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Abstract


In large buildings, effective load shedding and shifting and providing the maximum power through solar renewable sources remain challenges because of users’ unpredictable load consumption. Conventionally, load shifting, load shedding, and load covering are majorly dependent on user inputs. The lack of user interest in participating in demand responses for effective load shifting and covering remains a problem. Effective load covering through renewables and user-friendly load shedding and shifting with maximized user participation are challenging and demand high-resolution user load consumption information, which are not possible without sophisticated communication and digital twins. In this research work, a novel fuzzy-logic-based cascaded decentralized load-controlling mechanism has been developed that manages the residential building load through load-shifting, load-covering, and load-shedding schemes without any communication protocols and digitization between residential units. The decentralized controller aims to effectively utilize the centralized resources of power generation with the effective automated participation of users. The quantification of the load shifting, covering, and shedding performed during peak hours was well covered under the load-covering scheme, and the results showed that flexibility capacities of 1617 kW were achieved for load covering, 294 kW for load shedding, and 166.34 kW through shifting. A total load of 60 kW, which was reduced during shedding and shifting, was well covered during load covering through renewables.
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1. Introduction


Urban areas’ residential buildings have high cooling, heating, and responsive loads that put enormous stress on the grid during peak hours [1]. However, demand-side management can provide flexibility to the grid [2].



Because of dynamic load utilization, the implementation of demand–response programs with incentives and a penalty approach remains a challenge for utility companies.



Nevertheless, in recent years, renewable energy has been utilized in residential as well as industrial systems to reduce the load on the main grid [3]. However, there are specific challenges associated with the integration of renewable energy, such as frequency and voltage imbalances, uncertainty, and the intermittency of renewable energy [4], that eventually affect the power quality of the grid [5].



There are two major research questions. The first one is if residents are provided with liberty to use electrical loads, as per their routines, how should the increasing energy cost be managed, especially during peak times? On the other hand, the second research question is if penalties from utility companies or load-shedding and -shifting schemes are introduced to reduce energy costs, how should residents’ comfort be managed?



There are many control strategies that have been developed, tested, and implemented to address the research challenges discussed above.



Xin Jin et al. proposed a home energy management system (HEMS) that could provide energy flexibility without compromising residential consumers’ comfort. That study proposed a model predictive control framework for tracking down the maximum and minimum load demands. The HEMS first validates the permission from the consumer and then sends the control signal to the control unit of the selected responsive appliances to achieve flexibility [6]. I.F.G. Reis et al. discussed the energy flexibility technique by combining a multi-agent system (MAS) and a genetic algorithm. The proposed method helped to improve the overall economics of the electricity and consumer reliability [7]. Other than residential case studies, J.D. Billanes et al.’s research presents hospitals that operate 24 h a day without any breaks, where an intermittent supply of energy could be challenging. To ensure reliability, the authors of [8] cover electricity outages with the integration of diesel gensets into the power system, and the results have proven that the integration of a solar PV system was helpful in reducing electricity bills [8]. Zheng Ma et al. studied commercial buildings and concluded that there is energy flexibility potential because of high energy consumption in the form of cold storage/freezers, lighting loads, and HVACs. Three different types of flexibility strategies were discussed, i.e., demand response, energy storage, and distributed energy resources. It was observed in that study that end consumers play an important role in providing flexibility in the forms of peak load shaving, load shifting, and valley filling [9].



Hong Tang et al. implemented the flexibility control strategy in a case study of a 10-story corporate office building in Hong Kong. The controllable loads present in the office building were the lighting load, HVAC, VFD-based fans, and, most important of all, electric vehicles (EVs). The simulation was conducted using TRNSYS software [10].



In [11], Hong Tang et al. proposed five methods of energy flexibility in detail, which are the basis of this research problem. The building sector consumes most of the energy and, hence, has more capacity for flexibility as well because of the presence of responsive loads; the response duration and response time are requirements of power grids [11].



1.1. Energy Flexibility Methods and Strategies


Researchers have worked on various strategies and techniques to ensure energy flexibility in the running loads of high-rise residential and commercial buildings. The optimization technique proposed in [12] is a dual-step mixed-integer linear-programming (MILP) problem, which was solved with the help of a CPLEX solver. The results of the proposed method reveal that significant savings in electricity bills are achieved with the optimized overall load profile [12].



Yuekuan Zhou et al. presented a nonlinear component-based model developed for energy flexibility assessments. A general method along with flexibility indicators, including the off-peak renewable-discharging and off-peak grid-discharging ratios, was discussed for the quantification of hybrid systems. Grid quantification is only possible with the cooperation of policymakers as well as consumers [13].



Yongbao Chen et al. [14] considered PV systems, wind energy, HVAC, dynamic storage, buildings’ thermal masses, appliances, and consumer behaviors as flexibility measures. Considering the system is technologically advanced, the demand response is considered as a key indicator in improving the energy flexibility of a grid-responsive building. A synergistic approach, which includes passive demand–response methods and energy storage technologies with the integration of renewable energy, was proposed, aiming to better improve the energy flexibility. Both residential and commercial case studies were discussed in that paper [15].



Han Li et al. have suggested that residential buildings can help the grid to improve stability by optimizing the shiftable loads, including smart appliances, EVs, and dynamic storage devices. Shifting the load was recorded to be a more efficient way for energy flexibility. It also reduced the peak demand with the help of flexibility control strategies. Most flexibility studies were based on simulation, whereas the others were based on experimental work [16].



Lund et al. discussed generation and demand to help integrate renewable energy at a large scale with the grid. The paper focused on technologies, but the identification of energy flexibility produced from those technologies was out of scope in [17]. Reynders et al. evaluated many quantification methods of building energy flexibility. In their study, the major focus was on the thermal storage system energy flexibility [18]. Plum et al. studied the flexible loads and power sources used on the demand side for energy flexibility of building. Their study shows that there is a great potential in demand-side energy flexibility for energy, cost, and carbon footprint savings [19].




1.2. Evaluation and Implementation of Algorithms


Rule-based control algorithms for the control of HVAC systems and charging of dynamic storage devices for the energy flexibility of a building were discussed by Ilaria Marotta et al. [20]. The energy pricing and the comfort of the consumers concerning the heating and cooling were also investigated. TRNSYS software was used to model the thermal constraints of the building. Innovative energy flexibility key performance indicators were proposed to minimize the energy demand.



Kathirgamanathan et al. provided an insight into utilizing data-driven predictive control methods to gain building energy flexibility [21] whereas Luc et al. discussed energy flexible definition, resources, and quantification methods along with a brief insight on heating demand and district heating systems [22].



In [23], an operational phase application includes energy flexibility strategy evaluation, control strategy comparison, and energy management. HVAC operational strategy, i.e., setpoint, precooling, overnight operation, etc., are addressed using a heuristic approach. These were assessed based on critical peak pricing, real-time pricing, and time of use. To minimize thermal mass comfort cost and energy, an optimal temperature set point was identified, keeping in view the weather conditions and comfort of the occupants.



Luc et al. [24] discussed thermal mass and thermostat set point control as an energy flexibility resource by shifting peak heating demand. Fischer et al. [25] investigated residential pool heat pumps by simulation of baseline operation and smart grid operation.



Mancini et al. [26] collected the data with the help of a survey questionnaire about energy-flexible appliances, which were not addressed in detail, and found that they have a good potential to reduce demand. These studies have focused on the potential energy and environmental benefits of energy flexibility, keeping in view policymaking, standards, and building codes.



In passive thermal storage, the building utilizes its external and internal thermal mass as a flexibility tool. The building can be preheated or cooled during off-peak hours to minimize the load in peak hours. Whereas in active thermal storage, the thermal energy storage tanks are charged in off-peak hours and can be used in peak hours. Scheduling of appliances and the optimal load profile technique play an important role in load shifting and other control strategies [27].



In energy flexibility characterization, it is observed that diverse parameters are used in research studies. These parameters include maximum flexible load consideration, energy efficiency, and thermal mass energy storage. There was a lack of data and key performance indicators (KPIs) to address the quantification issue. There is no standardized characterization of energy flexibility resources since the scenario is not the same everywhere [28].



Konsman et al. [29] implemented an energy flexibility interface by considering the generic parameters of devices, thus recording the contribution of each device towards energy flexibility. Distinct patterns of energy flexibility were considered, which include self-generation, load curtailment, load shifting, and storage of energy in different forms.



Yan et al. [30] discussed sector coupling which is defined as when the variable generation source exceeds the load demand and the excess energy can be converted from one form to another. For example, in the daytime, if generated solar power exceeds the load demand, the remaining energy can be converted into heat and can be used in another way.



Kumamoto et al. conducted a simulation to analyze flexibility analysis with the help of demand response using TOU as a subcategory. A simulation of energy trading between the grid and the prosumer was conducted to observe the net change in energy demand [31].



Song et al. identified unique energy flexibility areas, i.e., swimming pools in residential buildings, which include water pumps, heat, and cooling mechanisms. The authors proposed a technique for evaluating the load profiles for the quantification of flexible resources, which can be used further in minimizing the load demand [32].



Azizi et al. utilized XGBoost regression to extract appliances’ power consumption, especially that of EVs. Based on the extracted load consumption pattern, the operation and usage of the appliance is aggregated. A price-based demand response energy flexibility methodology for buildings is applied and comparative analysis was performed before and after the optimization of energy usage [33].



Siemon et al. used a multi-scale simulation approach to identify the impact of multiple factory units by developing a collaborative industry network to self-consume on-site renewable energy. An overall positive impact on the environment is also recorded as the carbon footprint was reduced [34]. The authors of [35] developed a bilayer-coordinated operation scheme for multi-energy building microgrids. In the bilayer system, the first layer is responsible for the day-ahead optimization operation whereas the second layer finalizes the operation of the power to the thermal unit. The authors of [36] have developed a model for energy storage systems to carefully utilize limited resources while enhancing the share of renewables. The energy storage model uses selective modes of operation for effective power dispatch. The authors of [37] have developed Chance Constrained Programming (CCP) for a distributed cooperation strategy for multi-agent energy systems integrated with multiple renewable-energy-based distributed energy resources. The CCP method is applied to address the uncertainties of distributed energy resources. Keeping in view the enormous utilization of air conditioning load in the residential sector, the authors of [38] have identified the intensive use of air conditioning using the supervised artificial neural networks approach with supervised k-means method. The study effectively classifies the consumers to design and develop smart tools for energy-efficient utilization of load in buildings. A similar study in [39] emphasizes the utilization of data analysis tools to reduce energy consumption in the industrial sector.



Contribution and Novelty


As discussed in the literature review, the research spectrum of building demand management has diverse solutions to efficiently utilize electrical energy with the aim to harness the maximum amount of centralized renewable energy resources or, more specifically, solar PV power in the buildings case.



Utilization of solar PV power on an individual basis, i.e., each house unit in a building having its own solar PV plant, is not possible due to constrained space. Hence, a centralized space such as a building rooftop can be used to install a solar PV resource that will act as a centralized resource for the entire building. On the other hand, it is also not possible to implement a demand response program that suits every customer in the building. Similarly, based on the realistic approach, imposing penalties and invitations for participating in demand response schemes is challenging while dealing with multiple household units integrated in a single building. This approach becomes even more challenging without proper digitization of the electrical load and power consumption data of every residential unit in the building. Effective load shedding, shifting, and providing maximum power through solar renewable sources remain a challenge due to the users’ unpredictable load consumption. The effective load covering renewables and user-friendly load shedding and shifting with maximized user participation is challenging and demands high-resolution user load consumption information which is not possible without sophisticated communication and digital twins.



There is a need to develop a decentralized control approach to utilize the centralized resources. In this research, a decentralized fuzzy controller is designed that will utilize centralized resources such as solar PV, battery banks, and utility grids. Three approaches, load shifting, load shedding, and load covering, are implemented using the fuzzy logic controller that will manage the load through shifting, covering, and shedding based on parameters called membership functions of the centralized resources such as solar PV, tariff rate, and available battery state of charge. Since the fuzzy controller obtains the values of centralized resources to decide on the load operation, there is no communication protocol required for the operation of the fuzzy controllers installed in each household. To cater to the residents’ comfort, designated loads as per the survey are shifted and later covered during the availability of the solar PV power.



In this research, with the novel controller design, quantification of the load covering, shifting, and load shedding is also performed to show the effectiveness of the controller.



A case study of Pakistan has been considered where a real data of buildings in Pakistan were taken for study. A survey was conducted and, based on that, a load shedding, shifting, and covering controller was designed. A proper solar PV sizing was also conducted using HelioScope software and building load profiles for winter and summer were developed in eQUEST software version 3.65. Finally, simulations were performed in the MATLAB Simulink 2020-a software.






2. Methodology


The methodology is divided into the selection of the building, analysis of the load profile, sizing of the battery storage and solar PV systems in accordance with the selected building, and development of a control strategy. Quantification methods have been used to evaluate the flexibility ratio for the different control strategies applied. Energy plus software has been used for the load profiling and analysis of the building load that has been gathered using interviews, surveys, and actual residential bills. The solar PV and battery storage sizing is performed in HelioScope software whereas MATLAB Simulink has been used for the controller design and optimization.



2.1. Selection of High-Rise Building


A 9-floor residential building consisting of 36 flats (4 flats on each floor) in Askari 10, Sector F, Lahore Cantt, near Allama Iqbal International Airport is selected and shown in Figure 1.




2.2. Data Collection


Monthly energy consumption data are collected from the questionnaire form, electrical plan of the building, and monthly electricity bill issued to residents from LESCO. Using the building plan of a single flat, the total number and type of appliances are mapped according to monthly kWh energy consumption. To understand the pattern more clearly, questionnaire forms filled in by the residents are also considered. The room appliances and Google Forms details are provided in Table 1 and Table 2, respectively. There are currently no solar PV panels installed in the building. The major reason is space constraints on the rooftop and no centralized policy for the residents to install solar panels as it is challenging to install solar panels on rooftops for consumers in limited space. However, there is a centralized policy of solar PV installations where all solar PV power is fed to the main transmission lines of the building to be utilized by all residents.




2.3. Building Modeling


The residential apartment is modeled in eQUEST version 3.65 to obtain the load profile considering the building envelope and electricity consumption. Data from the building design book are used to model the building as shown in Figure 2.




2.4. Load Profile


All the gathered data, such as appliances’ kW and their hourly schedules and independent space cooling and heating systems, were entered into the software. Updated data of kW of appliances are used from authentic sources [40,41,42].



A load profile is a profile of a building that is generated based on yearly, monthly, and hourly time frames. To observe the effect of energy flexibility control strategies more clearly, hourly load profile results are selected. The building is simulated three times for the base case according to three scenarios, i.e., winter, summer with an air conditioning unit, and summer with an air evaporation cooler. Later, energy flexibility control strategies are applied to these load profiles and results are obtained. The load profile is shown below in Figure 3.




2.5. Solar PV System Design


A solar PV system is used as a second source in an energy flexibility control strategy. The solar PV system is designed using HelioScope to obtain estimated solar PV system sizing as shown in Figure 4 and Figure 5.




2.6. Battery Bank Sizing


Battery banks are utilized in energy flexibility control strategies. The load sizing for a single flat is approximated to be 800 W per flat. And considering the backup time to be 2.5 h to 3 h, the total battery bank for the building is estimated to be a 4000 Ah, 24 Volt system for a 32 kW load.




2.7. Energy Flexibility Control Strategies


To enhance the building flexibility in terms of load utilization and ensure resident comfort, in this research, a comprehensive optimization and control strategy is developed. In order to optimally utilize the solar PV and battery bank, a decentralized controller is designed that will decide the load operation based on universal inputs such as available solar PV power, battery bank, and tariff rate. Since all these parameters are the same for every apartment, these parameters will be the input to the decentralized controller. The decentralized controller will be installed in every apartment, obtaining universal input upon which the controller will decide the load to be operated or shifted and later covered, thus reducing the requirements of communication protocols. The prioritization of the load shall be selected by the users, thus ensuring resident comfort. The decentralized controller is based on fuzzy logic where the input membership functions are solar PV, tariff, and battery bank.



For energy flexibility, three control strategies are implemented on the base case through Simulink and the fuzzy logic system of MATLAB 2020-a software. Each of the control strategies is explained further one by one. The fuzzy toolbox of MATLAB software is utilized to give an output for given inputs. Details for input/output membership functions and fuzzy rule sets are explained further.



2.7.1. Load Shifting


In the load-shifting strategy, a load which was scheduled to run at a specific time is shifted to the next feasible time slot [11,12]. This strategy is based on inputs of grid electricity tariff rate, availability of SoC, and, lastly, solar PV.



For mathematical quantification of the load-covering energy flexibility strategy, Equations (1) and (2) are used [11,12].


   L  sf   =  L  s f , a c t   +      L    sf , ps   +      L    sf , pa    



(1)






   F  sf   =     L  sf     ∫  P  l o a d    t  dt     



(2)




where LSf is load-shifting flexibility capacity,    L  s f , a c t     is flexibility capacity of active load,    L  sf , ps     is the flexibility of passive loads during shifting and is calculated by selecting the minimum among the required loads and solar generation. Whereas Fcv is the load-covering flexibility ratio and is computed by dividing the load-covering flexibility capacity by total load consumption in the base case and    P  l o a d    t    is the load of the building at any time instant t.



There are three inputs, i.e., tariff rate, battery SoC, and solar PV availability upon which the controller decides on the shifting of load to renewable power or the battery bank. Fuzzy rules are designed upon which the controller decides the load shifting to the solar PV or battery bank. For instance, if higher solar PV power is available with lower and the tariff rates are higher, then the controller will shift the part of the load to the solar PV.



The tariff is set by a regulatory authority and the range is set from PKR 10 to PKR 40. But in our case, there is a one-time window for peak hours which varies every quarter in a year. The peak rate is PKR 35 and the off-peak rate is PKR 25. The tariff rate input variables for fuzzy and associated membership functions are shown in Figure 6.



The other membership function is solar PV. Keeping the margin of shading and other losses, the system is expected to reach a 190 kW peak with all favorable conditions. PV as an input of a fuzzy system is shown in terms of percentage in Figure 7. This percentage is mapped according to the maximum generation where 100% equals 190 kW.



The third membership function is battery bank SoC. The battery SoC as an input to the fuzzy system is shown in terms of percentage in Figure 8. Here 100% means fully charged, i.e., 4000 Ah of charge is available.




2.7.2. Load Shedding


The load-shedding strategy is the one in which loads with less priority are turned off and rescheduled at the time when ample solar power is available. The load-shedding strategy is applicable when low solar PV is available with a lower battery bank. During such cases, the controller will turn off the load. However, the load that is to be tuned off is prioritized by the user as per their routine. Fuzzy rules are so designed that in the case of higher SoC of solar PV availability, the magnitude of load shedding will reduce accordingly.



For mathematical quantification of load shedding, Equations (3) and (4) are used [11].


   L  sd   =  L  sd , act   +  L  sd , lig   +  L  sd , ps    



(3)






   F  sd   =     L  sd      P  load       



(4)




Lsd, flexibility capacity, is the total running load after applying the load-shedding strategy on the base case,    L  sd , act     is the flexibility capacity of the active load, and    L  sd , ps     is the flexibility capacity of the passive load. Pload is the total running load in kW in the base case before applying.



Since the battery SoC and solar PV power are the key monitoring parameters for load shedding, input membership functions are solar PV and battery SoC. Solar PV fuzzy input consists of the availability of PV as a percentage. Later, this percentage is mapped to the actual available generation on the designated day. The membership function is shown in Figure 9.



Battery fuzzy input represents the availability of battery backup in terms of percentage as shown in Figure 10. In a later stage, this is mapped in actual Ah and kW.




2.7.3. Load Covering


In the load-covering energy flexibility control strategy, the solar PV system covers the major load in the daytime or solar insolation hours. The priority is to charge the battery bank first. And after charging the battery bank, solar PV will manage the remaining electrical load of the apartment.



For mathematical quantification, Equations (5) and (6) are used [11,12].


   L  cv   =  max    ( min ∫   G  t  ,      P    load    t     dt     



(5)






   F  cv   =     L  cv     ∫  P  load    t     dt      



(6)




Lcv, flexibility capacity, is the total running load after applying the load-shifting strategy on the base case. Pload is the total running load in kW in the base case before applying the load-shifting strategy. Fsf is the flexibility ratio. The greater the flexibility ratio, the more energy we can save.



The membership functions for load covering are solar PV and battery SoC. However, the parameters are changed from low, medium, and high during load shedding to medium, high, and very high for the solar input membership function. The reason is that covering is only possible when ample solar power is available to cover the loads at maximum during the daytime. The fuzzy rules decide on the load covering based on the membership function values. The fuzzy rules are designed in a way that the controller not only covers the maximum load but also charges the battery for later hours. The solar PV fuzzy input membership function consists of the availability of PV as a percentage. Later, this percentage is mapped to the actual available generation on the designated day. The block diagram with the membership function is shown in Figure 11.



The load covering is possible when there is excess generation. This is the main reason that the membership functions are started from 30% of solar PV availability.



Battery fuzzy input represents the availability of battery backup in terms of percentage as shown in Figure 12. In the later stage, this is mapped in actual Ah and kW. The major difference in load covering compared to other techniques, concerning battery SoC, is how much charge is available in it. If the battery is below 30%, there will be no role for it in load covering. This condition will also compel solar PV to charge it first rather than managing the running load. Figure 13 shows the MATLAB Simulink model for the controller.






3. Results and Discussion


This section discusses the load-shifting, -covering, and -shedding techniques being implemented through the fuzzy controller for the winter and summer seasons. Based on the fuzzy decentralized controller, each housing unit has its own controller that decides on the load shifting, shedding, and covering based on tariff, battery state of charge (SoC), weather forecast, and solar PV power availability that act as input membership functions for the fuzzy controller. Quantification of load shifting, covering, and shedding is discussed and compared with the base case. The base case is the current energy consumption trends for the winter and summer seasons. In the load profile figures, 1 means 1 a.m. and continues for 24 h.



3.1. Designated Day Winter


The hourly load profile data from eQuest for the designated winter day is generated. The load profile for January has been considered as shown in Figure 14.



It can be seen that it is mostly heating load that dominates during the winter season. It increases during the night and load consumption remains low during the daytime. The overall load consumption is approximately 1502 kWh.



3.1.1. Energy Flexibility Control Strategy of Load Shifting


The fuzzy controller load shifting strategy was used and tariff rate, solar PV, and battery SoC were selected as membership functions. Based on the input membership functions and designed fuzzy rules, the fuzzy controller decides on the load to be shifted to the next suitable hours when solar PV power shall be available. During the nighttime, solar PV power is not available and the only alternative means of energy are battery and grid power. Based on the fuzzy rules, the controller intelligently selects the load that may run on the battery while other (less important) loads as defined by users are shifted to other suitable hours. The results from the fuzzy controller are then quantified using Equations (1) to (5).



The results obtained are shown in Table 3. During the critical hours, loads were shifted, however, not much load could be shifted to other suitable hours due to winter and in the evening most of the users run heating loads and do not prefer to turn off the load for comfort. Nevertheless, 70.558 kW of load was shifted to the next suitable hours with maximum load shifting occurring in the 19th hour which is 7:00 p.m.



The electrical load schedules are developed in such a pattern that they closely resemble the Simulink results and user comfort is also not disturbed.



Table 4 shows the segregated load-shifting magnitude under different load types. Cumulatively, the flexibility capacity achieved was 236 kW with a flexibility ratio of 0.157.




3.1.2. Energy Flexibility Control Strategy of Load Shedding


For load-shedding control, battery SoC and solar PV parameters were used as input membership functions. Under the fuzzy load-shedding controller strategy, it can be seen from Table 5 that fuzzy controller rules were so designed that there was a minimum impact on the users’ comfort. Mostly, load shedding was performed when the battery was being charged by the controller to provide maximum power during the higher tariff rates or during nighttime. Cumulatively, 42.31 kW of load was reduced which is 40% less than that of the load-shifting strategy. Table 6 shows the quantification analysis of every load. Misc. load was reduced at the highest rate which is 62.64 kW. The achieved flexibility was 176.96 kW whereas the achieved flexibility ratio was 0.11.



The results from Simulink are presented in Table 3 under the manageable load kW column. As on the designated day, both solar PV and battery SoC were abundant, so the manageable capacity is high.



The electrical load schedule is designed in such a way that only emergency loads can be run to avoid depleting the battery SoC. This load schedule is fed to eQUEST software which generates an hourly load profile of the apartment during the load-shedding period. The running load column in Table 3 represents the load consumption in shedding hours.




3.1.3. Energy Flexibility Control Strategy of Load Covering


The load-covering strategy is one of the most important strategies as it covers the load using available solar PV power that was shifted or reduced during the load-shifting and -shedding strategies. Solar PV and battery SoC were considered as fuzzy input membership functions. With the availability of solar PV and a higher percentage of battery SoC, Table 7 shows that maximum load covering was performed. During the first 8 h of operation, the maximum load was covered by the available solar PV power. From 8 to 10 h, load covering was lesser compared to the base case due to the lower availability of SoC as solar kept on charging the battery. As soon as the battery SoC increased, the load covering is increased and it can be seen during the 14th hour, when the maximum load covering was 126.89 kW when battery SoC was 82%. Compared to the base case, the load consumption was 66 kW whereas load covering was 126 kW which means 60 kW of load that was reduced during shifting and shedding has been covered during the 14th hour. In the same way, it can be seen from Table 7 that based case power is lower from 11 to 15 h compared to the load covering as, during these times, the reduced load is covered.



Table 8 shows that flexibility capacity reports a massive 1212 kW of load covering with a flexibility ratio of 0.85 which proves the performance of the designed fuzzy controller during all three modes of operation. Figure 15 shows the load profile after the load-shedding, -shifting, and -covering operation using fuzzy logic control.





3.2. Designated Day Summer with Air Conditioning Unit


3.2.1. Base Case


In summer, the load increases significantly due to cooling loads such as air conditioners and room air coolers as major loads and fans as minor cooling loads. From the base load profile for summer (Figure 16), the maximum load reached is 18 MWh. The summer month profile of June was considered for the study.




3.2.2. Energy Flexibility Control Strategy of Load Shifting


During the load-shifting strategy, the input membership functions were kept the same as that of summer with the same designed rules for the fuzzy controller. During evening hours, when solar PV power is not available, on average, 25 kW of load was shifted. It can be seen from Table 9 that the maximum load shifted was 26.83 kW when the battery SoC was 88%. The flexibility capacity of 166.3 kW was achieved with a flexibility ratio of 0.09 as shown in Table 10. It can be seen from Figure 14 that the load profile during the base case had a higher number of building exterior, pump load, and hot water loads which were shifted in this case to reduce the building load. However, the cooling load was reduced so that residents’ comfort may experience less impact.




3.2.3. Energy Flexibility Control Strategy of Load Shedding


The load-shedding case was considered by the fuzzy controller for two hours in the daytime and two hours during the nighttime. Due to the heavy load in the daytime, load shedding at the 13th hour was 62.95 kW and 36.28 kW during the 14th hour. It can be seen in Table 11 that during that time the battery was almost fully charged and good power of solar PV was also available. However, the load-shedding magnitude remained at the higher side which is 98 kW due to heavy load utilization at that time. However, during the night hours, load shedding magnitude significantly reduced with the reduction in the base load. The flexibility capacity was 294.86 kW whereas the achieved flexibility ratio was 0.16 as shown in Table 12.




3.2.4. Energy Flexibility Control Strategy of Load Covering


In total, 12 h were considered by the controller to perform the load covering as shown in Table 13. While having a good capacity of solar PV with charged batteries, the load covering performed well. Due to good solar PV generation, the load-covering capacity was 1.78 MW with the capacity ratio of 0.9 as shown in Table 14. During the summer season, the availability of solar is longer, and due to the heavy load shedding and load shifting, battery SoC remained under good conditions starting from the 11th hour to the 17th hour. Load-shedding cases where 13, 14, 20, and 21 h were considered and, during these hours, battery SoC remained highest as unnecessary loads were reduced whereas loads that were shifted from 19 to 23 h were accommodated from 11 to 17 h. Another aspect to notice is heavy load shifting during the 7th hour that is because, during early morning, the cooling load is reduced and at the same time the battery is also much less but, due to the summer season, the solar PV starts working by 5 a.m. which provided room to perform load shifting for electrical loads such as pumps, etc. It can be seen in Figure 17 that during the 6th hour, pumps were operated which is a heavy load that can be used to transfer water to the designated places.



Table 14 shows the mathematical quantification for load covering with summer AC operation. The base case total was 1788. kW and the achieved flexibility capacity is 1617 kW with the achieved flexibility ratio of 0.9. The results show that controller optimization for covering the load maximum from the solar PV is impactful with a flexibility ratio of 0.9.






4. Conclusions


In this research work, a decentralized controller has been designed to maximize the centralized resources such as solar PV power and battery banks and reduce the grid utilization. Conventionally, load shifting, load shedding, and load covering are majorly dependent on the input which is surely a user-dependent approach. Lack of user interest in participating in demand response for effective load shifting and covering remains a problem. However, a penalties and incentives approach under customer participation was successful but is not a complete solution and is entirely user dependent which reduces the overall impact of load shifting and covering. The effective utilization of load shifting, load shedding, and load covering is achieved using a cascaded fuzzy logic controller that reduces the need for digitization and smart sophisticated communication protocols to implement the load-covering, load-shedding, and load-shifting techniques. Quantification results have validated that, with the proposed control technique, healthy load management can be achieved. In the future, the same cascaded technique can be further tested using more membership functions with even better results.



In the future, the membership functions may be increased to further enhance the flexibility ratio. Furthermore, to make the proposed control and optimization strategy more impactful in terms of grid power reduction, the coordination between multiple buildings with decentralized controllers for each building with centralized solar resources can enhance the flexibility ratio even more.
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Figure 1. Fully furnished Apartment in Askari-X, Sector-F. 
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Figure 2. Building Modeling in eQUEST 3.65. 
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Figure 3. Load Profile Base Case Winter. 
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Figure 4. HelioScope Simulation Report. 
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Figure 5. Solar Panel Installation in HelioScope. 
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Figure 6. Input “Tariff Rate” Membership Functions. 
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Figure 7. Input “PV Forecast” Membership Functions. 
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Figure 8. Input “Battery SoC” Membership Functions. 
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Figure 9. Input “Solar PV” Membership Functions. 
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Figure 10. Input membership function for battery SoC. 
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Figure 11. Solar PV membership function. 
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Figure 12. Battery SoC Membership Functions. 
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Figure 13. MATLAB 2020-a software Simulink model for designed controller. 
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Figure 14. Winter Base Case. 
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Figure 15. Hourly Load Profile—Winter Load Cover. 
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Figure 16. Hourly Load Profile Base Case—Summer with AC. 
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Figure 17. Summer Load Cover Hourly Load Profile with AC. 
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Table 1. Room-wise Appliance Details.
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Room-Wise Appliance Details




	
Rooms

	
Appliances






	
Bedrooms (×3)

	
LED Bulbs

	
Inverter AC (1.5 ton)

	
Ceiling Fans




	
LED Tube Lights

	
Air Evap. Cooler

	
Heater




	
Drawing

	
LED Bulbs

	
Inverter AC (1.5 ton)

	
Ceiling Fans




	
Lounge/Dining

	
LED Bulbs

	
Inverter AC (1.5 ton)

	
LCD TV (40′′)




	
Ceiling Fans

	
—

	
—




	
Bathroom (×4)

	
LED Bulbs

	
Geyser

	
Exhaust Fans




	
Kitchen

	
LED Bulbs

	
Toaster

	
Conventional Fridge




	
Exhaust Fans

	
Juicer

	
Microwave Oven




	
Hood

	
Water Dispenser

	
—




	
Store

	
LED Bulbs

	
UPS + Battery

	
—




	
Balcony and Passage

	
LED Bulbs

	
—

	
—




	
Other Appliances

	
Water Pump

	
Electric Iron

	
Laptop Charger




	
Heater

	
Mobile Charger

	
Computer




	
Washing Machine

	
Vacuum Cleaner

	
—











 





Table 2. Questionnaire Form Details.
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Sr. #

	
Questions

	
Option






	
1

	
Type of Building

	
Residential




	
Commercial




	
2

	
Details and Number of Appliances

	
--.




	
3

	
Monthly Average Bill in Summer

	
Bill in Rs.




	
kWh Consumption




	
4

	
Monthly Average Bill in Winter

	
Bill in Rs.




	
kWh Consumption




	
5

	
Duration of Use of Appliances

	
24 h




	
6

	
Load-Shedding Duration

	
Hours




	
7

	
Energy Backup in Case of Outage

	
UPS




	
Generator




	
8

	
Capacity of Generator and UPS System

	
kW




	
9

	
List of Critical Appliances which Need to be Covered in Load Shedding

	
--.




	
10

	
Preferred Choice of Using Appliances

	
Morning




	
Afternoon




	
Evening




	
Night




	
11

	
Electricity Bill Reference No.

	
Reference No.











 





Table 3. Fuzzy Input and Load Comparison—Winter.
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Fuzzy Input and Load Consumption




	
Hours

	
PV KW

	
PV %

	
SoC %

	
SoC Ah

	
Base Case Load kW

	
Load after Shifting kW






	
17

	
0

	
0

	
90

	
3600

	
17.828

	
13.038




	
18

	
0

	
0

	
85

	
3100

	
32.58

	
22




	
19

	
0

	
0

	
80

	
3400

	
206.244

	
19.124




	
20

	
0

	
0

	
72

	
3000

	
185.238

	
8.018




	
21

	
0

	
0

	
65

	
2800

	
239.058

	
8.378











 





Table 4. Mathematical Quantification for Load Shifting—Winter.
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Quantification of Load Shift in Winter






	
Lsf, Miscellaneous

	
30.96

	
kW




	
Lsf, external Lights

	
5.4

	
kW




	
Lsd, fan

	
3.24

	
kW




	
Lsf, Heat

	
176.4

	
kW




	
Lsf, Battery

	
20

	
kW




	
Lsf

	
236

	
kW




	
Flexibility Capacity Lsf

	
236

	
kW




	
Flexibility Ratio Fsf

	
0.157037

	











 





Table 5. Fuzzy Input and Load Comparison—Winter.
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Fuzzy Input and Load Consumption




	
Hours

	
PV KW

	
PV%

	
SoC%

	
SoC Ah

	
Base Case Load kW

	
Load after Shedding kW






	
10

	
90

	
46.8

	
67.5

	
2700

	
72.048

	
12.288




	
11

	
120

	
62.4

	
72.5

	
2900

	
11.244

	
4.044




	
12

	
150

	
78

	
77.5

	
3100

	
37.254

	
2.874




	
13

	
150

	
78

	
82.5

	
3300

	
14.124

	
2.424




	
14

	
150

	
78

	
82.5

	
3300

	
66.054

	
20.694











 





Table 6. Mathematical Quantification for Load Shedding—Winter.
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Quantification after Load Shedding






	
Lsd, Misc.

	
62.64

	
kW




	
Lsd, Light

	
0

	
kW




	
Lsd, Pump

	
40.32

	
kW




	
Lsd, Heat

	
54

	
kW




	
Lsd, Battery

	
20

	
kW




	
Lsd

	
176.96

	
kW




	
Flexibility Capacity Lsd

	
176.96

	
kW




	
Flexibility Ratio Fsd

	
0.117751

	











 





Table 7. Fuzzy Input and Load Comparison—Winter.
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Fuzzy Input and Load Consumption




	
Hours

	
PV KW

	
PV %

	
SoC %

	
SoC Ah

	
Base Case Load kW

	
Load after Cover kW






	
8

	
60

	
31.2

	
57.5

	
2300

	
90.922

	
85.552




	
9

	
75

	
39

	
62.5

	
2500

	
85.54

	
82.69




	
10

	
90

	
46.8

	
67.5

	
2700

	
72.048

	
72.068




	
11

	
120

	
62.4

	
72.5

	
2900

	
11.244

	
87.494




	
12

	
150

	
78

	
77.5

	
3100

	
37.254

	
119.894




	
13

	
150

	
78

	
82.5

	
3300

	
14.124

	
96.854




	
14

	
150

	
78

	
82.5

	
3300

	
66.054

	
126.374




	
15

	
90

	
46.8

	
87.5

	
3500

	
25.968

	
63.068











 





Table 8. Mathematical Quantification for Load Covering—Winter.
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Winter Designated Day






	
Base Line Total Load

	
1425.808




	
Flexibility Capacity Lcv

	
1212




	
Flexibility Ratio Fcv

	
0.850044











 





Table 9. Fuzzy Input and Load Comparison—Summer with AC.
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Fuzzy Input and Load Consumption




	
Hrs

	
PV KW

	
PV%

	
SoC%

	
SoC Ah

	
Base Case Load kW

	
Load after Shifting kW






	
19

	
0

	
0

	
90

	
3600

	
75.078

	
25.038




	
20

	
0

	
0

	
88

	
3100

	
93.798

	
26.838




	
21

	
0

	
0

	
77.5

	
3400

	
52.758

	
27.198




	
22

	
0

	
0

	
75

	
3000

	
168.138

	
27.738




	
23

	
0

	
0

	
70

	
2800

	
89.818

	
23.938











 





Table 10. Mathematical Quantification for Load Shifting—Summer with AC.
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Quantification of Space Cooling with AC






	
Lsf, pa

	
45.72

	
kW




	
Lsf, Light

	
10.08

	
kW




	
Lsf, Fan

	
4.86

	
kW




	
Lsf, pump

	
−0.72

	
kW




	
Lsf, AC

	
86.4

	
kW




	
Lsf, Batt

	
20

	
kW




	
Lsf

	
166.34

	
kW




	
Flexibility Capacity Lsf

	
166.34

	
kW




	
Flexibility Ratio Fsf

	
0.090615

	











 





Table 11. Fuzzy Input and Load Comparison—Summer with AC.
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Fuzzy Input and Load Consumption




	
Hours

	
PV KW

	
PV%

	
SoC%

	
SoC Ah

	
Base Case Load kW

	
Load after Shedding kW






	
13

	
170

	
89.42

	
85

	
3400

	
129.018

	
62.958




	
14

	
150

	
78.9

	
90

	
3600

	
96.708

	
36.228




	
20

	
0

	
0

	
88

	
3100

	
93.798

	
28.638




	
21

	
0

	
0

	
77.5

	
3400

	
52.758

	
27.198











 





Table 12. Mathematical Quantification for Load Shedding—Summer with AC.
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Space Cooling with AC






	
Lsd, Misc.

	
73.98

	
kW




	
Lsd, Light

	
7.2

	
kW




	
Lsd, Fan

	
6.48

	
kW




	
Lsd, AC

	
187.2

	
kW




	
Lsd, Battery

	
20

	
kW




	
Lsd

	
294.86

	
kW




	
Flexibility Capacity Lsd

	
294.86

	
kW




	
Flexibility Ratio Fsd

	
0.160627

	











 





Table 13. Fuzzy Input and Load Comparison—Summer with AC.
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Fuzzy Input and Load Consumption




	
Hours

	
PV KW

	
PV%

	
SoC%

	
SoC Ah

	
Base Case Load kW

	
Load after Cover kW






	
6

	
60

	
31.56

	
20

	
800

	
106.482

	
106.482




	
7

	
75

	
39.45

	
30

	
1200

	
30.172

	
116.572




	
8

	
90

	
47.34

	
40

	
1600

	
58.018

	
40.018




	
9

	
120

	
63.12

	
50

	
2000

	
105.538

	
182.938




	
10

	
150

	
78.9

	
60

	
2400

	
32.448

	
32.448




	
11

	
150

	
78.9

	
70

	
2800

	
19.758

	
19.758




	
12

	
170

	
89.42

	
77.5

	
3100

	
87.888

	
116.688




	
13

	
170

	
89.42

	
85

	
3400

	
129.018

	
85.818




	
14

	
150

	
78.9

	
90

	
3600

	
96.708

	
105.708




	
15

	
130

	
68.38

	
95

	
3800

	
101.208

	
110.208




	
16

	
120

	
63.12

	
97.5

	
3900

	
47.568

	
113.088




	
17

	
90

	
47.34

	
99.8

	
4000

	
15.618

	
103.818











 





Table 14. Mathematical Quantification for Load Covering—Summer with AC.






Table 14. Mathematical Quantification for Load Covering—Summer with AC.





	
Summer Designated Day with AC






	
Base Line Total Load

	
1788.88




	
Flexibility Capacity Lcv

	
1617




	
Flexibility Ratio Fcv

	
0.903918
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