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Abstract

:

The main purpose of this paper is to evaluate the overall performance of a battery energy storage system (BESS) during (I) grid-connected, (II) black start, and (III) islanded operating modes. To do so, firstly, a novel three-mode controller is proposed and developed. The proportional–integral–derivative (PID) controller is implemented, including the following three components: (1) inertia emulation, (2) frequency-active power and voltage-reactive power droops, and (3) secondary frequency and voltage controllers. Secondly, to effectively evaluate the proposed controller performance under various grid operating conditions during both black start and seamless transition to islanded operation, a set of comprehensive dynamic simulations using Matlab/Simulink is carried out. To this end, the sensitivity analyses on numerous grid operating parameters, such as pre-disturbance grid power, total installed BESS capacity, battery state of charge, unbalanced three-phase load flows, implemented power-frequency controller parameters, and distribution network types with various shares of dynamic and static loads, are performed. Thirdly, to practically improve the seamless transition performance enabling the demand response participation, a fast-controlled thermostatic load scheme is implemented. Simulation results show that the BESS unit using the proposed three-mode controller has great potential to successfully control the frequency and voltage within allowable limits during both islanding and black start modes over a wide range of grid operating conditions.
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1. Introduction


Over the past decade, the worldwide growing energy demand, together with various environmental concerns, has prompted many countries to introduce and implement more effective renewable energy support schemes. This has resulted in a dramatic increase in the penetration rate of highly intermittent distributed energy resources (DERs) that potentially create various challenges in grid planning and operation.



To overcome these potential problems, small and large-scale battery energy storage systems (BESSs) are becoming a viable option nowadays due to a progressive decrease in battery manufacturing costs. Moreover, BESS units are increasingly popular in present-day power systems due to their ability not only to store a large amount of electrical energy but also to quickly provide various power systems ancillary services, such as peak load shaving, reactive power support, active power regulation, current harmonic filtering, seamless islanding operation, and black start services [1,2,3,4,5,6,7,8,9,10]. In particular, the procurement of seamless islanding transition [8,9] and black start services [11,12,13] using BESS units in islanded distribution areas has recently gained considerable interest and importance. As a brief introduction, once the main grid is disconnected due to either upstream scheduled maintenance or faults, the islanded distribution area could remain operational and stable by ensuring a seamless transition from grid-connected to islanded operating mode [14]. To this end, well-controlled power DERs, such as large-scale BESS units installed in the MV or LV distribution networks can be used to quickly control both frequency and voltage within allowable limits during the grid disconnection. If the frequency or voltage reaches the allowable limits, then the islanded distribution area is shut down. In such cases, to minimize the interruption time of the power supply, after a certain time, the network can be effectively restored to the islanded operation mode using the BESS unit during the black start mode over a short period of time, e.g., several minutes [11].



There has been a great deal of research conducted on the islanded and black start operation of either large-scale distribution networks or small-scale interconnected networks, the so-called microgrids [5,8,9,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]. Regarding the black start, in [11], it was shown that a vanadium redox flow battery storage system had a good performance for fast restoration. Similarly, in [23], electrical storage units were presented as essential elements to implement a successful restoration of the islanded distribution area. Moreover, regarding the islanded operation, in [8,9], an enhanced frequency control method, including both conventional droop control and inertia emulation function, for a BESS unit was proposed to maintain the frequency within allowable limits.



Nonetheless, in previous research, appropriate switching transitions between various operation modes, i.e., grid-connected, black start, and seamless islanding operation, have not been sufficiently addressed. For instance, if the seamless transition is not successful using a pre-defined controller, after a certain time, different suitable controllers are required to perform the black start. Secondly, the impact of various important network parameters on both seamless islanding operation and black start modes has not been quantitatively analyzed and discussed. Thirdly, in a demand response (DR) context, the impact of fast-controlled thermostatic loads on the seamless transition using the BESS unit has been rarely addressed.



Therefore, one of the main objectives of this paper is to evaluate the overall performance of a battery energy storage system (BESS) during I) grid-connected, II) black start, and III) islanded operating modes, where firstly a novel three-mode controller is proposed and developed.



The key contributions of this paper are as follows:




	
A novel three-mode PID controller is proposed that ensures: (1) the required active and reactive power response using the droop (P) controller, (2) the inertial response provided by the inertia emulators (D controller), which helps improve the rate of change of frequency (ROCOF), and (3) the secondary reserve provided by the secondary (integral) controllers that will adjust the active and reactive power to balance the supply and demand.



	
The proposed controller performance under various grid operating conditions is evaluated during both black start and seamless transition to islanded operation. The sensitivity analyses on numerous grid operating parameters, such as pre-disturbance grid power, total installed BESS capacity, battery state of charge, unbalanced three-phase load flows, implemented power-frequency controller parameters, and distribution network types, with various shares of dynamic and static loads, are performed. These comprehensive dynamic simulations were conducted using Matlab/Simulink.



	
A fast-controlled thermostatic load scheme is designed that will help improve the seamless transition performance, enabling the demand response participation.








The subsequent sections of this paper are organized as follows: Section 2 describes the detailed model of the BESS unit. Section 3 presents the grid feeding and grid-supporting control strategies as well as the proposed mode switching controller. Section 4 briefly describes the distribution network under study, and, furthermore, carefully introduces the sensitivity analyses. Section 5 presents the simulation results, and finally, Section 6 concludes the paper.




2. Battery Energy Storage System


Figure 1a presents the battery energy storage system consisting of a power circuit and a control system.



2.1. Power Circuit


The power circuit consists of the battery, three-phase three-leg inverter, and the connection filter. The battery can be simply modeled as a constant dc voltage source, as shown in Figure 1a, taking into account that the time duration of the black start or islanding operation is relatively short, e.g., several seconds. Note that in our project, we used a 264 KVA battery with an internal resistance of 0.01 Ohm. Using these specifications, the internal resistance of the battery had a small impact on our simulation results (e.g., 0.9% impact on the maximum frequency deviation). Therefore, we did not include the internal resistance of the battery in Figure 1. The three-phase three-leg ac/dc inverter provides a bidirectional power exchange in-between the battery and the ac grid. The connection filter is an electrical inductor that is placed between the inverter and the point of common coupling. Note that to enable the demand response (DR) in Figure 1a, a fast-controlled thermostatic load is connected to the point of common coupling.




2.2. Control System


In Figure 1a, the measurement block is responsible for measuring the three-phase BESS’s voltage and current at the point of common coupling (PCC). In a two-axis synchronous reference frame (  d q  ), the calculation block is responsible for providing the   d     and  q -axis currents (i.e.,    i d    and    i q   , respectively) and voltages (i.e.,    v d    and    v q   , respectively) using the phase angle obtained from the phase-locked loop (PLL). The   d q   current and voltages are the inputs to the controllers. Depending on the operating mode (i.e., grid-connected, islanding, or black start), the controllers will have different configurations that will be detailed below. The output of the controllers is the inverter’ voltages (i.e.,    e d    and    e q   ), which are sent to the pulse width modulation (PWM) block. The six control signals    T 1  −  T 6    are then provided to six power inverter switches.





3. Control System Strategies


The BESS system has three operation modes (i.e., connected mode, islanding, and black start mode) and two control strategies (i.e., grid feeding control and grid supporting control strategies). While the grid feeding is employed during the grid-connected mode (mode I), the grid supporting control strategy is used during the islanding (mode II) and black start (mode III) operating modes. The control system will switch between these two control strategies according to the related operating mode.



3.1. Grid Feeding Controller


Figure 1b shows the grid feeding controller. The controller only follows the prespecified set points for the active power    P *    and reactive power    Q *    using the PI controller. In other words, during this mode, the BESS unit does not provide any frequency or voltage support.




3.2. Grid Supporting Controller


Figure 1c presents the grid-supporting controller. The BESS unit controls the active and reactive power at the PCC, taking into account the voltage and frequency, respectively. In other words, the frequency of the islanded network is measured to adjust the active power, whereas, in a decoupled manner, the reactive power is mainly controlled according to the voltage. Three separate controllers for modes II and III are employed as follows:




	
Inertia emulation controller: Since in modes II and III, the total inertia of the islanded area has a very low value, an inertial emulation controller using the frequency derivative (i.e., rate-of-change-of-frequency ROCOF) is proposed and implemented to increase the effective system inertia.



	
Frequency and voltage droop controllers: The conventional frequency and voltage droop controllers are implemented using proportional controller values    P p    and    P q   , respectively. In general, droop controllers are automatically and locally activated to arrest the initial frequency drop right after a contingency event or during the seamless islanding mode within a few seconds in a decentralized manner.



	
Secondary controller: The frequency and voltage secondary controllers are implemented using integral controller values    I p    and    I q   , respectively. This control is typically implemented to automatically recover the system frequency to the rated value within a few minutes in a centralized way following a contingency event or during the seamless islanding transition.









3.3. Mode Switching Controller


As shown in Figure 2, during grid-connected mode (i.e., mode I), the grid-feeding power converter only provides the prespecified active and reactive power set points. In other words, during this mode, the BESS unit does not provide any frequency or voltage support. If, due to the scheduled maintenance or faults, the main grid is disconnected from the islanded area, then the BESS control system immediately sets the values of PID controller I. At the same time, to implement the fast-controller load scheme, the BESS control evaluates and compares the actual fast controller load consumption with the pre-disturbance grid active power values. The main objective of the controller is to minimize the islanded area active power mismatch, taking into account both the pre-disturbance grid active power and fast-controlled loads consumption. Accordingly, the control system decides whether to disconnect or, if available, connect to additional fast controlled loads. Finally, if the transition from grid-connected to islanding operating mode is successful, or in other words, the frequency and voltage remain with allowable limits during the seamless transition, then the islanded area is operated until the main grid becomes available again. Otherwise, if the transition is unsuccessful, then to minimize the interruption time of the power supply, it is proposed to perform the black start after a pre-defined time interval. To this end, it is also proposed to use PID controller II until the black start is successfully completed. Then the PID controller II values could be reset, and during islanding operating mode, PID controller I values are used again. In the end, when the upstream grid becomes available again, then the islanded area is synchronized to the main grid using synchrotact.





4. Case Studies and Simulation Scenarios


The proposed BESS controller is simulated in a three-phase 400 V LV distribution network downstream of a secondary MV/LV substation. As shown in Figure 3, the distribution network consists of a battery energy storage system (BESS), three photovoltaic (PV) solar cells, an MV grid connection, a fast controlled thermostatic load, and three residential loads. Note that each of these three loads corresponds to several individual points of supply, which were aggregated for the sake of simplicity.



The base power, rated AC voltage, and frequency are 250 KVA, 400 V, and 50 Hz, respectively. The power capacity of the electrical components, shown in Figure 3, is provided in Table 1.



4.1. Photovoltaic Solar Cell Model


A photovoltaic unit is typically composed of the following parts:




	
Roof-top solar cell modules



	
DC/DC boost converters



	
AC/DC converter








In short, the roof-top solar cell modules directly convert the sunlight into electricity by using semiconductors. Moreover, DC/DC boost converters, which connect the solar cell modules to the AC/DC converters, not only help reduce the PV unit current by increasing the output DC voltage but also efficiently adjust the operating point of the solar cell modules using maximum power point tracking (MPPT) algorithms. To simplify the model of solar cell modules and DC/DC boost converters, they are modeled as constant DC voltage sources in the simulations.



In order to model an AC/DC converter of the PV unit, it is assumed that it is equipped with six insulated-gate bipolar transistor (IGBT) switches, which are controlled and actuated by the PV unit control system. As shown in Figure 1b, as a grid-feeding power converter, the PV unit inverter mainly controls the active and reactive power close to their reference values; therefore, the PV unit power mostly remains constant during the seamless transition from grid-connected to islanded mode.




4.2. Dynamic Loads


In general, the composite loads are typically divided into two broad categories of the static and dynamic loads (e.g., heating systems and induction motors). Note that in the simulations, both dynamic and static loads are taken into consideration and modeled as follows: Static loads can be modeled as a constant current (CC), constant power (CP), or constant impedance (CI). Since the residential and industrial networks include a large number of resistive loads, thus the simple constant impedance load is only used for representing static loads. In addition, the fast controlled thermostatic load, which is mainly used for dissipating the over production of PV electricity during islanded operation, is modeled by a resistance. Dynamic loads are considered as three-phase squirrel cage induction machines.




4.3. Grid-Connection Model


The upstream MV grid connection is modeled as a three-phase four-wire balance system that has three voltage sources in the star. These sources will be connected to the low-voltage distribution network via an impedance (  R + j X  ). The three-phase short circuit of the grid is 40 MVA, and the X/R ratio is set at 7.




4.4. Simulation Scenarios


Two sets of simulation scenarios are given for I) seamless transition to islanding and II) black start after a supply interruption.



4.4.1. Simulation Scenarios for Seamless Transition to Islanding


The evolution of the system frequency during the transition from grid-connected to islanded mode using the BESS unit is represented schematically in chronological order in Figure 4. Initially, the upstream grid provides the frequency and voltage support. Then, at Point 1, the grid will become disconnected from the islanded area, and, as a result, the frequency will start to deviate from the nominal value. At Point 2, the fast load control dummy load will connect or disconnect to help suppress the deviation of the frequency. On the one hand, if the frequency reaches the minimum or maximum value, then the BESS unit is shut down, and, as a result, the islanding is not successful. Note that the same holds true for the voltage deviations. On the other hand, if the BESS unit could control the frequency and voltage within allowable limits, then the islanding would successful. Note that in these simulations, for the seamless transition to islanding, the reactive power of PV units 1, 2, and 3 is equal to zero.



The simulation scenarios for seamless transition to islanded operation are presented in more detail below. The base case simulation scenario is created and simulated according to the grid information provided in Section 4.1, Section 4.2 and Section 4.3. Sensitivity analyses for islanded operating mode A are performed as follows:




	
Scenario A1: Different grid disturbance power values



	
Scenario A2: Different shares of dynamic and static loads with respect to the residential, industrial, and commercial areas



	
Scenario A3: Different secondary PI controller values



	
Scenario A4: Fast controlled thermostatic load scheme









4.4.2. Simulation Scenarios B1 and B2 for the “black Start” Mode


In order to evaluate the “black start” capability of the BESS unit, two simulation scenarios (i.e., B1 and B2) are defined and addressed in this section. Note that the BESS unit controller parameters during the “black start” mode are different compared to the islanding operating mode. In fact, in order to help further suppress the large frequency and voltage deviations during the black start mode, not only the primary and secondary controllers’ values are accordingly modified and adjusted, but also a higher value for derivative (D) controllers is added into the active power and frequency and reactive power and voltage controllers. Note that the values for the PID controllers are adjusted after performing a very extensive iteration of trial and error. In general, since the voltage and frequency variations during the black start are larger than the case in the islanding operation, the PID values for the black start mode are lower.



	
Case study B1 for “black start” mode: In order to evaluate the BESS performance for picking up different units during the “black start” mode, case study B1 is defined and presented in Figure 5a. At the start point, how much constant impedance load 1 can be picked up by the BESS unit will be evaluated. Then at Point 1, an induction machine is connected to the grid, and later on, at Point 2, constant impedance load 2 is connected. Finally, at Point 3, a PV unit, which is modeled as a negative load equal to the constant impedance load 2, is connected to the grid. Thus, with this chronological order, we can evaluate the BESS unit performance during the “black start” mode for different types of units. In the simulation scenarios, the constant impedance load is picked up at t = 12 s, and then the PV unit is connected at t = 16 s.



	
Case study B2 for “black start” mode: In order to evaluate the BESS performance when a large number of loads and PV units are picked up, case study B2 is defined and presented in Figure 5b. At the start point, constant impedance load 1 is picked up by the BESS unit. Then, at Point 1, an induction machine is connected to the grid, and later on at Points 2, 3, and 4, constant impedance loads 2, 3, and 4 are connected, respectively. Finally, at Points 5, 6, and 7, PV units, which are modeled as negative loads equal to constant impedance loads 2, 3, and 4 are connected to the grid. Thus, with this chronological order, we can evaluate the BESS unit performance during the “black start” mode, when a large number of units are connected to the grid. Note that for the black start mode, the size of the PV units was considered the same as the size of the constant impedance loads where the PV units have a value for their reactive power. Though in practice, the PV units have a relatively low value of reactive power. The simulation results for the black start mode remain intact and valid in the case that the reactive power of the PV units is set to zero as well.









5. Simulation Results and Discussion


This section mainly addresses and presents the simulation results of islanding, including scenarios A1 to A4. Later on, the simulation results of the “black start” mode for scenarios B1 and B2 are presented and discussed. Note that all simulations have been implemented and carried out using Matlab/Simulink.



5.1. Simulation Results of Islanding Operation Scenarios


To introduce the chronological order of simulations, as generally shown in Figure 4, the grid starts providing reactive and active power to the distribution area at t = 0 s, and after 200 ms, both the voltage and frequency are stabilized and controlled close to their corresponding rated values by the upstream MV grid. Later on, the MV grid is disconnected from the islanded area, and immediately the BESS secondary frequency and voltage control is activated. The BESS capability to control the voltage and frequency within allowable limits is shown and discussed below for scenarios A1 to A4. In the following simulations for the islanding scenarios, the allowed frequency range is considered to be between 48 and 52 Hz (8% of the nominal value), while the allowed voltage range is considered to be between 300 and 500 V (50% of the nominal value is used taking into account various standards related to the voltage dips and voltage swells (e.g., EN 50160 and EN 61000) as well as the time duration of the voltage dip (e.g., 100–1000 ms) during the islanding).



5.1.1. Simulation Results of Scenario A1 for Different Grid Power Values


Figure 6 shows that after t = 0 s, the voltage and frequency are stabilized close to their rated values, and at t = 0.5 s, the grid is disconnected from the islanded area. For scenario base case A, the BESS unit is successfully able to control the voltage and frequency within the limits. As shown in Figure 6a,b, the maximum frequency and voltage deviation for the base case A scenario are 50.66 Hz and 335 V, respectively. On the one hand, for scenario A.1.1, the BESS unit is initially able to control the voltage and frequency within allowable limits; however, it reaches its maximum power limit at t = 1.5 s and later on, the system is shut down. From scenarios A.1.1 to A.1.2, the amount of grid power disturbance increases from 100 (i.e., 0.4 pu) to 200 kW (i.e., 0.8 pu), and consequently, both voltage and frequency highly deviate during the islanding, which shuts down the island. On the other hand, for scenario A.1.3, the BESS unit is able to control the frequency and voltage within allowable limits. As shown in Figure 6a,b, the maximum frequency and voltage deviation for scenario A.1.3 are 51.35 Hz and 300 V, respectively. Contrary to scenario A.1.3, the BESS unit does not reach its limits, and consequently, the islanding is successful after several seconds. From scenarios A.1.3 to A.1.4, the amount of grid power disturbance increases from −100 (i.e., −0.4 pu) to −200 kW (i.e., −0.8 pu), and, consequently, both voltage and frequency highly deviate during the islanding, which shuts down the island.




5.1.2. Simulation Results of Scenario A2 for Different Shares of Dynamic and Static Loads


In scenario base case A, it is assumed that the dynamic (i.e., induction machines) and static (i.e., constant impedance) loads have 30% and 70% of the total load consumption, respectively. Figure 7 shows that after t = 0 s, the voltage and frequency are stabilized close to their rated values, and at t = 0.5 s, the grid is disconnected from the islanded area. For scenario base case A, the BESS unit is successfully able to control the voltage and frequency within the limits. As shown in Figure 7a,b, the maximum frequency and voltage deviation for the base case A scenario are 50.66 Hz and 335 V, respectively. From the base case scenario A to scenario A.2.1, where the share of induction machines decreases from 30% to 15%, the maximum frequency and voltage deviations considerably vary from 50.66 to 50.80 Hz and from 335 to 325 V, respectively. In addition, from the base case scenario A to scenario A.2.2, where the share of induction machines will increase from 30% to 60%, the maximum frequency and voltage deviations highly improve from 50.66 to 50.40 Hz, and from 335 to 345 V, respectively.




5.1.3. Simulation Results of Scenario A3 for Different Secondary Controller Gain Values


In scenario base case A, it is assumed that both secondary controllers (i.e., voltage-reactive power and frequency-active power controllers) have the general gain of 4000, according to Table 2. Figure 8 shows that after t = 0 s, the voltage and frequency are stabilized close to their rated values, and at t = 0.5 s, the grid is disconnected from the islanded area. For scenario base case A, the BESS unit is successfully able to control the voltage and frequency within the limit values using the secondary controllers. As shown in Figure 8a,b, the maximum frequency and voltage deviation for the base case A scenario are 50.66 Hz and 335 V, respectively. From the base case scenario A to scenario A.3.1, where the secondary controllers gain reduces from 4000 to 2000, the maximum frequency and voltage deviations considerably vary from 50.66 to 52.21 Hz, and from 335 to 288 V, respectively. Thus, in scenario A.3.1, the islanded area is shut down because both frequency and voltage reach their allowable limits. In addition, from base case scenario A to scenario A.3.2, where the secondary controller gains increase from 4000 to 8000, the maximum frequency and voltage deviations highly improve from 50.66 to 50.31 Hz, and from 335 to 355 V, respectively. However, from scenario A.3.2 to scenario A.3.3, where the secondary controller gains increase from 8000 to 16,000, the maximum frequency and voltage deviations negligibly improve. As can be seen in Figure 8a,b, high values of secondary controller gains result in high-amplitude high-frequency oscillations of both frequency and voltage due to having a lower stability margin. Therefore, although the frequency and voltage deviations in scenarios A.3.2 and A.3.3 might considerably be better compared to base case scenario A, the steady-state high-amplitude high-frequency oscillations are not acceptable for the island operation. Additionally, this might tend the islanded system to instability.




5.1.4. Simulation Results of Scenario A4 for Demand Response (Fast Controlled Dummy Load)


In order to evaluate the performance of the BESS unit with and without demand response, the fast-controlled dummy load is used. In scenario A.4.1, where the grid power for islanding operation is equal to 100 kW (or 0.4 pu), the demand response is not active, and, consequently, the dummy load remains connected at t = 2 s. However, in scenario A.4.2, where the grid power for islanding operation remains equal to 100 kW (or 0.4 pu), the demand response is active and, consequently, the dummy load is disconnected at t = 2 s. Figure 9a,b shows that both voltage and frequency reach their maximum limits with demand response. In fact, the BESS unit is not able to quickly compensate the grid power disturbance of 100 kW (i.e., 0.4 pu). However, in scenario A.4.2, by enabling the demand response, the dummy load is quickly disconnected from the grid within milliseconds, which helps the BESS unit stabilize the system frequency and voltage. As shown in Figure 9a,b, the maximum frequency and voltage deviation for scenario A.4.2 are 49.6 Hz and 420 V, respectively.





5.2. Simulation Results of “Black Start” Mode Scenarios


The simulation results of the “black start” mode scenarios (i.e., B1 and B2) are presented in this section. The chronological order of simulations for each scenario is explained and highlighted as follows:



5.2.1. Simulation Results of Scenario B1 for Picking up Different Types of Units


Within scenario B1 framework, firstly, the BESS capability to pick up different types of units, such as static loads (i.e., constant impedance loads), dynamic loads (i.e., induction machines), and PV units, is carefully evaluated and studied. While the frequency and voltage are presented in Figure 10, the active and reactive power of the BESS unit is shown in Figure 11. As shown in Figure 11, for all scenarios at t = 0 s, the constant impedance load of 60 kW and 15 kVAr is successfully picked up. Later at t = 3 s, the induction machine of 40 kW and 30 kVAr is successfully connected to the islanded system; however, both voltage and frequency significantly drop to 260 V and 48.3 Hz, respectively. Note that in scenarios B1.2 and B2, we assumed that all induction machines are directly connected to the distribution network (in other words, we assumed that all induction machines are totally coupled and connected to the grid with no power-electronic interface in-between the induction machine and the islanded area), and as a consequence, they could consume very high inrush currents (e.g., up to seven times the rated current). This obviously leads to a significant drop in both voltage and frequency during the “black start” mode. However, it is highly worth mentioning that in present-day distribution networks, most of the currently installed induction machines inside the distribution networks are connected to the grid through a power electronic interface. As a consequence, they do not consume very high inrush currents following their connection to the islanded area, and consequently for the “black start” analysis, these power electronically interfaced induction machines can be fairly modeled as constant power loads (and not as the dynamic loads). In conclusion, in practice, both the voltage and frequency response of the BESS unit following the connection of power electronically-interfaced induction machines, should be remarkably better compared to the here-presented simulation results, in which induction machines are directly connected to the islanded area. At t = 12 s, different values of constant impedance load 2 are connected to the BESS unit, and the frequency and voltage variations are evaluated. Generally, as expected, the frequency and voltage variations increase by the size of the load, as shown in Figure 10. The BESS unit is able to successfully control the frequency and voltage within the limits for scenarios B1 2.1 to 2.5, where the constant impedance load 2 size increase from 10 kW and 5 kVAR to 80 kW and 40 kVAR. However, in scenario B1 2.6, the BESS unit is not able to pick up the load of 100 kW and 50 kVAR. At t = 16 s, different values of PV unit 1, which are considered as negative constant impedance 2 values, are connected to the BESS unit, and the frequency and voltage variations are evaluated. Generally, as expected, the frequency and voltage variations increase by the size of the PV unit, as shown in Figure 10. The BESS unit is able to successfully control the frequency and voltage within the limits for scenarios B1 2.1 to 2.4, where the PV unit size increases from 10 kW and 5 kVAR to 60 kW and 30 kVAR. However, in scenario B1 2.5, the BESS unit is not able to pick up the PV unit of 80 kW and 40 kVAR.




5.2.2. Simulation Results of Scenario B2 for Picking up a Large Number of Units


Within scenario B2′s framework, firstly, the BESS capability to pick up a large number of units, such as static loads (i.e., constant impedance loads), dynamic loads (i.e., induction machines), and PV units, is carefully evaluated and studied. While the frequency and voltage are presented in Figure 12, the active and reactive power of the BESS unit is shown in Figure 13. As shown in Figure 13, for all scenarios at t = 0 s, the constant impedance load of 40 kW and 35 kVAR is successfully picked up. Later, at t = 0.5 s, the induction machine of 40 kW and 30 kVAR is successfully connected to the islanded system; however, both voltage and frequency significantly drop to 260 V and 48.3 Hz, respectively. At t = 6 s, t = 12 s, t = 16 s, and t = 21 s, four identical constant impedance loads of 20 kW are connected, in order, to the islanded area. As can be seen in Figure 13, the BESS unit can successfully keep both voltage and frequency within the limits of 380 V and 48.4 Hz, respectively. At t = 26 s, t = 30 s, t = 35 s, and t = 40 s, four identical PV units, which are considered as negative constant impedance loads, are connected to the BESS unit. As can be seen in Figure 13, the BESS unit can successfully keep both voltage and frequency within the limits of 430 V and 51.1 Hz, respectively. Finally, it is worth mentioning that although the BESS performance is fairly acceptable for the sudden connection of PV units, during experimental tests in practice, PV units are only permitted to be slowly connected to the islanded area under monitored and controlled conditions. Therefore, it could be fairly claimed that our simulations take into account the worst operating conditions for the “black start” mode.





5.3. Discussion


The results have shown that, during the islanding operation, the BESS performance largely depends on the following parameters:




	
Grid power disturbance: It was observed in the simulations that the BESS unit had the large capability to control the island for the high values of grid power disturbance, e.g., 0.4 pu. Despite this, for the very high values of grid power disturbance, e.g., 0.8 pu, the battery storage unit was not able to adequately control the island. Moreover, the power variation of the BESS unit did not necessarily have the same value for the upward or downward reserves.



	
Share of dynamic loads, such as induction machines: The dynamic loads, such as induction machines, were able to largely increase the island’s inertial response. As a result, the performance of the BESS unit was notably improved when the share of the induction machines increased in the islanded area. By the way, it was noted that the newly installed induction machines, which are typically connected to the grid using the power electronic converters, are able to considerably deteriorate the inertial contribution of the induction machines to the grid.



	
Secondary controller gain: The gain of the secondary controller undoubtedly had a large impact on the BESS unit’s performance. While the very low values of the controller gains could result in poor performance of the battery storage unit, the use of very large values for the controller gains could also lead to the steady-state high-magnitude high-frequency voltage and frequency oscillations in the islanded area. As the use of both large and low values could make the islanded area unstable, for the islanding operation, the gains of the secondary controller shall be tuned and carefully adjusted.



	
Initial set points of the BESS unit before islanding: If before the islanding, the set points of the battery storage unit were close to the maximum or minimum limits for the power, the performance of the BESS unit could be largely decreased, and as a result, the area could be shut down. Therefore, it is strongly suggested that the initial set points of the battery storage unit would be carefully adjusted such that the battery storage system has enough upward or downward reserves of power during the islanding operation



	
BESS unit power: Taking into account the previous point, i.e., point A. 4, if the size of the battery storage unit (in kW) also had a very low value, then the battery storage unit had limited capabilities to control the frequency and voltage within the allowable limits. Hence, we also recommend that the size of the battery storage unit is carefully selected and defined, taking into account the power disturbance of the grid, total consumption of the loads, and the power production of the PV units in the islanded area.



	
Demand response, such as fast load control, in the area: Fast controlled dummy load had a significant potential to help the battery storage unit successfully stabilize the area, whereas the area shut down without the fast dummy load control.








During the “black start” mode, the performance of the battery storage unit largely depends on the following parameters:




	
Type of loads connected: According to the simulations, the dynamic loads, such as induction machines, could have a very large inrush current that significantly reduced both frequency and voltage during the “black start” mode. However, if the size of the load consumption remains the same, the battery storage system had better performance for constant impedance loads in comparison to the induction machine loads. Finally, it was indicated that the newly installed induction machines are typically connected to the grid via the power electronic converters. This helps the high-amplitude inrush currents be avoided after their connection to the islanded area. In these cases, the induction machines using the power electronic converters can be modeled as constant power loads (and not as dynamic loads).



	
Size of the loads connected to the area: It is obvious that the feasibility of a successful “black start” mode is mainly dependent on the connected load size in the islanded area. In general, the BESS unit had a large capability to pick up large loads, such as 0.32 pu.



	
PV unit’s size: Despite the fact that, in practice, the PV units are gradually connected to the area under controlled and monitored conditions with a very slow rate, the performance of the battery storage system was very acceptable even for the case that the PV units with 0.08 pu are suddenly connected to the area.



	
Type of secondary controller: Next to the conventional PI controllers used for the secondary controller, the derivative (D) controllers were added to the secondary controllers to notably improve the capability of the BESS unit for the “black start” mode. In fact, as the total response of the inertia in the area is relatively low during the black start mode, the derivative controllers are able to effectively emulate and improve the inertial response of the islanded area and, consequently, help suppress the high-voltage and frequency deviations during the load pick up process.








Lastly, the simulations provided some further lessons learned where extensive sensitivity analyses were also made on other relevant aspects of the grid. Note that due to limited space and relevance, those simulation results were not provided in this paper. It was noted that the unbalanced load flows, as well as the state of charge of the battery, had a negligible impact on the islanding mode. However, if the BESS unit does not properly control the large, unbalanced load flows during the islanding mode, then the PV unit or single-phase load connected to the area could be damaged because of the large single-phase current. Moreover, it has the potential to activate the fuse or over-current relay protection of the specific PV unit or load. Therefore, during large, unbalanced load flows, not only the BESS unit performance should be evaluated by the three-phase voltages amplitudes and frequency, but also during islanding mode, the variation of current of each single-phase should be additionally controlled and monitored.





6. Conclusions


In this paper, the islanding performance of a BESS unit was evaluated and studied via simulations employing Matlab Simulink for both “islanding operation” and “black start” islanding modes.



In order to do this, a novel three-mode PID controller comprising (1) inertia emulation, (2) frequency-active power and voltage-reactive power droops, and (3) secondary frequency and voltage controllers were developed.



Extensive sensitivity analyses were carried out so as to assess the proposed controller performance under various grid operating conditions. The parameters evaluated included: pre-disturbance grid power, BESS capacity, battery state of charge, unbalanced three-phase load flows, implemented power-frequency controller parameters, or various shares of dynamic and static loads.



Generally, the simulations showed that the BESS unit practically and technically had a high capability to maintain and operate the area by quickly controlling the frequency and voltage. During the seamless transition from grid-connected to islanded operation, the BESS showed a large potential to adequately control both voltage and frequency, despite the fact that the amount of active and reactive power mismatch during the transition was relatively high. The implementation of the fast-controlled loads for demand response purposes further improved the transition during the islanding operation. If the islanding did fail, the BESS is able to restore the microgrid step-by-step, picking up the grid’s loads and DERs while maintaining the voltage and frequency within the acceptable limits. The mode switching controller performed smoothly during the transition of various modes, namely grid-connected, islanded, and black start modes. The alternative methods to the design of the controller and its parameters could be explored in future research.
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Figure 1. Proposed BESS. (a) Power circuit and control system. (b) Grid-feeding control structure during grid-connected mode. (c) Grid-supporting control structure during seamless islanding and black start modes. 
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Figure 2. Flow-chart diagram illustrating the proposed local mode switching control. 
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Figure 3. Distribution network configuration, including photovoltaic solar cells, fast controlled thermo-static load, induction loads, grid connection, and battery energy storage system ( * The voltage and frequency are measured at the point of common coupling). 
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Figure 4. Simulation events of the system frequency for the “islanding operation” mode in chronological order. 
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Figure 5. Simulation events of the system frequency for “black start” modes in chronological order; (a) scenario B1, (b) scenario B2. 
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Figure 6. (a) Island voltage for scenario A1; (b) Island frequency for scenario A1. 
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Figure 7. (a) Island voltage for scenario A2; (b) Island frequency for scenario A2. 
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Figure 8. (a) Island voltage for scenario A3; (b) Island frequency for scenario A3. 
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Figure 9. (a) Island voltage for scenario A4; (b) Island frequency for scenario A4. 
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Figure 10. (a) Voltage for scenario B1; (b) Frequency for scenario B1. 
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Figure 11. (a) Active power for scenario B1; (b) Reactive power for scenario B1. 
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Figure 12. (a) Voltage for scenario B2; (b) Frequency for scenario B2. 
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Figure 13. (a) Active power for scenario B2; (b) Reactive power for scenario B2. 
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Table 1. Power capacity, active, and reactive power of the components in the microgrid.
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	Power Capacity in KVA





	BESS
	264



	PV unit 1
	200



	PV unit 2
	140



	PV unit 3
	90



	Load 1
	Static 90 KVA + dynamic 40 KVA



	Load 2
	Static 224 KVA + dynamic 40 KVA



	Load 3
	Static 90 KVA + dynamic 40 KVA



	Fast controlled load
	100 (one 50, two 20, and one 10 KVA)
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Table 2. Power, current, primary, and secondary PI(D) controllers for the base case studies of islanding operating and black start mode.
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Controller Parameter

	
Islanding Operating

	
Black Start






	
Power and current controllers




	
2 × Power PI controller

	
P

	
4.5

	
4.5




	
I

	
30

	
30




	
Primary and secondary controllers




	
3 × Frequency-active power PID

	
P

	
108,000 = 27 × 4000

	
15,000




	
I

	
400,000 = 100 × 4000

	
11,250




	
D

	
0

	
1050




	
3 × Voltage-reactive power PID

	
P

	
2560 = 0.64 × 4000

	
28.8




	
I

	
24,000 = 6 × 4000

	
144




	
D

	
0

	
0.96
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