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Abstract

:

In this new era of high electrical energy dependency, electrical energy must be abundant and reliable, thus smart grids are conducted to deliver load demands. Hence, smart grids are implemented alongside distributed generation of renewable energies to increase the reliability and controllability of the grid, but, with the very volatile nature of the Distributed Generation (DG), Demand Side Management (DSM) helps monitor and control the load shape of the consumed power. The interaction of DSM with the grid provides a wide range of mutual benefits to the user, the utility and the market. DSM methodologies such as Conservation Voltage Reduction (CVR) and Direct Load Control (DLC) collaborate in the reduction of plant generation and reciprocally to the comprehensive cost. The aim of this paper is to investigate the effects caused by the implementation of DSM on the operation of PV-integrated distribution systems. The algorithms of CVR, DLC and the combination of CVR and DLC were implemented using OpenDSS and MATLAB. The effectiveness of the aforementioned schemes was verified on IEEE 30-Bus test system. Various possible integration scenarios between Photovoltaic (PV) and DSM schemes are illustrated. The optimal integration of such schemes constraining the reduction of energy consumed by the user and utility is presented. The results show that the implemented DSM algorithms provide a noticeable reduction in energy losses and reduction in consumed energy.
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1. Introduction


With the fast-paced technological advancement of the twenty-first century, electrical demand is constantly increasing. This is mainly due to the exponential growth of the human population, the need for more electrical appliances in every household and the constantly developing industry. Conventional power grids suffer from many disadvantages, such as low reliability and security and higher losses compared to smart grids, which are more commonly used nowadays. Smart grids offer many advantages; along with their higher reliability and security, they tend to be more environmentally friendly, more economical and safer [1,2,3,4]. One of the early solutions to the problem of increasing electrical demand was the implementation of DG, which, alongside smart grids, can improve the reliability of the network drastically, offer reactive power control, etc. [2,4]. DG can be classified according to the technological point of view into traditional and nontraditional technologies. Traditional or nonrenewable technologies include internal combustion engines, combined cycles, combustion turbines and micro-turbines. Renewable technologies include solar, wind, geothermal, ocean and fuel cell [5,6]. Solar energy is one of the most significant and attractive types of renewable energies. The main solar power type is photovoltaic (PV). The PV system employs PV cells to convert solar energy to electrical power. The PV cell is an electrical device that produces electricity directly from the sunlight [7]. When a power network employs smart grid technologies with the presence of PV system, the behavior of the network becomes very dependent on the weather and other parameters, thus it becomes unpredictable. DSM can be used in smart grids to complement the unpredictability of the DGs by reducing energy costs and consumption, leading to a more controllable network [1]. DSM has established a new way for energy saving at demand/load side. It has become a sustainable resource for accomplishing energy conservation and environmental protection as well as economical business profit [1,8].



The integration of DSM is not a simple process. Many barriers are faced that include the changes on the system’s protection, the implementation of various DG types and interfacing with communication systems during severe weather cases and natural disasters. This means a new set of regulations is required for a successful, reliable and efficient integration of DSM [8].



Recent advancement in research and development on DSM technologies has created an important role for DSM in the future energy distribution due to its improved performance and flexibility to achieve higher energy efficiency and reduced energy cost [9,10,11,12,13,14]. DSM techniques have attracted the interest of many researchers and several review papers have been published on this subject. The authors of [10] aggregated the expressions and methodologies about DSM subjects and presented explicit definitions of the relevant concepts. In addition, this review paper introduces comprehensive categorization of DSM strategies and proposes a theoretical framework aims to unify the terminology, concepts and modalities. The authors of [11] revisited and scrutinized the strategies of DSM and discussed the challenges of DSM implementation and their associated solutions. The authors of [12] presented a systematic review of supply and demand side optimal load scheduling in a smart grid environment. A review of peak load shaving and Demand Response (DR) strategies, challenges and opportunities is addressed in [13]. Jabir et al. [14] presented a review of the impacts of DSM on electrical power systems. The potential benefits derived by implementing DSM are also discussed. Based on the above literature review, Table 1 shows the summary of some DSM implementations.



Several studies have presented algorithms in the field of DLC and CVR. Macedo et al. [25] proposed monitoring load curves of different houses in the same area to come up with a schedule for managing the utility by employing an artificial neural network and then using DLC. Mahmood et al. [26] proposed maintaining low energy consumption and peak load reduction by using smart metering and automatically controlling home appliances. In this scheme, users’ control units share information regarding energy consumption; the final results show a reduction in peak demand and energy costs. Lopez et al. [27] proposed a model to optimize energy consumption using load shifting by means of electric vehicles and other storage systems, as well as with the help of hourly pricing. Samadi et al. [28] proposed the integration of users to provide information relating to their energy demand patterns, which leads to building utility functions for each user. They then used a mechanism to maximize these utility functions while minimizing costs with the implementation of time-of-use pricing. The authors of [29] proposed to minimize the peak demand on an hourly basis to obtain a balanced daily schedule. They shifted shiftable appliances using the individual power consumption patterns of users and real-time-pricing with integer linear programming. Mohsenian-Rad et al. [30] discussed smart home appliances usage scheduled according to an optimization algorithm that includes PV panels acting as power supply while using DLC. Mohsenian-Rad et al. [23] discussed a scheduling game, where the players are the consumers and their strategies are daily usage of house appliances. The technique uses the Nash equilibrium. Klaić et al. [31] emphasized the positive effects of PV panels at consumer side on peak demand hours and proposed a direct load control over air conditions on a radial residential network. Monyeia et al. [32] investigated the implementation of DSM in South Africa by controlling clothes washers and dryers considering 100%, 50% and 30% consumer participation. Using a modified genetic algorithm, they showed how electricity bills can be reduced in all three cases by using DLC. Bhattarai et al. [33] investigated a control scheme for implementing demand response in a system with three affecting sides: distribution system operators, aggregators and demand response resources. Three control levels were proposed that change frequency and voltage depending on the threshold-controllable loads. Beal et al. [34] developed load grouping based on power color algorithm of stochastic-constraint satisfaction. This method divides loads into groups of different colors based on how flexible these loads are in terms of shutting the loads off at a given time. Then, DLC was implemented while considering the aforementioned algorithm.



The benefits of CVR in terms of energy savings and loss reduction have been studied [35,36]. The authors of [37] showed that CVR provides energy and economic savings for the utility and the customer. Different implementation methods of CVR are described in [38]. In [39], the authors presented a comprehensive analysis of the possible impacts of different penetration levels of DG on voltage profiles in low-voltage secondary distribution networks. Bag et al. [40] proposed to implement DSM through load curtailment of constant impedance loads on a radial network by using CVR. The method simulated intended to operate substations at rated voltage and then find the optimal capacitor position (OCP) to keep different bus voltages near their lower voltage limit (the lowest allowed voltage by energy authority regulations); this reduction in bus voltage would lead to lowering the demand; by taking the OCP, the technical losses in the network are lower. A field-validated load model for the calculation of the energy conservation gains due to CVR in secondary networks is presented in [41].



The aforementioned review shows that researchers have focused on the implementation of each DSM technique individually; in addition, some researchers have investigated the existence of DSM lacking the presence of intermittent distributed energy resources and its impact when applying DLC and CVR separately. On the other hand, many researchers have proposed appealing results and methods for DLC and CVR, but these methods have not investigated the periods of the day and the commutation between the dominance of DLC and CVR techniques to achieve the maximum reduction of consumed energy. The main contribution of this paper is to investigate the effects of implementing the algorithms of CVR and DLC on the operation of PV-integrated distribution systems. Various possible integration scenarios between PV, CVR and DLC are illustrated. The use of both CVR and DLC is suggested and tested based on two methods: the first method consists of running CVR and DLC proposed algorithm during the entire day (24-h), while the second method implements CVR during low peak demand periods and DLC during high peak demand periods. Moreover, the optimal integration of such schemes constraining the reduction of energy consumed by the user and utility is presented. This paper also shows how the integration of PV can alleviate voltage violations when CVR is applied as well as how the combination of CVR, DLC and PV allows further increasing in the energy savings.



This paper is organized into four sections and the rest of the paper is prepared as follows: Section 2 gives an introduction about DSM technology, including a brief description of DSM techniques. Moreover, the CVR and DLC algorithms and implementation are addressed in this section. Section 3 presents simulation results and the verification of the proposed algorithms. In addition, in this section, different scenarios are established by the commutation between the existence of DG, CVR and DLC. The last section concludes the work presented.




2. Demand Side Management


The term demand side management is the result of a logical evolution of planning processes used by the utilities. Different regions have their own technical challenges, which means they have a different emphasis in terms of what benefits and functionality DSM can deliver over and above that of their existing power system. Different concepts make different assumptions with varying details outlining its smart grid concept. Although DSM does not have a single clear international definition, there are some known definitions used for the DSM [42,43,44]. The following description presents the most detailed and comprehensive definition of DSM: “The planning, implementation, and monitoring of those utility activities designed to influence customer use of electricity in ways that will produce desired changes in the utility’s load shape, i.e., changes in the time pattern and magnitude of a utility’s load. Utility programs falling under the umbrella of demand-side management include: load management, new uses, strategic conservation, electrification, customer generation, and adjustments in market share” [42].



2.1. General Overview of DSM Techniques


With the ever-growing demand globally, investments on new generation capacity must be made everywhere. However, one can cut these investments by implementing DSM, which can be done through a set of actions that reshape the load curve. Figure 1 defines DSM objectives. The main three actions are peak clipping, valley filling and load shifting. Peak clipping means reducing the load demand at high demand periods. This can be achieved by turning off particular consumer equipment and distributed generation. Valley filling encourages consumers to raise their energy demand at times of low demand, during which the cost of energy is cheaper. Load shifting results in shiftable loads being shifted from peak demand periods to lower demand periods. The total consumption stays the same. Strategic conservation decreases the overall seasonal consumption of energy, primarily by reducing energy wastage, thus increasing the efficiency of the system. Strategic load growth results in an overall increase of seasonal energy consumption. The dealership deploys intelligent systems, energy-efficient devices and more competitive sources of energy for achieving the objective. Flexible modeling involves a contract between the consumer and the concessionaire. With the help of load-limiting devices, the energy consumed by the consumer at a given time is limited to a certain value that cannot be exceeded [45,46,47,48].




2.2. Implementation of CVR Algorithm


In the CVR method, DSM is implemented through the action of load curtailment. The goal of CVR is to reduce the voltage at consumer side while maintaining the minimum allowable voltage. The flowchart in Figure 2 takes an assigned Voltage Set Point (Vs) and the minimum allowable voltage (Vmin) according to voltage standards [49,50,51] and keeps measuring voltages at customer buses and then increases or decreases the taps of tap-changing transformers until all the bus voltages lie between Vmin and Vs. Δt stands for the time difference between different voltage measurements.




2.3. Implementation of DLC Algorithm


In the DLC method, DSM is implemented through the action of partial load curtailment. The goal of DLC is to reduce the power consumed when high consumption is experienced by the user. The flowchart in Figure 3 measures the power of each load. It starts by comparing each load with its pre-declared threshold (PTH) during an interval of (Δt) 30 min. Once the consumed power by the loads/users exceeds this threshold, load control is taken into place. DLC curtails 10–30% of the load, maintaining the loads with the highest priority active. Finally, if consumption drops below PTH, the algorithm automatically connects the curtailed percentage back to the load.




2.4. Implementation of the Proposed Algorithm


The load profile varies during the day, and the best load shape can be achieved by executing an adaptive algorithm that chooses appropriate DSM techniques when applicable. The commutations between CVR and DLC occur among different consumption periods, where, generally, DLC is efficient to operate in high power consumption periods while CVR gives better controllability and voltage reduction when the consumption is minimal. The proposed combination between CVR and DLC was tested based on two methods: the first method consists of running the CVR and DLC proposed algorithm during the entire day, while the second method implements CVR during low peak demand periods and DLC during high peak demand periods.



The CVR and DLC methods of DSM are implemented through multiple actions: total load curtailment and partial load curtailment. The goal of the combined algorithm is to reduce the power consumed by reducing both voltage and current in an efficient way. The flowchart in Figure 4 starts the aforementioned algorithms simultaneously by measuring the consumed power and system’s bus voltage; the effectiveness of each algorithm depends on a timetable which schedules the algorithm over the entire day or throughout specified periods of the day. Afterwards, the necessary action is taken either by changing the tap of the transformer or curtailing part of the load.




2.5. Requirements of Demand Side Management


For demand side management to function properly, it needs to be implemented in a smart grid since the various techniques that can be implemented within DSM need good communication infrastructure, advanced monitoring and control equipment. In CVR, the main control elements are the tap-changing transformers used to control the voltage levels at various locations along the grid. In order for this process to run smoothly, monitoring of all controlled buses that contain loads must be accurate and the information collected must be transferred quickly through the communication system to the control center. DLC has control switches as its main control elements that are used to switch out loads when the algorithm demands it. DLC also requires good communication systems to transfer information collected about the power consumed at different loads. Most grids nowadays have decent communication systems with the implementation of power line communications (PLC) and supervisory control and data acquisition (SCADA) systems. New energy meters can also switch out customers by a single command issued at the control center, which can be very useful when implementing DLC.





3. Results and Discussion


OpenDSS was used with MATLAB, interfaced through the COM server to implement CVR by changing the taps of four tap-changing transformers for a well-known and widely used test system, IEEE 30-Bus system [52]; its single-line modified diagram is shown in Figure 5. The test system has a 100 MVA apparent power base and three voltage bases of 132, 33 and 11 kV. The implemented algorithms are solely concerned with the 33-kV region, which has the most loads in the test system. Details on the test system concerning its loads, lines generators and other parameters can be found in [52]. A voltage-sensitive load model was used to represent the power consumed by a load as a function of voltage, and hence each load in the IEEE 30-Bus system is represented with the appropriate ZIP coefficients model. The detailed development for ZIP model is described and documented in [53]. The IEEE 30-Bus system was also used to implement a DLC algorithm that shuts off certain loads if a certain criterion is met. In addition, the optimal DG placement algorithm was implemented to locate the optimal location for PV unit.



The verification of the proposed algorithms was tested on the basis of different scenarios. Different cases were established by the commutation between the existence of DG, CVR and DLC, as follows:




	
Case I: Base case (without DG, CVR and DLC)



	
Case II: with DG, without CVR and DLC



	
Case III: with CVR, without DG and DLC



	
Case IV: with DLC, without DG and CVR



	
Case V: with DG and CVR, without DLC



	
Case VI: with DG and DLC, without CVR



	
Case VII: with CVR and DLC, without DG



	
Case VIII: with DG, CVR and DLC.








3.1. Case I: Base Case


It is basically the DSM techniques; neither CVR nor DLC was implemented. No distributed generator was added to the system.




3.2. Case II: With DG, without CVR and DLC


Distributed generation technology has created an important role in smart grids due to its technical, environmental and economic benefits [2,3,4]. DG can improve reliability as well as provide some other technical benefits: reduced line losses, reactive power control, congestion mitigation at distribution and transmission level, increased system capacity, lower reserve margin requirements at low cost and shorter power outages [54].



In this case, the optimal location of the distributed generator was established based on minimizing power losses of the entire test system. The best location was found to be bus number 21 [2,54]. A Photovoltaic distributed generator was added to the determined bus location. The optimal capacity was found to be very large, namely 100 s MW, thus a smaller DG capacity was chosen to simulate a more realistic case [2,54]. The capacity chosen was 10.233 MW. Figure 6 illustrates the output power of the PV system used in the grid-connected test system. It is worth mentioning that the output power of a PV array is influenced by solar irradiance. It is obvious that the output power of PV modules increases when the irradiance increases, and hence the capacity of PV will slightly increase [5].



Figure 7 shows the voltage profile for the test system before and after the DG interconnection. It is observed that voltage the profile slightly increased; this small variation is due to the use of small capacity of PV compared to total system capacity. However, this integration of PV may alleviate voltage violations when CVR is applied.




3.3. Case III: With CVR, without DG and DLC


The algorithm used starts by making all tap-changing transformers go to their default tap position (defined as 1.0 pu voltage), and it takes two set points Vmin and Vs. The algorithm measures the voltage at all loads in the 33-kV region every 30 min, and then it decides whether to increase, decrease or not change the tap position. If any load bus has a voltage lower than Vmin the tap position is increased; if any load bus has a voltage higher than Vs while all other load buses’ voltages are higher than Vmin, the tap position is decreased; and, if all load buses’ voltages are between Vmin and Vs no change will occur.



For the IEEE 30-Bus test system, Vs must be set to 1.08 or less p.u. If it is chosen higher than 1.08, the saved energy will drop significantly (the CVR algorithm will be rendered useless). When the taps of the tap-changing transformers are lowered, the voltages of the 33-kV region buses drop, but the voltage of bus 29 remains slightly higher than 1.08 for all relevant tap positions, which is why whatever Vs is chosen, bus 29 will ensure that the algorithm will lower the taps until the bus with the lowest voltage in the 33-kV region (bus 26) will be just above 0.9 p.u. The Vs threshold will be entirely different for different test systems.



One can see the voltage profile of the 30-Bus IEEE system in Figure 8. The buses of interest here are the following buses found in the 33-kV region: 10, 12, 14, 15, 16, 17, 18, 19, 20, 21, 23, 24, 26, 29 and 30. The aforementioned buses’ voltages can be seen to drop after the algorithm is implemented. In addition, as a result of voltage reduction, the active and reactive powers have dramatically reduced, as presented in Table 2 and Table 3.



The fact that the CVR reduced 3% of the real power consumed by most loads in the 33-kV region is a testimony of how effective this technique is. The voltage reduction done should affect no customer negatively since they are getting an appropriate value of voltage (more than 0.9 pu), and they are getting constant power. The algorithm used is a closed loop control algorithm, which means that, not matter what load shape or massive load changes have happened, this algorithm can detect them (every 30 min) and try to adapt (sometimes a little bit slowly). The CVR algorithm managed to decrease consumed power, reduce system losses and provide the system with a voltage control scheme to automatically manage rapid voltage changes.



In Figure 9, one can see the voltages on buses 10, 17 and 26 along the 24-h simulation with a varying load shape. The voltages were reduced to a very good extent while remaining above the Vs a considerable amount of time, which is still fine since this will be nearly impossible to overcome when dealing with a lot of loads that have different voltages. The important notion is that all the load buses’ voltages remained above Vmin.




3.4. Case IV: With DLC, without DG and CVR


Mainly, the algorithm measures the power of each group over 24-h period. It starts by comparing each load with its pre-declared threshold (PTH) during an interval of 30 min. Once the consumed power by the loads/users exceeds this threshold, load control is taken. DLC curtails 10–30% of the load, maintaining the loads with the highest priority active. Finally, if consumption drops below PTH, the algorithm automatically connects the curtailed percentage back to the load.



In Figure 10, one can see the power of loads 10, 21 and 30 along the 24-h simulation with a varying load shape. According to Table 4, the consumed power of each load was considerably reduced when exceeding its tie-line threshold, as several loads were curtailed according to the aforementioned algorithm. In Figure 11, a small increase in voltage is observed as 10–30% of consumed load is curtailed, as if the load has become lightly loaded. As a general result, the advantages of this algorithm are lowered system losses and lowered consumed power.




3.5. Case V: With CVR and DG, without DLC


In this case, the same CVR algorithm was used as in Case III. This case was simulated to test the effect of adding a PV system at the optimal location (Bus 21) on the CVR technique. Figure 12 shows the voltage profiles for the test system with/without PV in the presence of CVR. They have similar profiles, but the magnitude varies from bus to bus; it is clear that the voltage profile in the presence of DG and CVR is slightly higher in magnitude compared to the voltage profile in the presence of CVR technique alone. Under some circumstances, the integration of PV may alleviate voltage violations when CVR is applied.



Table 5 and Table 6 present the active and reactive power with/without CVR in the presence of DG. By comparing the tables for Case V with the tables for Case III, one can see that the effect the DG has on the CVR is a non-positive one. The DG decreased the saved active and reactive powers. On the other hand, the active and reactive powers consumed by the loads in the presence of the DG are slightly less. Thus, the overall effect of the DG is non-positive, but it is not that influential. The pros and cons of this case are similar to those of Case III alongside more technical, environmental and economic benefits at the system level due to the integration of the PV unit.



The voltages on buses 10, 17 and 26 along the 24-h simulation with a varying load shape with/without CVR in the presence of DG are shown in Figure 13. The presence of small PV unit did not provide significant difference compared to the case of implementing CVR algorithm alone.




3.6. Case VI: With DLC and DG, without CVR


In this case, the same DLC algorithm was used as in Case IV. This case was simulated to test the effect of adding a PV system on the DLC technique. Figure 14 and Figure 15 show the power vs. time and the voltage profiles, respectively, for the test system with/without PV in the presence of DLC. It is observed that the real power and voltage in the presence of PV unit did not provide significant difference compared to the case of implementing DLC algorithm alone.



The active power and active power reduction with/without DLC in the presence of DG are evaluated for the concerned buses; the results are summarized in Table 7. As in Case V, the effect the DG had on the DSM technique (DLC) is a slightly non-positive one. The DG lowered the saved powers, but it also lowered the consumed powers. Thus, it can be seen as a neutral effect, unless the penetration level of the DG is extremely high. The pros and cons of this case are similar to those of Case IV alongside the other benefits mentioned above due to the interconnection of the PV.




3.7. Case VII: With CVR and DLC, without DG


The combination of CVR and DLC was tested based on the two methods mentioned above. Figure 16 illustrates the variation of power and Figure 17 demonstrates the voltage profile; these figures include the base case and the aforementioned methods. The results obtained for this case regarding the active and reactive power are summarized in Table 8 and Table 9. The advantages of this scenario are the reduced system losses, reduced consumed power and the increased voltage control capability; thus, any voltage variation caused by DLC can be rectified by the CVR algorithm. Obviously, the dominant result was established by the implementation of the first method, where DLC and CVR are running through the entire 24 h. DLC forms the major impact on power reduction compared to CVR. As the power decreases, the voltage decreases, hence CVR does not take part in curtailing power at some points. Thus, the 24-h scheme has much better results.




3.8. Case VIII: With DG, CVR and DLC


Case VIII is similar to the previous one, but the impact of photovoltaic distributed generator is considered. The aforementioned methods (24-h and periods) were used to verify the proposed algorithms. Figure 18 and Figure 19 show the voltage profiles and power vs. time, respectively, for the test system with CVR and DLC in the presence of PV. It is observed that the real power and voltage in the presence of PV did not provide significant difference compared to the case of implementing algorithms without PV.



Table 10 and Table 11 show the results for this case. By comparing these tables with the tables for previous case, one can see that the effect the DG has on the CVR and DLC is a slightly negative one. The DG decreased the saved active and reactive powers. However, the active and reactive powers consumed by the loads in the presence of the DG are slightly less. Thus, the Overall effect of the DG is non-positive but it is not that influential. The pros and cons of this case are similar to those of Case VII alongside more technical, environmental and economic benefits due to the integration of the DG. From the irradiance perspective, the comparison between a summer day of good irradiance and a cold day of zero irradiance (in worst case) can be related to Cases VIII and VII, respectively. As indicated above, the PV integration causes minor negative effects on DSM techniques; if Case VII were presumed to be the zero irradiance of Case VIII in certain weather conditions, the variation in irradiance would have very small effect in terms of voltage profile and saved energy.




3.9. Comparison


The consumed and saved energies along with the energy losses of all considered cases are compared in this section; the results are summarized in Table 12.



By comparing the saved, consumed and lost energies of all eight cases one can see that Case VII (24-h technique) yields the best results with the lowest network losses and the highest saved energy. One can examine all the DSM cases and realize that the DLC technique lowered the losses in the network as well as saved energy when compared to Case I or II. DLC can save much more energy than CVR, since CVR is constrained by voltage standards. DLC reduces energy losses since it decreases the power of the loads, which will lower the current drawn from the source, thus reducing losses. When deploying DLC and CVR together, CVR can control any voltage change caused by DLC when the load powers are varied. The effect of the DG on bus 21 is minimal, but it is important to notice that it affects CVR losses more severely than DLC losses. Thus, in summary, CVR can decrease consumed energy and increase the system’s voltage control capabilities. DLC lowered circuit losses and consumed energy by a larger margin than CVR. The combined algorithm reduced system losses and consumed energy and gave the system increased voltage control capabilities.





4. Conclusions


The individual performances of the DLC and CVR techniques were confirmed, regarding reduction in energy losses and reduction in consumed energy; as a result, nearly 5% and 4.3% of saved energy is achieved when applying DLC and CVR, respectively. The implementation of CVR concurrently with DLC yields in the best results with the lowest network losses and the highest of approximately 9.3% of the saved energy. The commutations between CVR and DLC occurred among different consumption periods where generally DLC is efficient to operate in high power consumption periods while CVR gives better controllability and voltage reduction when the consumption is minimal and this scenario yields in nearly 6% of energy saved. Moreover, the 24-h algorithm yields the best outcome as it is adaptive to choosing the appropriate DSM techniques when applicable. On the other hand, the periods algorithm is limited to operate only one DSM technique during the predefined interval, which prevents the presence of the other. Finally, the PV integration provides an improvement in terms of voltage profile and this integration of PV may alleviate voltage violations with CVR implementation. However, PV integration causes minor negative effects on DSM techniques, thus they can be neglected since this integration provides a wide range of mutual benefits to the customer, the utility and the market.
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Figure 1. DSM techniques. 
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Figure 2. CVR algorithm flowchart. 






Figure 2. CVR algorithm flowchart.



[image: Applsci 10 07551 g002]







[image: Applsci 10 07551 g003 550] 





Figure 3. DLC algorithm flowchart. 
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Figure 4. Combined CVR and DLC algorithm flowchart. 
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Figure 5. IEEE 30-Bus modified single line diagram. 






Figure 5. IEEE 30-Bus modified single line diagram.



[image: Applsci 10 07551 g005]







[image: Applsci 10 07551 g006 550] 





Figure 6. Output power of the interconnected PV. 
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Figure 7. Case II: Voltage profile with/without DG. 
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Figure 8. Case III: Comparison of the voltage profile without CVR (Base case) and with CVR. 
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Figure 9. Case III: Voltage vs. time with/without CVR. 
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Figure 10. Case IV: Real power vs. time with/without DLC. 
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Figure 11. Case IV: Comparison of the voltage profile without DLC (Base case) and with DLC. 
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Figure 12. Case V: Voltage profiles with/without CVR in the presence of DG. 
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Figure 13. Case V: Voltage vs. time with/without CVR in the presence of DG. 
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Figure 14. Case VI: Power vs. time with/without DLC in the presence of DG. 
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Figure 15. Case VI: Voltage profile with/without DLC in the presence of DG. 
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Figure 16. Case VII: Power vs. time with/without CVR and DLC. 
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Figure 17. Case VII: Voltage profile with/without CVR and DLC. 
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Figure 18. Case VIII: Voltage profile with/without CVR and DLC in the presence of DG. 
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Figure 19. Case VIII: Power vs. time with/without CVR and DLC in the presence of DG. 
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Table 1. Summary of some results of algorithms used in DSM.
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	Reference
	Method/Technique
	Outcome





	[15]
	Heuristic-based load shifting technique
	Reduced of peak-to-average ratio and minimized the energy cost



	[16]
	Parallel autonomous optimization scheme with DR framework
	Reduced of peak-to-average ratio and minimized the energy cost



	[17]
	DR program with model predictive control method
	Minimized the electricity bill on the customer side



	[18]
	DSM mechanism along with artificial neural network
	Minimized the operation cost



	[19]
	Load scheduling method based on online event-triggered energy management algorithm
	Reduced the electricity bill as well as ensured the user comfort level



	[20]
	DR scheme
	Achieved an optimal power generation and peak load dispatch



	[21]
	Load scheduling with game theory algorithm
	Reduced peak load as well as energy payment for the consumers



	[22]
	DR method with mixed-integer linear programming
	Reduced perational cost and peak load



	[23]
	Autonomous and distributed

DSM scheme
	Reduced of peak-to-average ratio and minimized the energy cost



	[24]
	Load shifting technique using genetic algorithm
	Reduced of peak-to-average ratio
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Table 2. Case III: Active power with/without CVR.
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	Bus/Load (#)
	Active Power without CVR (kW)
	Active Power with CVR (kW)
	Active Power Reduction (kW)
	Reduction Percentage (%)





	10
	1606
	1556.3
	49.7
	3.09



	B12
	3105
	3042.3
	62.7
	2.02



	B14
	1713.3
	1651.7
	61.6
	3.60



	B15
	2264.1
	2169.2
	94.9
	4.19



	B16
	968.08
	936.29
	31.79
	3.28



	B17
	2488.3
	2393.2
	95.1
	3.82



	B18
	882.03
	834.02
	48.01
	5.44



	B19
	2617.7
	2467.3
	150.4
	5.75



	B20
	606.83
	575.37
	31.46
	5.18



	B21
	4831.5
	4600.9
	230.6
	4.77



	B23
	881.73
	832.41
	49.32
	5.59



	B24
	2395.1
	2241.4
	153.7
	6.42



	B26
	958.49
	865.54
	92.95
	9.70



	B29
	657.45
	596.35
	61.1
	9.29



	B30
	2897
	2580.5
	316.5
	10.93
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Table 3. Case III: Reactive power with/without CVR.
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	Bus/Load (#)
	Reactive Power without CVR (kvar)
	Reactive Power with CVR (kvar)
	Reactive Power Reduction (kvar)
	Reduction Percentage (%)





	B10
	576.19
	533.64
	42.55
	7.38



	B12
	2179.3
	2006
	173.3
	7.95



	B14
	453.79
	423.95
	29.84
	6.58



	B15
	704.23
	656.91
	47.32
	6.72



	B16
	514.20
	478.55
	35.65
	6.93



	B17
	1651.4
	1533.5
	117.9
	7.14



	B18
	250.1
	233.15
	16.95
	6.78



	B19
	942.5
	879.4
	63.1
	6.69



	B20
	195.62
	182.06
	13.56
	6.93



	B21
	3152.6
	2930.5
	222.1
	7.04



	B23
	443.42
	414.5
	28.92
	6.52



	B24
	1844
	1719
	125
	6.78



	B26
	607.67
	566.42
	41.25
	6.79



	B29
	238.29
	222.92
	15.37
	6.45



	B30
	494.28
	460.45
	33.83
	6.84
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Table 4. Case IV: Active power with/without DLC.
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	Bus/Load (#)
	Active Power without DLC (kW)
	Active Power with DLC (kW)
	Active Power Reduction (kW)
	Reduction Percentage (%)





	B10
	1608.8
	1399.8
	209
	12.99



	B12
	3110
	2567.3
	542.7
	17.45



	B14
	1716.4
	1392
	324.4
	18.90



	B15
	2268.1
	1778.1
	490
	21.60



	B16
	969.8
	793.1
	176.7
	18.22



	B17
	2492.8
	2081.2
	411.6
	16.51



	B18
	883.5
	715.2
	168.3
	19.05



	B19
	2622.4
	2129.4
	493
	18.80



	B20
	607.9
	349.7
	258.2
	42.47



	B21
	4840.0
	3921.5
	918.5
	18.98



	B23
	883.2
	722.8
	160.4
	18.16



	B24
	2399.3
	2068.6
	330.7
	13.78



	B26
	960.1
	778.7
	181.4
	18.89



	B29
	658.6
	596.4
	62.2
	9.44



	B30
	2902
	2526.3
	375.7
	12.95
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Table 5. Case V: Active power with/without CVR in the presence of DG.
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	Bus/Load (#)
	Active Power without CVR (kW)
	Active Power with CVR (kW)
	Active Power Reduction (kW)
	Reduction Percentage (%)





	B10
	1575.26
	1529.45
	45.81
	2.91



	B12
	3045.20
	2986.37
	58.84
	1.93



	B14
	1680.33
	1621.11
	59.22
	3.52



	B15
	2220.57
	2129.64
	90.92
	4.09



	B16
	949.52
	919.79
	29.73
	3.13



	B17
	2440.70
	2351.56
	89.14
	3.65



	B18
	865.09
	819.12
	45.96
	5.31



	B19
	2567.25
	2423.37
	143.88
	5.60



	B20
	595.21
	565.20
	30.01
	5.04



	B21
	4740.29
	4527.46
	212.83
	4.49



	B23
	864.75
	817.46
	47.29
	5.47



	B24
	2348.58
	2202.52
	146.07
	6.22



	B26
	938.99
	849.48
	89.51
	9.53



	B29
	644.03
	584.85
	59.18
	9.19



	B30
	2836.90
	2530.71
	306.19
	10.79
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Table 6. Case V: Reactive power with/without CVR in the presence of DG.
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	Bus/Load (#)
	Reactive Power without CVR (kvar)
	Reactive Power with CVR (kvar)
	Reactive Power Reduction (kvar)
	Reduction Percentage (%)





	B10
	565.87
	524.27
	41.60
	7.35



	B12
	2140.27
	1970.78
	169.48
	7.92



	B14
	445.01
	416.64
	28.37
	6.38



	B15
	690.87
	645.84
	45.03
	6.52



	B16
	504.66
	470.71
	33.95
	6.73



	B17
	1621.38
	1508.95
	112.43
	6.93



	B18
	245.84
	229.24
	16.60
	6.75



	B19
	926.61
	863.70
	62.91
	6.79



	B20
	192.35
	178.83
	13.52
	7.03



	B21
	3105.30
	2879.55
	225.76
	7.27



	B23
	435.85
	407.03
	28.83
	6.61



	B24
	1813.27
	1689.12
	124.15
	6.85



	B26
	596.78
	555.86
	40.92
	6.86



	B29
	233.88
	218.60
	15.28
	6.53



	B30
	485.11
	451.51
	33.59
	6.92
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Table 7. Case VI: Active power with/without DLC in the presence of DG.
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	Bus/Load (#)
	Active Power without DLC (kW)
	Active Power with DLC (kW)
	Active Power Reduction (kW)
	Reduction Percentage (%)





	B10
	1575.830
	1371.041
	204.789
	12.996



	B12
	3046.189
	2512.851
	533.339
	17.508



	B14
	1675.009
	1362.938
	312.071
	18.631



	B15
	2221.300
	1740.686
	480.614
	21.637



	B16
	949.839
	776.606
	173.232
	18.238



	B17
	2441.559
	2037.465
	404.094
	16.551



	B18
	865.408
	700.286
	165.122
	19.080



	B19
	2559.463
	2084.608
	474.855
	18.553



	B20
	593.335
	341.764
	251.571
	42.400



	B21
	4741.635
	3837.373
	904.262
	19.071



	B23
	865.102
	707.661
	157.441
	18.199



	B24
	2350.062
	2025.118
	324.945
	13.827



	B26
	940.306
	761.270
	179.035
	19.040



	B29
	644.918
	584.113
	60.805
	9.428



	B30
	2841.717
	2473.491
	368.225
	12.958
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Table 8. Case VII: Active power with/without DSM.
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	Bus/Load (#)
	Active Power without DSM

(kW)
	Active Power with 24-h DSM

(kW)
	Active Power with Periods of DSM

(kW)
	Reduced Active Power with 24-h DSM

(kW)
	Reduced Active Power with Periods of DSM

(kW)
	Reduction with 24-h DSM

(%)
	Reduction with Periods of DSM

(%)





	B10
	1608.8
	1409.5
	1430.5
	199.3
	178.3
	12.39
	11.08



	B12
	3110.0
	2612.2
	2746.3
	497.8
	363.7
	16.01
	11.69



	B14
	1716.4
	1425.0
	1577.5
	291.4
	138.9
	16.98
	8.09



	B15
	2268.1
	1777.9
	2096.3
	490.2
	171.8
	21.61
	7.57



	B16
	969.80
	805.71
	880.88
	164.09
	88.92
	16.92
	9.17



	B17
	2492.8
	2068.6
	2194.3
	424.2
	298.5
	17.02
	11.97



	B18
	883.50
	709.00
	794.40
	174.5
	89.1
	19.75
	10.08



	B19
	2622.4
	2157.7
	2346.6
	464.7
	275.8
	17.72
	10.52



	B20
	0607.9
	405.50
	555.60
	202.4
	52.3
	33.29
	8.60



	B21
	4840.0
	3891.1
	4409.2
	948.9
	430.8
	19.61
	8.90



	B23
	0883.2
	721.80
	774.40
	161.4
	108.8
	18.27
	12.32



	B24
	2399.3
	1995.9
	2067.4
	403.4
	331.9
	16.81
	13.83



	B26
	960.10
	750.60
	797.50
	209.5
	162.6
	21.82
	16.94



	B29
	658.60
	590.80
	573.10
	67.8
	85.5
	10.29
	12.98



	B30
	2902.0
	2478.8
	2435.5
	423.2
	466.5
	14.58
	16.08
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Table 9. Case VII: Reactive power with/without DSM.






Table 9. Case VII: Reactive power with/without DSM.





	Bus/Load (#)
	Reactive Power without DSM

(kvar)
	Reactive Power with 24-h DSM

(kvar)
	Reactive Power with Periods of DSM

(kvar)
	Reduced Reactive Power with 24-h DSM

(kvar)
	Reduced Reactive Power with Periods of DSM

(kvar)
	Reduction with 24-h DSM

(%)
	Reduction with Periods of DSM

(%)





	B10
	577.90
	479.30
	480.30
	98.6
	97.6
	17.06
	16.89



	B12
	2188.7
	1718.6
	1763.2
	470.1
	425.5
	21.48
	19.44



	B14
	455.00
	363.00
	399.90
	92
	55.1
	20.22
	12.11



	B15
	0706.1
	538.80
	632.00
	167.3
	74.1
	23.69
	10.49



	B16
	0515.6
	408.70
	442.50
	106.9
	73.1
	20.73
	14.18



	B17
	1656.3
	1324.0
	1395.0
	332.3
	261.3
	20.06
	15.78



	B18
	250.80
	198.30
	222.30
	52.5
	28.5
	20.93
	11.36



	B19
	945.20
	769.0
	836.10
	176.2
	109.1
	18.64
	11.54



	B20
	196.10
	128.30
	175.90
	67.8
	20.2
	34.57
	10.30



	B21
	3161.9
	2480.2
	2810.5
	681.7
	351.4
	21.56
	11.11



	B23
	444.60
	359.40
	385.40
	85.2
	59.2
	19.16
	13.32



	B24
	1849.4
	1530.9
	1584.9
	318.5
	264.5
	17.22
	14.30



	B26
	609.50
	490.40
	522.10
	119.1
	87.4
	19.54
	14.34



	B29
	239.00
	220.60
	214.30
	18.4
	24.7
	7.70
	10.33



	B30
	495.80
	441.80
	434.90
	54
	60.9
	10.89
	12.28
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Table 10. Case VIII: Active power with/without DSM in the presence of DG.






Table 10. Case VIII: Active power with/without DSM in the presence of DG.





	Bus/Load (#)
	Active Power without DSM

(MW)
	Active Power with 24-h DSM

(MW)
	Active Power with Periods of DSM

(MW)
	Reduced Active Power with 24-h DSM

(MW)
	Reduced Active Power with Periods of DSM

(MW)
	Reduction with 24-h DSM

(%)
	Reduction with Periods of DSM

(%)





	B10
	1.5758
	1.3823
	1.4005
	0.194
	0.175
	12.279
	11.125



	B12
	3.0462
	2.5599
	2.6902
	0.486
	0.356
	15.964
	11.687



	B14
	1.6809
	1.3946
	1.5472
	0.286
	0.134
	17.033
	7.954



	B15
	2.2213
	1.7413
	2.0565
	0.480
	0.165
	21.609
	7.419



	B16
	0.9498
	0.7857
	0.865
	0.164
	0.085
	17.277
	8.928



	B17
	2.4415
	2.025
	2.1355
	0.417
	0.306
	17.059
	12.533



	B18
	0.8653
	0.6949
	0.7799
	0.170
	0.085
	19.693
	9.869



	B19
	2.5684
	2.1137
	2.3037
	0.455
	0.265
	17.704
	10.306



	B20
	0.5954
	0.3979
	0.546
	0.198
	0.049
	33.171
	8.297



	B21
	4.7416
	3.8306
	4.3406
	0.911
	0.401
	19.213
	8.457



	B23
	0.865
	0.7137
	0.7594
	0.151
	0.106
	17.491
	12.208



	B24
	2.35
	1.9603
	2.031
	0.390
	0.319
	16.583
	13.574



	B26
	0.9403
	0.7356
	0.7819
	0.205
	0.158
	21.770
	16.846



	B29
	0.6449
	0.5787
	0.5612
	0.066
	0.084
	10.265
	12.979



	B30
	2.8417
	2.4277
	2.3847
	0.414
	0.457
	14.569
	16.082
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Table 11. Case VIII: Reactive power with/without DSM in the presence of DG.






Table 11. Case VIII: Reactive power with/without DSM in the presence of DG.





	Bus/Load (#)
	Reactive Power without DSM

(Mvar)
	Reactive Power with 24-h DSM

(Mvar)
	Reactive Power with Periods of DSM

(Mvar)
	Reduced Reactive Power with 24-h DSM

(Mvar)
	Reduced Reactive Power with Periods of DSM

(Mvar)
	Reduction with 24-h DSM

(%)
	Reduction with Periods of DSM

(%)





	B10
	0.5673
	0.4711
	0.469
	0.096
	0.098
	16.958
	17.328



	B12
	2.1454
	1.6873
	1.7283
	0.458
	0.417
	21.353
	19.442



	B14
	0.446
	0.3558
	0.3895
	0.090
	0.057
	20.224
	12.668



	B15
	0.6925
	0.5276
	0.6192
	0.165
	0.073
	23.812
	10.585



	B16
	0.5059
	0.4
	0.4325
	0.106
	0.073
	20.933
	14.509



	B17
	1.6256
	1.2944
	1.3466
	0.331
	0.279
	20.374
	17.163



	B18
	0.246
	0.1947
	0.2182
	0.051
	0.028
	20.854
	11.301



	B19
	0.9274
	0.7544
	0.8208
	0.173
	0.107
	18.654
	11.495



	B20
	0.1925
	0.126
	0.1729
	0.067
	0.020
	34.545
	10.182



	B21
	3.1084
	2.4387
	2.7589
	0.670
	0.350
	21.545
	11.244



	B23
	0.4362
	0.3559
	0.378
	0.080
	0.058
	18.409
	13.343



	B24
	1.8151
	1.5059
	1.5571
	0.309
	0.258
	17.035
	14.214



	B26
	0.5974
	0.4815
	0.5119
	0.116
	0.086
	19.401
	14.312



	B29
	0.2341
	0.2164
	0.2099
	0.018
	0.024
	7.561
	10.337



	B30
	0.4856
	0.4334
	0.4258
	0.052
	0.060
	10.750
	12.315
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Table 12. Comparison of the different cases in terms of saved energies and losses.






Table 12. Comparison of the different cases in terms of saved energies and losses.





	
Case (#)

	
Total Load Energy (kWh)

	
Total Loss Energy (kWh)

	
Saved Load Energy (kWh)

	
Saved Loss Energy (kWh)

	
Percentage Energy Saved (%)






	
I

	
2,114,588

	
20,640

	
--

	
--

	
--




	
II

	
2,115,098

	
19,617

	
+510

	
−1023

	
0.02403




	
III

	
2,021,824

	
21,143

	
−92764

	
+503

	
4.3209




	
IV

	
2,008,866

	
19,207

	
−105,722

	
−1433

	
5.01843




	
V

	
2,025,271

	
20,095

	
−89,317

	
−545

	
4.20854




	
VI

	
2,045,045

	
18,210

	
−69,543

	
−2430

	
3.37074




	

	
Periods

	
24-h

	
Periods

	
24-h

	
Periods

	
24-h

	
Periods

	
24-h

	
Periods

	
24-h




	
VII

	
1,983,706

	
1,918,415

	
20,698

	
19,190

	
−130,882

	
−196,173

	
+58

	
−1450

	
6.12693

	
9.25536




	
VIII

	
1,987,246

	
1,921,084

	
19,664

	
18,346

	
−127,342

	
−193,504

	
−976

	
−2294

	
6.00957

	
9.16989
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