data acquisition layer, which channels the communications within the microgrid. It requires specific hardware and communication networks.



	
The final level corresponds to the protection and monitoring system, where the procedures for diagnostics and adjustment of protective devices are executed. This is the realization of the MDU and DPAU.








Technical requirements and recommendations for the protection relays of an adaptive protection system in microgrids are:

	
The use of microprocessor-based directional relays that include overcurrent and under voltage elements is necessary.



	
The relays must have the possibility of using different tripping characteristics (i.e., several settings groups) that can be configured locally or remotely, automatically or manually.



	
The use of a communication infrastructure that uses standard communication protocols is required. By doing so, individual relays can communicate and exchange information with the protection and monitoring system, or between different individual relays, in a fast and reliable manner, guaranteeing the required application performance.










4. Study Case and Results


4.1. Description of the ESUSCON Microgrid


The proposed methodology was tested on an existing microgrid installed in Huatacondo, a remote town located in northern Chile. The ESUSCON microgrid (by the acronym in Spanish of Electricidad Sustentable Cóndor) is a PV isolated microgrid implemented to provide a continuous supply of electricity to approximately 100 people [28]. In Figure 4, the single line diagram of the microgrid is shown. The demand is supplied by the DG units and energy storage system shown in Table 2. The low voltage distribution grid comprises overhead power lines. Parameters of the distribution lines are shown in Table A1 in the Appendix.


Figure 4. Single line diagram of the ESUSCON microgrid.
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Table A1. Line data of the distribution grid of the ESUSCON microgrid.







	
Line No.

	
R [Ω/km]

	
X [Ω/km]

	
Length [km]






	
L1-2

	
0.372

	
0.0890

	
0.0910




	
L2-3

	
0.744

	
0.0930

	
0.0680




	
L3-4

	
1.010

	
0.0965

	
0.178




	
L3-5

	
0.744

	
0.0930

	
0.0250




	
L5-6

	
1.010

	
0.0965

	
0.0440




	
L5-7

	
0.744

	
0.0930

	
0.229




	
L5-9

	
1.010

	
0.0965

	
0.0280




	
L2-8

	
0.744

	
0.0930

	
0.0840




	
L8-9

	
1.010

	
0.0965

	
0.148




	
L8-11

	
1.010

	
0.0965

	
0.0370




	
L9-10

	
1.010

	
0.0965

	
0.0890










Table 2. Distributed generation units’ ratings of the microgrid.







	
No.

	
Bus No.

	
Unit

	
Rated Power

	
Electrical Data and Others






	
1

	
T1

	
Diesel generator

	
120 [kW]

	
220/380 [V], 3-phase, 50 [Hz], synchronous machine




	
2

	
T1

	
BESS

	
40 [kW]

	
220/380 [V], 3-phase, 50 [Hz], with inverter




	
3

	
T4

	
PV Plant #1

	
50 [kW]

	
220/380 [V], 3-phase, 50 [Hz], with inverter




	
4

	
T7

	
PV Plant #2

	
10 [kW]

	
220/380 [V], 3-phase, 50 [Hz], with inverter










In the ESUSCON microgrid, the energy sources are coordinated by means of an EMS. The EMS supervises the energy sources and dispatches the operation modes for the Diesel generator and the BESS. To make the different adjustments, the EMS considers the following inputs: (i) state of charge of the BESS; (ii) the weather conditions, mainly sunlight; and (iii) the expected demand level.



Regarding the existing protective scheme, it was developed by installing circuit breakers with fixed settings. This protection system has problems clearing short-circuits, as was demonstrated in [29], mainly due to the significantly lower fault current level in operating conditions with inverter interfaced units only. Therefore, it is necessary to redesign the protection system in order to adequately respond to the short-circuit faults. The new protection system must ensure the following requirements: (i) isolate the faulted section from the rest of the microgrid; (ii) decrease the outage time; (iii) detect faults regardless of the current fault level; (iv) adapt to changes in the microgrid; and (v) not adversely affect the reliability and stability.




4.2. Application of the Proposed Methodology and Discussion


Statistics for fault occurrence are not currently available for the ESUSCON microgrid. There are only occasional fault reports, especially those that have led to the complete disconnection of the microgrid due to short-circuit faults. Given the uncertainty of the data, the reliability of the current protection system cannot be studied and assured. Therefore, the robust optimization methodology for the optimal coordination of protective devices is suggested.



In this study case, the energy sources have a circuit breaker with fixed settings, because the Diesel generators and DC/AC inverters are protected by built-in protective devices. The circuit breakers deployed in the distribution grid include adjustable settings capabilities. The PDAU will adjust these circuit breakers for an adaptive operation.



Considering a PV-based microgrid, its operation follows the behavior of solar irradiance. In addition, the behavior of the demand has been studied according to the hours of the day. Therefore, the NL parameter is defined as a function of the time of day according to the solar irradiance. For this case study, two different NL parameters are selected, based on real operating data of the microgrid. The aim is to demonstrate the relevance of using this parameter to classify the operating condition.



The application of the procedure shown in Figure 2 starts with Stage I (analysis of operating conditions). The two different operating conditions selected were as follows:

	
Operating condition at 2 p.m.: it is characterized by a low demand, which is supplied exclusively by the PV plants and the BESS is being charged. The Diesel generator is off. Thus, the NL parameter is classified as Low.



	
Operating condition at 11 p.m.: it is characterized by high demand. This is supplied by the Diesel generator, and the BESS is being charged. The PV plants are off. Thus, the NL parameter is classified as High.








Consequently, distinct protection settings are expected for both cases.



To develop Stage II (definition of the operation scenarios), the load demand, Diesel generation, and solar PV generation data are obtained from the microgrid operator, as well as the load and solar power forecasts. The forecasts have a time resolution of 15 min ([image: ]).



Stage III (analysis and study of the microgrid) was done with the information compiled for each operation scenario. Power flow studies and three-phase short-circuit studies were done using the software DIgSILENT Power Factory. On the one hand, the Diesel generator was modeled as a synchronous machine, using a built-in model in Power Factory, setting the parameters and rated values of the real generator. On the other hand, the BESS and PV plants were modeled as a voltage-source-inverter and current-source-inverters respectively, all using built-in models in Power Factory with parameters of the real units. In this study case, the BESS fault current was limited to two times its rated current, and the fault currents of the PV plants were each limited to 1.5 times their rated current. The inverter fault current must be limited to a maximum value due to the rating of the semiconductor switching devices and their thermal limit.



The calculation of the [image: ] was performed using (13), with L = 0.15 [m], according to the maximum distance between conductors in the distribution grid of the ESUSCON microgrid. [image: ] at 2 p.m. operating condition, and [image: ] at 11 p.m. operating condition. At the end, a set of 18 fault scenarios were defined for each operating condition, as is shown in Figure 5.


Figure 5. Definition of the set of fault scenarios for robust optimization procedure.



[image: Energies 11 00308 g005]






Finally, Stage IV (robust coordination procedure) of Figure 2 was performed to obtain the protective device settings. The following considerations were taken: time dial settings of the overcurrent and undervoltage protection elements are adjusted in discrete steps of 0.01 [s], and the minimum values are: 0.05 [s] for overcurrent element and 0.00 [s] for undervoltage element. Additionally, the minimum voltage setting is 50 [V]. Table 3 shows the robust optimization results.



Table 3. Obtained results of ESUSCON microgrid settings in two operating conditions.







	
Bus No.

	
Main Device

	
Settings with Proposed Methodology (A)—11 p.m.

	
Settings with Proposed Methodology (A)—2 p.m.

	
Settings with Alternative Methodology (B)—2 p.m.
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[image: ] [s]

	
[image: ] [A]
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[image: ] [s]

	
[image: ] [s]
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T1

	
PD1.3

	
125

	
0.11

	
0.16

	
70

	
0.07

	
0.17

	
0.06

	
0.14




	
T2

	
PD2.1

	
70

	
0.13

	
0.16

	
65

	
0.06

	
0.13

	
0.05

	
0.12




	
PD2.2

	
45

	
0.09

	
0.15

	
35

	
0.11

	
0.14

	
0.09

	
0.11




	
T3

	
PD3.1

	
65

	
0.05

	
0.10

	
65

	
0.05

	
0.03

	
0.05

	
0.02




	
PD3.2

	
40

	
0.09

	
0.14

	
20

	
0.08

	
0.10

	
0.08

	
0.09




	
T5

	
PD3.1

	
10

	
0.05

	
0.10

	
10

	
0.05

	
0.06

	
0.05

	
0.06




	
PD3.2

	
30

	
0.05

	
0.10

	
15

	
0.05

	
0.07

	
0.05

	
0.06




	
T8

	
PD8.1

	
55

	
0.06

	
0.13

	
30

	
0.09

	
0.13

	
0.06

	
0.09




	
PD8.2

	
10

	
0.05

	
0.10

	
10

	
0.05

	
0.07

	
0.05

	
0.07




	
T9

	
PD9.2

	
10

	
0.05

	
0.10

	
10

	
0.05

	
0.10

	
0.05

	
0.09










Firstly, as shown in Table 3, the time dial settings for the overcurrent devices are lower at the 2 p.m. condition, compared to the 11 p.m. condition, which means that the methodology selected a lower curve given the low fault currents. For undervoltage devices, the settings are higher at the 11 p.m. condition, since at this condition, the high fault currents allow them to be cleared by the overcurrent element. Secondly, the settings of the devices obtained with the alternative methodology were slightly lower than or the same as those of the proposed methodology. However, the coordination margins are narrower in the alternative methodology, compared to the proposed methodology. In other words, the coordination margin is lower in the alternative methodology, which could lead to the uncoordinated operation of protective devices.



RMS fault simulations in all lines of the microgrid were performed to compare the effectiveness of both methodologies. The following short-circuit faults were made: three-phase (3PH), phase-to-phase (L-L), phase-to-phase-to-ground (2LG), and one-phase-to-ground (1LG), with zero and maximum fault resistance. Besides, three fault locations were considered, defined at 1%, 50%, and 99% of the length of each line. Regarding the current contributions during a fault, the inverter-basedand rotating-machine-based units show different behavior. On the one hand, the fault current exhibited by the Diesel generator depends on the pre-fault voltage and the machine’s sub-transient and transient reactance. On the other hand, the short-circuit currents of the PV plants and the BESS are controlled by the internal control loops, and are limited by settings.



Table 4 shows the results obtained in L9-10 for comparison purposes. Note that the OC and UV indication in Table 4 shows which protective element was activated.



Table 4. Obtained results of RMS simulations in Line L9-10 with settings of Table 3 at 2 p.m. operating condition.







	
Fault Type

	
Fault Resistance

	
Location on the Line Based on the Total Distance




	
1%

	
50%

	
99%




	
Clearing Time with (A) [s]

	
Clearing Time with (B) [s]

	
Clearing Time with (A) [s]

	
Clearing Time with (B) [s]

	
Clearing Time with (A) [s]

	
Clearing Time with (B) [s]






	
3PH

	
[image: ]

	
0.114 (OC)

	
0.117 (OC)

	
0.115 (OC)

	
0.117 (OC)

	
0.115 (OC)

	
0.118 (OC)




	
[image: ]

	
0.147 (OC)

	
0.152 (OC)

	
0.148 (OC)

	
0.153 (OC)

	
0.148 (OC)

	
0.153 (OC)




	
L-L
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0.176 (OC)

	
0.183 (OC)

	
0.177 (OC)

	
0.184 (OC)

	
0.177 (OC)

	
0.184 (OC)
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0.107 (UV)

	
0.094 (UV)

	
0.108 (UV)

	
0.094 (UV)

	
0.108 (UV)

	
0.095 (UV)




	
2LG
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0.143 (OC)

	
0.148 (OC)

	
0.144 (OC)

	
0.148 (OC)

	
0.144 (OC)

	
0.149 (OC)
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0.169 (UV)

	
0.149 (UV)

	
0.175 (UV)

	
0.155 (UV)

	
0.178 (UV)

	
0.158 (UV)




	
1LG
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0.185 (OC)

	
0.192 (OC)

	
0.185 (OC)

	
0.193 (OC)

	
0.186 (OC)

	
0.193 (OC)
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0.228 (OC)

	
0.241 (OC)

	
0.229 (OC)

	
0.241 (OC)

	
0.229 (OC)

	
0.242 (OC)










The results showed a similar performance in both methodologies. However, in two fault conditions of the type L-L short-circuit, the alternative methodology failed to clear the fault (see bolded and underlined results in Table 4), since it operated in an uncoordinated manner. The indicated time corresponds to the clearing time of the backup device. This implied that a larger area of the microgrid was disconnected due to these fault conditions.



The same analysis performed in the 2 p.m. operating condition was also performed in the 11 p.m. condition. The obtained results were slightly different from the 2 p.m. condition since the Diesel generator is connected in the 11 p.m. operating condition. In the latter, the overcurrent elements were responsible for clearing most faults.



As it can be seen, the new methodology can achieve better overall operating times compared to the methodology found in the literature. Specifically, the alternative methodology failed in two fault conditions in Line L9-10.





5. Conclusions


The challenge of protecting microgrids using an adaptive approach was studied in this paper. A methodological proposal for adjusting the settings of the protective devices according to the operating conditions of a microgrid, using robust optimization, is proposed. The use of robust optimization in the application context offers a novel tool to deal with the uncertainties faced in the operation of microgrids with a high penetration of variable energy sources.



We have demonstrated that under a well-defined set of fault scenarios, proper protective device settings can be calculated for variable operating conditions. Therefore, the sensitivity, selectivity, and speed of the protection system can be achieved. The proposed methodology was compared against a commonly used alternative methodology. The main outcome of the comparative study was that the methodological proposal exhibits a better solution than the alternative methodology because it performed well for the tested fault conditions that were not considered in the formulation of the optimization problem. The good performance of the proposed methodology is a result of the novel way in which the set of fault scenarios is established, and the use of a protection scheme that combines two protection elements.



Future work will focus on testing the proposed methodology in microgrids with meshed configurations where transient configurations can occur. Additionally, reliability issues related to failures in the communication system should be systematically addressed, to ensure the proper operation of the protection system in this condition. Finally, the corrective actions performed by load management systems should be considered in this methodology, in order to improve the performance of the protection system.
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