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Abstract

:

An effective energy management system (EMS) was designed based on the Stateflow (SF) approach for a grid-connected nanogrid (NG) composed of a photovoltaic (PV) array with a battery bank and supercapacitor (SC) energy storage system (ESS). The PV energy system, battery bank and SC (ESS), dual active bridge DC/DC converters, DC/AC inverters, control algorithms, and controllers were developed to test the operation of the NG. The average and high-frequency power components are separated using frequency division of the ESS power utilizing a low-pass filter; the average power is absorbed by the battery bank, while the high-frequency power is absorbed by the SC. The aim of this paper is to design an EMS to manage the energy of a grid-connected NG system considering the availability of the PV array, ESS, and demand requirements. Different scenarios of operation were tested to check the EMS behaviour during the day with a random demand profile, including: (1) a PV array with the grid supplying the load without an EMS; (2) a PV array, batteries, and the grid supplying the load with an EMS; (3) a PV array, batteries, an SC, and the grid supplying the load with an EMS; (4) a PV array, batteries, an SC, and the grid supplying the load with an EMS, with load profile reduction by 20% due to COVID-19. As per the simulation results, the proposed EMS enables the flow of power in the NG system and demonstrates the impact on the ESS by minimising carbon emissions via a reduction in grid consumption. Furthermore, the SF method is regarded as a helpful alternative to popular design approaches employing conventional software tools.
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1. Introduction


Nanogrid (NG) and microgrid (MG) systems make use of numerous renewable energy sources (RES) such as solar photovoltaic (PV) and wind systems. Due to the intermittent nature of solar PV and wind systems, an energy storage system (ESS) such as a supercapacitor (SC), batteries, and a flywheel can be used to support the output power that is produced from the RES. The ESS is designed to be used with intermittent RES for output power levelling, load following, peak load shaving, and energy arbitrage [1,2].



In the past few years, energy management systems (EMS) of NG systems are regarded as an important research topic. Many researchers have presented different options that could be used for EMSs in different distribution systems. The EMS used in grid-connected and islanding NG systems helps to optimize energy generation, power flow, and usage amongst the distributed energy sources [3,4].



EMSs are used in distribution systems to control the rising demand for electric power, reducing future emissions and producing socio-economic benefits through sustainable growth [5].



The researchers in [6] developed an EMS for an NG that included PV, a battery and an SC for a house. The proposed EMS aim is to improve battery charging and discharging activity and alleviate the power fluctuation between the NG and main grid using a smoothing function.



EMSs based on the Stateflow (SF) method primarily cater to islanded and grid-connected MGs, which include diesel generators, PV arrays, and ESSs. The researchers put forward an integrated framework pertaining to MGs for dealing with the issue of load shedding, as well as for designing and integrating a resilient EMS. As per the simulation results, the designed EMS not only enables the supply of uninterrupted power during times of load shedding, but also helps to reduce grid burden by amplifying the utilisation of PV energy [7].



In [8], the researchers implemented an EMS by using an SF approach for grid-connected MGs composed of PV and battery storage. The objective of this work was to ensure power flow in the MG system. The simulation was carried out using a 20-s weather profile to demonstrate the efficiency of the proposed EMS.



In [9], an EMS was proposed for island MGs that includes PV, wind, a battery, and an SC. The aim of the paper is to minimize the fluctuation between the MG and loads, and to improve the stability of the grid voltage by using a combination of batteries and SC.



In [10], a new EMS was designed for a grid-connected MG that included a battery, PV energy, and an SC. The key benefits pertaining to the EMS included faster DC link voltage regulation, effective power sharing between the SC and battery, decreased charge/discharge actions pertaining to the battery during transient power fluctuation and steady state, seamless mode transitions, and enhanced power quality features of the AC grid. Both experimental and simulation studies validated the effectiveness of the EMS.



An optimal EMS was proposed in [11], coupled with a stochastic framework pertaining to uncertainties modelling concerning DC-isolated NGs, including battery storage, a PV array, a diesel generator, and wind energy, as well as electric vehicle charging infrastructure. A case study was put forward and various results were noted to confirm the formulation and analyse the effect of demand response programs pertaining to the grid operation. The obtained results validate the significance of flexible consumption for increasing the retailer’s monetary income and decreasing diesel consumption, and, consequently, CO2 emissions. The role of public charging infrastructure has been remarkable with regards to the grid’s profitability and how demand response programs can impact viability.



In [12], an EMS was proposed pertaining to battery storage systems with regards to grid-connected MGs. The determination of a battery’s discharging/charging power is done in a way as to keep the overall energy consumption cost at the minimum level, considering variations in the grid tariff and load demand, as well as renewable power generation. The system was modelled as an economic load dispatch optimisation problem over a 24-h horizon, while mixed-integer linear programming (MILP) was employed to solve the problem. Thus, this formulation requires knowledge pertaining to the production of expected renewable energy power and load demand in the next 24 h. To achieve this, the authors proposed a long short-term memory (LSTM) network. As per the simulation results, the proposed real-time strategy was seen to be better than the offline optimisation strategy, decreasing the operating cost by 3.3%.



In [13], development of an optimal power scheduling controller was conducted with regards to the EMS of distributed energy resources in MG systems. The lightning search algorithm is employed to implement the developed optimised controller to address the uncertainties of MG energy management, as well as to offer optimum power delivery for loads by keeping the cost at its minimum. The proposed optimised controller’s objectives include: (i) to decrease the total operating cost pertaining to the distributed energy resources units, (ii) to develop an optimised controller with regards to MG energy management, and (iii) to minimise environmental emissions. The execution of the optimised controller was carried out based on real-time load-varying conditions as recorded in Perlis, Malaysia. It was observed that the optimised controller was able to successfully decrease the power consumption level from 971.65 MW to 364.3 MW, which, in turn, led to cost savings of RM 265432.06. The proposed scheduling optimised controller’s performance was compared with the search algorithm optimisation employed in validation. The results demonstrated that a cost-effective system was produced with the lightning search algorithm-based MG controller, achieving 62.5% cost savings and CO2 emission reduction of 61.98%, which was much higher compared to the MG and the backtracking search algorithm-based MG optimisation.



In [14], an EMS is proposed with regards to DC MGs that includes PV, a microturbine (MT), fuel cells (FCs), a battery, and a diesel generator (DE), as well as Egyptian grid load profiles over the four seasons occurring in a year. This work aims to decrease CO2 emissions, as well as the overall cost. The generation cost model includes the no-load cost and nonlinear behaviour pertaining to losses within distributed generation (DG). Furthermore, the authors accounted for the start/stop cost pertaining to DG, as well as the power losses occurring with the MG. The proposed optimisation problem becomes a non-convex mixed-integer nonlinear (MINL) problem, which is regarded as difficult to solve. The paper proposes employing the branch-and-reduce optimisation navigator (BARON) algorithm, which is regarded as a global optimisation technique.



The key goal of the above studies is to control and manage the power distribution in NG and MG systems, similar to this work’s key objective; however, the EMS proposed in this paper is different when compared to the earlier studies, as it includes the additional objective of reducing grid carbon emissions and consumption by using an ESS, and also takes into account the impact of the COVID-19 pandemic on the NG system, which was not accounted for in the above research works. Furthermore, this paper includes an EMS designed via the SF approach, which only few papers have previously reported. The SC has does not take into account the SF method as found in the literature, which is presented in this work. Modelling an EMS using SF offers various advantages such as decreasing the complexity, enhancing the ability to reconfigure operating conditions, and simplifying control tasks.



This paper aims to design an EMS catering to grid-connected NGs in order to efficiently manage energy distribution amongst battery banks, PV arrays, and SCs. This also offers flexible control pertaining to various scenarios of alterations in the PV array source and changes in load demand, as well as reductions in carbon emissions.



The paper is organised as follows. Section 1 presents an introduction of nanogrid EMSs. Section 2 describes the NG system design with an EMS in detail. Section 3 presents the results and discussion. The conclusions of this paper are presented in Section 4.




2. Nanogrid Description


The grid-connected nanogrid (NG) with an EMS is shown in Figure 1 It can be divided into a power circuit consisting of: (1) a PV array, battery bank, SC, DC/DC boost converter, dual active bridge (DAB) converters, DC/AC inverters, LCL filters. and three-phase dynamic load modelled in MATLAB Simulink; and the controllers, including (2) local controllers and an EMS designed using Stateflow (SF).



The (PV) array is operated with maximum power point tracking (MPPT); the batteries and the SC are used to maintain the energy balance in the system. By applying a low-pass filter, the batteries will handle the average power and the SC will handle the high-frequency power (HFP). An EMS is used to manage and control the power flow under different conditions to feed the load through the DC/DC and DC/AC converters.



2.1. Photovoltaic (PV) and Boost Converter


The PV array comprises of 14 PV panels connected in series and four PV strings connected in parallel, which are modelled in MATLAB. The parameters are set as maximum voltage output of PV panel Vm = 36.7 V, maximum current output of PV panel Im = 8.18 A, open circuit voltage of PV panel Voc = 45.3 V, short circuit current of PV panel Isc = 8.68 A, maximum power of PV panel Pm = 300 W, and number of cells of PV panel = 72. The power curve of the PV array with irradiation data for 24 h at a constant temperature of 25 °C is shown in Figure 2. The power reaches 16.7 kW at its peak.



The maximum power of the PV array can be calculated by using:


Ppv, max = Vm Im



(1)




where Vm is the maximum voltage output of the PV array and Im is the maximum current output of the PV array. To control the PV array’s power, MPPT is used based on the perturb and observe (P&O) algorithm. This algorithm calculates the duty cycle used by the DC/DC converter to reach the maximum power that the PV array can supply [15]. The boost converter is a highly effective power conversion device in which the input voltage is stepped up without the use of a transformer [16]. Figure 3 shows the basic diagram of the boost converter.



The inductance and capacitance parameters are calculated by using (2)–(4) for the modelling of the DC/DC boost converter [16].


  L =    V  p v    (   V  o u t   −  V  p v    )    Δ I    F  s w   b o o s t    V  o u t        



(2)






   C  i n   =    p  P V , M A X     2 f s  w  b o o s t    v  P V   Δ  v  P V        



(3)






   C  o u t   =    p  P V , M A X     2 f s  w  i n v e r t e r    v  o u t   Δ  v  o u t        



(4)




where   L     is the inductance,   V p v   is the PV array voltage,   V o u t   is the output voltage,   Δ I    is   the    current ripple,   f s  w  b o o s t     is the converter switching frequency,    p  P V , M A X     is the maximum PV array power,    C  i n     is the input capacitor,   Δ v p v   the voltage ripple of PV,    C  o u t     is the output capacitor,   f s  w  i n v e r t e r     is the inverter switching frequency, and   Δ  v  o u t     is the output voltage ripple. Table 1 shows the parameters used to design the boost converter.




2.2. Energy Storage System with Dual Active Bridge


In this work, the energy storage system consists of three lithium-ion batteries with a supercapacitor. Lithium-ion batteries have many features such as high-performance, high-energy density with low power duration (within one hour), and a long life cycle of more than 1000 cycles [17].



On the other hand, the SC has low-energy density with higher power duration (within seconds) compared to the batteries, and the SC shows a longer life span of more than 105 cycles [18].



The batteries’ charge and discharge actions depend on the load demand, available power, and the state of charge (SOC) of the batteries. The energy constraint of the batteries is determined based on the SOC limits.


SOC_min ≤ SOC ≤ SOC_max



(5)




where SOC_min and SOC_max are the lower and the upper limits of the battery SOC, respectively.



On the other hand, the SC charge and discharge actions depend on the load demand, available power, and the voltage (Vsc) of the SC. The energy constraint of the supercapacitor determined based on the Vsc limits.


Vsc_min ≤ Vsc ≤ Vsc_max



(6)




where Vsc_min and Vsc_max are the lower and the upper limits of the supercapacitor Vsc, respectively.



The frequency division of power in the energy storage system utilizing a low-pass filter is applied to obtain the power average that is absorbed by the batteries and the high- frequency power that absorbed by the SC. The following equations have been used for this reason [19]:


   P  a v g   = L P F (  P  l o a d   −  P  p v   )   =   L P F  (   P  E S S    )     



(7)






   P  a v g   =    f  L P F   2 π   s +  f  L P F   2 π    P  E S S      



(8)






   P  H F P   =  P  E S S   −  P  a v g      



(9)




where    f  L P F     is the low-pass filter frequency, selected as 20 Hz, Pavg is the power average,    P  H F P     is the high-frequency power,    P  E S S     is the power of energy storage system, and S is the numerator coefficient. Figure 4 shows the frequency division of the power ESS using a low-pass filter. Table 2 shows the parameters of the ESS.



Figure 5 demonstrates the dual active bridge (DAB) converter, which was originally suggested in [20], with a more detailed analysis provided in [21]. The DAB can be defined as a bidirectional DC/DC converter with galvanic isolation that includes two active bridges that are interfaced and a high-frequency transformer placed between the bridges, as well as leakage inductance. The transformer provides galvanic isolation and also offers a high conversion ratio. For these reasons, a DAB is selected when there is a significant difference in output and input voltages [22]. This converter offers the benefits of high efficiency, soft-switching commutations, and automatic bidirectional power flow [23].



The leakage inductance and input and output capacitance parameters are calculated using the following equations for the modelling of the DAB converter [24].


  L =    (  1 −  |   d  M A X    |   )   d  M A X    V  i n    V  o u t     2 f s   n    P  M A X        



(10)






   C   i n    =    p  M A X     2 f s    v  i n     Δ  v i       



(11)






   C o  =    p  M A X     2 f s    v o    Δ  v o       



(12)




where L is the leakage inductance,    C   i n      is the input capacitor,    C o     is   the    output capacitor,    d  M A X     is the maximum duty cycle,    V  i n     is the input voltage,    V  o u t     is the output voltage,   f s   is the switching frequency,  n  is the turn ratio of the transformer,    p  M A X     is the maximum power,   Δ  v i    is the input voltage ripple, and   Δ  v o    is the output voltage ripple. Table 3 shows the parameters used to design the DAB converter.




2.3. DC/AC Inverters with LCL Filters


One of the most significant electronic components inside microgrid and nanogrid systems is the DC/AC inverter, which is required to convert DC electricity coming from the PV and ESS into AC electricity [25].



Figure 6 demonstrates the topology pertaining to DC/AC PV and ESS inverters along with the LCL filter. At the PV and ESS inverter outputs, LCL filters are employed to filter out the harmonic content that is not required. The procedure mentioned in [26] was used to design the LCL filter pertaining to the power converter.



Table 4 shows the system parameters. Based on these values, calculation of the parameters pertaining to the LCL filter is carried out by employing (13)–(19) [27].


   Z b  =    V g 2     P n       



(13)






   C b  =  1  2 π  f g   Z b       



(14)






  C = 0.05  C b     



(15)






  I m a  x g  =    p n     V g       



(16)






   L 1  =    V  D C     6  f  s w   Δ I      



(17)






  k =  1   |  1 + r  (  1 −  L 1  C    (  2 π  f  s w    )   2   )   |       



(18)






   L 2  = r  L 1     



(19)




where    Z b    is the base impedance, Vg is the grid voltage,    P n     is   the    rated power,    C b    is the base capacitor,    f g    is the grid frequency, C is the filter capacitor,   I m a  x g    is the grid maximum current, L1 is the inverter-side inductance,     V  D C     is the DC voltage,    f  s w     is the switching frequency,   Δ I   is the current ripple.  k  is the ripple attenuation,  r  is the ratio, and    L 2    is the grid side inductor.




2.4. Energy Management System (EMS) Using Stateflow (SF)


The Stateflow (SF) method is adapted for the EMS architecture. This method can be defined as an event-based modelling toolbox in MATLAB that is employed for modelling logic to dynamically control the EMS. To gain control of the power flow, it utilises the available energy information based on the battery bank with the SC, PV array and load requirements. It also offers control signals to the power conversion devices (inverters and DAB), which are generally employed in the integration of the NG system.



The EMS is the main controller that controls and coordinates all control action in the NG system. All the controllers of the DAB and inverters presented in previous sections operate based on the EMS algorithm. The DC/DC boost converter of the PV array is operated in MPPT mode. The DAB converters of the ESS operate in charging or discharging mode and keep the DC bus voltage constant. The power in the NG must be balanced under different operations of power from the PV array, the ESS, and load demand. The power balance equation is given as follows:


Ppv + Pbatteries + Psc = PLoad



(20)







The various operation modes of the EMS are presented in Figure 7 and implemented by using the SF method in Figure 8.



There are different operation modes of the EMS. Each mode depends on four conditions; the first is the power generation from the PV array, the second is the SOC of the battery, the third is the Vsc of the supercapacitor, and the fourth is the high-frequency power.



When the power generated from the PV arrays is less than the load demand, the power is supplied by the batteries until the SOC reaches SOC_min, and by the SC until the Vsc reaches Vsc_min, while the batteries’ average power is shared among the three batteries (for example, if the average power is 3 kW, that means that each battery discharges 1 kW). On the other hand, the SC is managed by the high-frequency power. The SC can discharge a maximum of 5 kW; then, if the high-frequency power is greater than 5 kW, the grid will support the SC, while if the high-frequency power is less than 5 kW, the SC will supply the actual power required. Furthermore, in order to maintain power balance, the power grid will supply the load if the batteries reach SOC_min and if the SC reaches Vsc_min. On the other hand, the desired operation mode is when the power generated from the PV array is greater than the load demand. In this mode, the batteries and SC are charged until SOC_max and Vsc_max, respectively; if the SOC of the battery bank reaches SOC_max and Vsc reaches Vsc_max, then the surplus power will be sent to the grid. Note that a1, a2, and a3 are the statuses of batteries 1, 2, and 3, respectively (1 for discharge, −1 for charge, and 0 for idle). Psc_ref is the status of the SC (5000 for discharge, −5000 for charge, and 0 for idle).





3. Results and Discussions


This section discusses four different operation scenarios for testing the EMS’ behaviour during the day, with a random demand profile and irradiation data for the PV with a constant temperature of 25 °C, including: (1) a PV array with the grid supplying the load without EMS; (2) a PV array, batteries, and the grid supplying the load with EMS; (3) a PV array, batteries, a supercapacitor, and the grid supplying the load with EMS; (4) the PV array, batteries, a supercapacitor, and the grid supplying the load with EMS and load profile reduction by 20% due to COVID-19. Finally, this section discusses the impact of the energy storage system on the energy consumption of the grid and how it can minimize grid emissions.



3.1. The Scenarios


Four different operation scenarios are presented in this section.



3.1.1. First Scenario


This scenario consists of a PV array with the grid supplying the load without EMS during the day.



The objective of this case is to deliver power to the load for different generating conditions. Data for solar irradiation used for one day and changes every 30 min.



The power at different locations of the NG is shown in Figure 9. From midnight to 7 h, the grid is supplying power to the load, as the power generated by PV arrays is zero. After 7 h, the PV array starts to generate the load at different instants, while the surplus power from the PV array is exported to the grid until 17 h. After 17 h, the grid feeds the load until 24 h, as the power generated by PV array is zero.




3.1.2. Second Scenario


In this scenario, the EMS is applied for the PV array and batteries, with the grid feeding the load during the day.



The objective of this scenario is to deliver power to the load for different generating conditions with minimum supply from the grid.



The power at different locations of the NG is shown in Figure 10. Until 7 h, the batteries and the grid feed the load, as the power generated by the PV array is zero; after 7 h, the PV array starts feeding the load at different instants, while the surplus power from the PV array charges the batteries by same amount of power for each one until 17 h. After 17 h, the battery bank feeds the load until 24 h, as the power generated by the PV array is zero. Figure 11 shows the charging and discharging action of the batteries during the day.




3.1.3. Third Scenario


In this scenario, EMS is applied for the PV array, batteries, and SC, with the grid feeding the load during the day.



The objective of this scenario is to satisfy the load for different generating conditions with minimum supply from the grid.



The power at different locations of the NG is shown in Figure 12, Until 7 h, the batteries with the supercapacitor supply the load, as the power generated by the PV array is zero; note that the frequency division of the power and energy storage system utilizing a low-pass filter is applied to obtain the average power, which is absorbed by the batteries, and high-frequency power, which is absorbed by the supercapacitor. After 7 h the PV array begins feeding the load at different instants, while the surplus power from the PV array charges the batteries and the supercapacitor until 17 h. After 17 h, the battery bank with the SC feeds the load until 24 h, as the power generated by the PV array is zero. Figure 13 shows the charging and discharging action of the batteries and SC during the day.




3.1.4. Fourth Scenario


In this scenario, EMS is applied for the PV array, batteries, and SC, with the grid feeding the load during the day, with load profile reduction by 20% due to COVID-19.



The objective of this scenario is to satisfy the load for different generating conditions and to check the impact of the reduction of the load during COVID-19 on the NG.



The power at different locations of the NG is shown in Figure 14. Until 7 h, the batteries with the supercapacitor feed the load, as the power generated by the PV array is zero. After 7 h, the PV array starts feeding the load at different instants, while the surplus power from the PV array charges the batteries and the supercapacitor until 17 h. After 17 h, the battery bank with the SC feeds the load until 24 h, as the power generated by the PV array is zero. Because of the minimization of the load, the batteries charged more and discharged less than in the previous scenarios. Hence, the impact of COVID-19 could be positive for the NG system, as it reduced the charging and discharging behaviour of the ESS, which will increase the life span of the ESS. Figure 15 shows the charging and discharging action of the batteries and SC during the COVID-19 situation.





3.2. Minimization of Energy Consumption and Emissions from the Grid


The aim of this section is to find the impact of the ESS on the grid supply to the load during different operation conditions. Figure 16a shows the grid power for the first scenario, Figure 16b shows the grid power for the second scenario, and Figure 16c shows the grid power for the third scenario.



From above figures, it is observed that using batteries in NG can minimize the power imported from the grid. In addition, using the SC with batteries is considered the best option for minimizing power imports from the grid. On the other hand, from the above grid power curves, the energy consumption in kWh for each scenario was calculated, and is shown in Figure 17a–c, respectively.



The grid energy import is calculated by using following equation


  E n e r g y =   ∫    t 0   t   P  g r i d   d t    



(21)




where    P  g r i d     is the grid power; note that if the power is positive, the energy will increase, and if the power is negative, the energy will decrease. Figure 18 shows the energy calculation while MATLAB function is provided in Appendix A.



After calculating the energy consumption from the grid, we can note that the batteries and SC can effectively minimize the energy imported from the grid. By using the following equation, the grid carbon emission savings can be calculated:


CO2 emission amount = emission factor in kg/kWh × energy in kWh



(22)







The energy consumption from the grid in the first scenario is 14 kWh per day, in the second scenario, it is 1.9 kWh per day, and in the third scenario, it is 1.05 kWh per day. The grid emission factor in Malaysia is considered as 0.63 kg/kWh. Hence, we could save 7.623 kg of emissions per day by using batteries, and we could save 8.1585 kg of emissions per day by using batteries and an SC together. Table 5 shows the impact of batteries and an SC on minimize the grid emissions per day, month, and year.



The system is validated by existing work [28] and the EMS was improved. In summary, the advantages of the proposed EMS for NG system are as follows. The system significantly monitors power-sharing within the NG system by using an EMS algorithm. The proposed model reduces energy grid consumption and CO2 emissions by efficiently controlling the batteries and SC, justifying the use of an SC to manage the high-frequency power, which minimized stress on the batteries. Finally, the impact of COVID-19 on NG systems has been investigated, showing how the decreased load affects the EMS. Future work will verify the EMS using experimental results and compare these with the simulation results.





4. Conclusions


An effective energy management system is designed using the Stateflow approach for a grid-connected nanogrid composed of a photovoltaic (PV) array, a battery bank, and a supercapacitor.



The nanogrid was modelled with a PV array, an energy storage system, a power conversion system, and an EMS. The simulation results with random demand profiles are discussed for four operation scenarios: (1) a PV array with the grid feeding the load without an EMS; (2) a PV array, batteries, and the grid feeding the load with an EMS’ (3) a PV array, batteries, an SC, and the grid feeding the load with an EMS; (4) a PV array, batteries, an SC, and the grid feeding the load with EMS, with load profile reduction by 20% due to COVID-19. The simulation results showed that the proposed EMS reduces the imported grid power and carbon emissions more efficiently when both batteries and a supercapacitor are used in the energy storage system. A further reduction of imported grid power and carbon emissions was obtained during the COVID-19 pandemic due to reduced load demand.
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Appendix A


The following MATLAB function was created to calculate the real-time energy in the simulation: [image: Energies 15 07689 i001]
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Figure 1. Grid-connected nanogrid (NG) with energy management system (EMS). 
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Figure 2. The PV array power curve for one day. 
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Figure 3. DC/DC boost converter diagram. 
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Figure 4. Frequency division of the power energy storage system using a low-pass filter. 
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Figure 5. The dual active bridge (DAB) converter. 
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Figure 6. The schematic diagram of the LCL filter with a DC/AC inverter. 
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Figure 7. The EMS flowchart. 
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Figure 8. The EMS algorithm based on Stateflow. 
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Figure 9. PV and grid power curve in Scenario 1. 
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Figure 10. PV, batteries, and grid power curve in Scenario 2. 
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Figure 11. The batteries’ charge and discharge curve in Scenario 2. 
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Figure 12. PV, batteries, SC, and grid power curve in Scenario 3. 
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Figure 13. The energy storage system charge and discharge curve in Scenario 3. 
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Figure 14. PV, batteries, SC, and grid power curve during COVID-19 in Scenario 4. 
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Figure 15. The energy storage system charge and discharge curve in Scenario 4. 
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Figure 16. (a) Grid power import curve for Scenario 1. (b) Grid power import curve for Scenario 2. (c) Grid power import curve for Scenario 3. 
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Figure 17. (a) Grid energy import curve for Scenario 1. (b) Grid energy import curve for Scenario 2. (c) Grid energy import curve for Scenario 3. 
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Figure 18. Energy calculation block. 
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Table 1. The boost converter parameters.






Table 1. The boost converter parameters.





	Parameters
	Values





	PV array voltage (Vpv)
	513 V



	Output voltage (Vout)
	800 V



	Maximum PV array power (Ppv, MAX)
	16.7 kW



	Current ripple (ΔI)
	3.35 A



	Voltage ripple of PV (Δvpv)
	5.13 (10% of Vpv)



	Converter switching frequency (fsw_boost)
	25 kHz



	Inverter switching frequency (fsw_inverter)
	10 kHz



	Inductance (L)
	1.53 × 103 H



	Input capacitor (Cin)
	100 × 106 F



	Output capacitor (Cout)
	1 × 103 F



	Output voltage ripple (Δv_out)
	8 V (10% of Vout)










[image: Table] 





Table 2. The energy storage system parameters.
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	Parameters
	Values





	Operating voltage range for battery
	42 V–54 V



	Nominal voltage
	48 V



	Rated capacity
	100 Ah



	Initial SOC
	40%



	SOC_max
	80%



	SOC_min
	20%



	Rated capacitance of SC
	177 F



	Rated voltage
	51 V



	Rated power
	5 kW



	Number of series capacitors
	18



	Number of parallel capacitors
	1



	Initial voltage
	50 V



	Vsc_max
	51 V



	Vsc_min
	38 V
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Table 3. The dual active bridge parameters.
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	Parameters
	Values





	Input capacitance (Cin)
	2000 × 106 F



	Output capacitance (Co)
	2000 × 106 F



	Leakage inductance (L)
	6 × 106 H



	Input voltage ripple (Δvi)
	5 V



	Output voltage ripple (Δvo)
	1.5 V



	Maximum power (pMAX)
	4.8 kW



	Switching frequency (Fs)
	25 kHz



	Input voltage (Vin)
	48 V



	Output voltage (Vo)
	800 V



	Maximum duty cycle (dMAX)
	0.35



	Turn ratio of the transformer (n)
	5
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Table 4. The parameters of the LCL filter and inverter.
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	Parameters
	Values of PV Inverter and LCL Filter
	Values of ESS Inverter and LCL Filter





	Rated power (Pn)
	16.7 kW
	20 kW



	  DC   voltage   (  V  D C    )
	800 V
	800 V



	Grid voltage (Vg)
	400 V
	400 V



	Grid frequency (Fg)
	50 HZ
	50 HZ



	Switching frequency (Fsw)
	10 kHZ
	10 kHZ



	   Base   impedance   (  Z b  )   
	4.79
	4



	   Base   capacitor   (  C b  )   
	   664.5    μ F    
	   795.77    μ F    



	Filter capacitor (C)
	   32.22    μ F    
	   40    μ F    



	Grid maximum current (Imaxg)
	48.4 A
	58 A



	Current ripple   ( Δ I  )
	9% of Imaxg
	9% of Imaxg



	Inverter-side inductor (L1)
	   3   mH   
	   2.55   mH   



	Grid-side inductor (L2)
	   0.046   mH   
	   0.038   mH   



	Ratio (r)
	0.0153
	0.0152



	Ripple attenuation (K)
	20%
	20%
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Table 5. The carbon emission savings by using the ESS.






Table 5. The carbon emission savings by using the ESS.





	ESS
	Emission Saving per Day (kg)
	Emission Saving per Month (kg)
	Emission Saving per Year (kg)





	Batteries only
	7.623
	228.69
	2744.28



	Batteries with supercapacitor
	8.1585
	244.755
	2937.06
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