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Abstract

:

Electric vehicles (EVs) have become widespread during the last decade because of the distinct advantages they offer compared to the conventional ones. However, the increased penetration of EVs in the global transportation market has led increased electricity demands, which is expected to affect the operation of energy distribution systems. In the present paper, a demonstration about the effects of uncontrolled EVs charging in a case study low voltage (LV) network is demonstrated and a fuzzy energy management strategy for the coordination of EV charging in LV networks is presented, by including the distance of the EVs from the transformers in the fuzzy management systems for the first time. The Institute of Electrical and Electronics Engineers (IEEE) European Test Feeder is used as a case study low voltage distribution grid. In particular, the developed system configuration takes into consideration the architecture of the grid, the ampacities of the lines and the voltages at the system’s buses. Moreover, electric vehicles are considered as agent-based models, which are characterized by the model of each EV, the state-of-charge of their batteries and the charging power. In particular, an investigation into the effects of uncontrolled charging is performed, in which two approaches are examined. The first approach investigates the maximum number of chargeable EVs in the case study network and how it is influenced by the grid’s household loads. The second approach examines the number of network undervoltages and lines ampacity violations in a set of simulation scenarios. The results of the first approach show that the distance of the EVs from the networks substation affects the maximum number of chargeable EVs in a significant manner. Based on the observed results of the two approaches, a fuzzy management system is designed for the coordination of EV changing, which takes into account the distance from the EV charging points to the feeder substation, the state-of-charge of the EVs’ batteries and the EVs’ charging delay time.
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1. Introduction


The world’s transportation and electric power generation sectors are the major consumers of fossil fuels, resulting in high carbon dioxide emissions and an energy supply crisis [1]. The wide use of electric vehicles (EVs), as an alternative transportation technology, is expected to mitigate undesirable environmental air pollution and reduce the strong dependence of the transportation sector on oil as well as the costs of fossil fuels [2]. EVs seem to be the future of transportation since they present various advantages compared to conventional internal combustion engine vehicles, e.g. lower operating and maintenance costs and less emissions [3]. It is well known that the electric motors in EVs can operate with efficiency levels above 90% [4]. According to [5], the projected increase in the number of EVs in circulation will reduce the oil demand and CO2 emissions by 1–5 Mb/d and up to 75 million tons per year by 2035, respectively. In addition, the total penetration of EVs in global mobility market is expected to increase by 30% and EV-driven electricity demand is projected to reach 640 TWh in 2030 [6]. Moreover, the European Environment Agency expects that EVs’ energy demand will be about 9.5% of the total electricity consumption in Europe by 2050 [7].



This increased number of EVs is expected to have negative impacts on the operation, stability, feasibility and power quality of energy distribution systems. According to the literature, EV integration will increase the peak loads of the grids in a significant manner [8]. The existing distribution systems have been built based on past load requirements, without taking into consideration the existence of future new dynamic loads with high-energy consumption, such as EVs [9]. The most important effects of the uncontrolled EV charging process in low voltage (LV) networks are: (i) drop voltages below the specific lower voltage limits in the buses of the network, (ii) line ampacity violations, (iii) phase asymmetries in the grid due to the connection of EVs in a single phase, (iv) transformer overloading and aging, (v) increased grid peak demand and (vi) losses in power lines [10,11,12,13,14].



Several studies have been conducted to investigate the aforementioned restrictions related with the integration of EVs in distribution grids. The effects of EV penetration in different modelled low voltage (LV) networks have been investigated displaying that voltage stability is the main critical factor, which restricts the uncontrolled integration of EVs in such networks. Also, the thermal limits of the lines influence EVs integration. This factor is rather connected with the individual characteristics of each grid [15].



Furthermore, researches have been conducted for the evaluation of EVs uncontrolled charge effects in different case study distribution grids. The results show that the suburban grids suffer from a significant reduction in power quality, compared to the urban networks, due to the unequal load distribution across the three phases [16]. Moreover, it is shown that the parameters, which are related with the EVs penetration in distribution grids and influence the operation of the networks, are the charging rates of the EVs’ batteries, the location of EVs connections to the grid, the expected EV penetration concurrency and the charger harmonic emissions. Furthermore, investigations about the influence of EVs uncontrolled charging in energy distribution networks show that the transformers of the grids are also affected [17]. It is indicated that the uncontrolled adoption of EVs by distribution grids may cause serious damage to the transformer, by contributing to the aging process [18].



On the other hand, it is essential for distribution system operators (DSOs) to maintain distribution system power quality by upgrading the grid infrastructure, which can be achieved by installing battery storage systems [19] or/and by implementing smart charging control algorithms [20]. To this end, several charging management algorithms have been implemented based on different aspects and perspectives. The aim of the charging algorithms in distribution networks is to determine which EVs are to be charged, the charging time space and the charging power of each EV [21]. The adoption of controlled charging algorithms compared to uncontrolled charging processes, results to the significantly increase of distribution networks’ capacity for additional loads [22].



EV charging management strategies are divided into two main categories: centralized energy management systems (CEMS) and decentralized energy management systems (DEMS). In CEMS, there is a centralized controller which tracks the EVs’ key information, such as the charging current and voltage, state-of-charge (SoC) of EVs’, arrival and departure times on the charging station, and the state of the grid at each time step in order to control the charging process for each EV, with respect to a grid’s stable operation [23]. The advantages of CEMS rely on the well-known architecture on which are based, the better use of grid capacity, the better provision of ancillary services and the possibility of business model implementation. Despite the many advantages of CEMS, they need a complex communication layer, since the controller acts on a limited number of EVs and it requires high processing capacity. In addition, the data privacy and information security issues must be considered [24]. In DEMS, the EV charging process is controlled individually, and it is usually based on the battery SoC and the local grid’s state. The aim of DEMS is to maximize EV charging rates or/and minimize total charging time, by maintaining the grid’s voltage and service cable loading within acceptable limits. DEMS are sufficient for lower EV penetration levels and the necessity for the required communications infrastructure is limited [25]. However, in DEMS, there are no communication links to the overall network and the safety-required margins to maintain operating limits are restricted [26].



Different optimization techniques have been proposed to address the charging scheduling problem of EVs. Two key conventional techniques to address the problem are: (i) linear programming (LP) and (ii) quadratic programming (QP) [27]. LP has been used for the control of EV charging in low voltage grids. The formulation of the optimization problem takes into consideration the behavior of the network and decides the charging power of each charging EV, by minimizing the EVs’ charging costs [27]. Another approach, based on LP, introduces a real time energy management system for EV charging, which defines the charging priority of EVs and the dynamic regulation of the grid’s voltage [28]. The QP technique has been used to solve different nonlinear objective functions, related to the coordination of EV charging, such as the maximization of DSOs’ profits [29] and the minimization of power losses and the voltage deviations of EVs in residential distribution grids [30].



Energy management systems based on artificial intelligence techniques, such as dynamic programming [31], neural networks [32], multi-agent systems [33], and game theory approaches [34] have been successfully applied in distributed energy systems. In addition, other researchers have proposed fuzzy logic energy management systems for EV charging scheduling. A Mamdani-type fuzzy interface system (FIS) has been developed for the EV scheduling problem by determining the charging/discharging priority values of all connected EVs. The input values of the FIS were the SoC of EVs’ batteries, the remaining charging time and the electricity price. Thus, the optimization of the problem lies on the maximization of the charging/discharging rates and the minimization of the charging costs [35]. Moreover, a logical power flow controller has been presented to control the power rates at different priority levels, in which EVs will charge or discharge in a car park infrastructure. The inputs of the real time controller were the energy price and the forecasted power flow of the grid [36]. Furthermore, two fuzzy logic charging controllers have been proposed to verify fairness between the charging EVs. The first controller considers the value of the electricity price and the SoC of each EV’s battery in order to determine the charging power levels for each connected EV. In the second controller, the output is replaced by a charging/discharging membership function [37]. A fuzzy logic optimization principle has been applied to determine the charging rates of charging EVs, by considering the time of charging, which includes off peak and peak hours and the charging duration of each EV [38]. Another approach introduces a fuzzy logic control strategy based on the bus voltage limits. A central controller performs power flow analysis to the grid in order to calculate the minimum system voltage and then a fuzzy logic controller determines the charging level of each EV, taking also into account the SoC of each EV [39].



The present paper demonstrates the effects of uncontrolled charging of EVs in low voltage distribution grids, in order to solve them by presenting a fuzzy-based centralized energy management system, which has been developed and investigated for the coordination of EV charging in such networks. The fuzzy logic approach was chosen since linguistic rules can simplify the management and control of the charging scheduling problem of EVs in low voltage distribution grids, given its complexity. The IEEE European Low Voltage Test Feeder has been used. The specific feeder is used, because it represents a typical European LV network and thus, the data of the network and the residential power curves of the specific network, are widely available. The examined effects are the drop voltages in the buses of the studied network and the overloaded lines. The study about the effects of uncontrolled charge included two approaches. The first approach examines how the distance of the charging EVs from the main grid’s substation influence the number of chargeable EVs, while the second approach focuses on the number of buses drop voltages and lines overloads in a set of typical EV penetration scenarios. Based on the results of the study, a fuzzy-based energy management system was developed for the coordination of EV charging, with respect to the grid’s constraints. The proposed fuzzy-based controller considers the SoC of each EV, the distance of each EV from the substation and the charging delay time, in order to determine the priority of each EV in the charging process. To the best of the authors’ knowledge, this is the first time that the distance of the EVs from the network’s substation is used as a variable in a fuzzy controller for the coordination of the charging process in LV networks. The results of the examined simulation scenarios showed that the consideration of the distance may decreases the mean EV charging time. Moreover, an integrated framework for the modelling and simulation of EVs and distribution grids in a common environment is presented, by using the MATLAB® Environment, (MathWorks, Natick, MA, USA) and the OpenDSS (EPRI, Palo Alto, CA, USA).



The rest of the paper is organized as follows: in Section 2, the case study distribution grid, the modelling of the EVs and the overall simulations framework is presented, along with a short introduction to fuzzy systems. In Section 3, the investigation on the effects of uncontrolled charging process in the case study LV system is presented. Section 4 describes the design and simulations study of the fuzzy energy management system for the coordination of EV charging in energy distribution networks. The paper concludes with Section 5, wherein the key points of the investigation are summarized and the basic structure of the proposed charging strategy is referred and discussed, along with some directions of future research work.




2. Grid Distribution System


2.1. System Topology


The selected system is a modification of the IEEE European Low Voltage Test Feeder, which formulated to consider EV charging points. This network represents a typical European distribution system (three-phase low-voltage feeder) with a base frequency of 50 Hz. The network starts from an 800 kVA delta-wye transformer, which steps down the voltage from 11 kV to 416 V, with a power factor (PFload) equal to 0.95, by using a total three phase network of 907 lines and 903 buses, in which 55 are load buses and 848 buses are used to connect the feeder’s lines across the network. The network feeds 55 single phase residential loads (Figure 1). The connected loads in each system’s phase are: (i) 21 loads in phase A, (ii) 19 loads in phase B, (iii) 15 loads in phase C. The entire required feeder’s data are available in model’s online dataset [40]. The single-phase diagram of the feeder and the location of each residential load in the network are presented in Figure 1. The distances of each load from the grid’s substation are presented in Figure 2.



The dataset of the IEEE European Low Voltage Test Feeder includes typical daily power curves for each network’s residential load [40]. The transformer’s load curve is depicted in Figure 3. The consumed power for each system’s phase is shown in Figure 4, while Table 1 presents the total peak load and the average daily energy consumption for the transformer and for each phase, separately.



The selected network was reformulated since no electric vehicles were considered originally. Hence, it is now considered that each house has also an electric vehicle, which connects to the distribution grid, by battery chargers. Therefore, a fixed number of 55 charging points are considered to the network. A schematic representation of the overall system configuration is illustrated in Figure 5. The model consists of the following components: (a) the radial low voltage network, (b) the distributed household loads, and (c) the electric vehicles and battery chargers.




2.2. Technical Constraints for Grid Distribution System Operation


All electric households’ needs ought to be covered at 100% throughout the day. Therefore, the system must cover specific technical constraints, in order to ensure the grid’s stability and safe operation and performance.



The voltage constraints of the distribution system will be considered by setting the upper and lower limits to correspond to voltage regulation limits. The voltage limits are set to ±5% (Vmin = 0.95 pu and Vmax = 1.05 pu) which is typical of many distribution systems. Thus, the following constraint must be considered for the voltage for each phase:


   V  min   ≤  V k  ≤  V  max     for   k = 1 , … , n .  



(1)




where k and n are the bus number and total number of buses, respectively.



The second constraint is for setting the upper limit of the ampacity. Taking into consideration the necessary data obtained by [41], the types of each line of feeder are presented in Figure 6 and the upper limit of grid’s lines ampacities are presented in Table 2. Thus, the following constraint must be considered for the ampacity for each phase:


   I k  ≤  I  max     for   k = 1 , … , n .  



(2)




where k and n are the line number and total number of lines, respectively.



The transformer’s rated power is not taken into consideration in the present work, since the consumed power does not exceed the operational limits in any of the examined simulation scenarios.




2.3. Electric Vehicle Agent


The electric vehicles are represented by agents. The structure of EV agents is shown in Figure 7. EV agents are defined by their attributes and their behavior.



The attributes of the agents are:




	
The EV’s model, which defines the capacity of its battery and the energy consumption per km



	
The EV’s index, which declares the location of its charging point to the grid



	
The EV’s battery state-of-charge (SoC)



	
The EV’s state, which defines if the vehicle takes a trip, is connected to grid and charging, or is parked



	
The EV’s charging signal, which declares if the vehicle will charge at a given time interval and it is produced by the charging management algorithm








The behavior of each EV includes the charging and mobility procedures. When a specific EV, say n, is charged, its SoC of each vehicle’s battery increases, based on Equation (3) [42]:


  S o  C n  ( t + 1 ) = S o  C n  ( t ) +   d t    Q n     I  c h   ( t ) × 100 % ,  



(3)




where, Qn and Ich are the total capacity and the charging current at each interval time of the each EV, respectively.



EV agent’s mobility behavior, when EVs are not parked or connected to the charging points, is calculated based on the average energy consumption per km of each EV’s model and the distance travelled. When an EV takes a trip, the SoC at each time step is calculated by Equation (4):


  S o  C n  ( t + 1 ) = S o  C n  ( t ) −   E C P K    E  max , n     l × 100 % ,  



(4)




where, ECPK is the energy consumption per km, Emax,n is the rated battery’s energy capacity of the EV and l is the distance travelled at each time step.



In the present paper, five different commercial EVs are used for the simulation purposes. The models and their basic technical characteristics are presented in Table 3 [43,44]. As mentioned by the EV manufacturers, the SoC of their batteries is limited between 20–80%. The charging of the upper 10–20% SoC window leads to increased batteries degradation [45]. This concept is also considered in the present study.



In addition, it is assumed that a battery charger has been installed in each house. The EV battery charger must have the ability to charge the battery of each EV. According to the battery sizes of Table 3, the EV battery capacities range from just over 30 kWh (33 kWh, BMW i3) to over 70 kWh (75 kWh, Tesla Model S-75). Taking into consideration the power ability of the grid and with emphasis given on the EV battery life optimization (depth of discharge equal to 60%), a typical battery charger is considered with available rated power of 7.4 kW, AC current of 32 A and efficiency (η) of 88 % [45,46].



A typical daily behavior of each EV is depicted in Figure 8, according to the above-mentioned charging (Equation (3)) and discharging (Equation (4)) principles. The same trip has been considered for all the examined EVs. Specifically, the total distance travelled by the EVs is 100 km; 70 km between 7:00 h and 13:00 h, and 30 km between 16:00 h and 19:00 h. According to the Table 3, the Nissan Leaf has the lowest battery capacity and the second greater ECPK. The combination of these variables leads to a faster reduction of the SoC, compared to the other examined EV models, and this is observed in Figure 8.




2.4. Fuzzy Logic Based Controllers


Fuzzy logic is a mathematical framework which is widely used in many control applications, by extending binary logic sets to a more general fuzzy ones, in which, the elements of the sets partially exist [47].



In complex control systems, the definition of the controllers’ precise objectives, based on traditional control methods, is a difficult process. The coordination of EV charging in distribution networks is one of them. The logic of fuzzy-based controllers overcomes the existing drawbacks. The architecture of a typical fuzzy based controller is presented in Figure 9.



The fuzzification of the fuzzy controller includes the conversation of the controller’s crisp input values into a set of fuzzy linguistic values, by using membership functions. The most widely used membership functions for the fuzzification of the controller’s input set are the Gaussian, triangular, and trapezoidal ones. The produced linguistic values are read by the fuzzy interface system (FIS), which is the core of the Fuzzy Logic Controller (FLC). The FIS, based on the stored knowledge of the controlled procedure, maps the linguistic inputs to the output linguistic outputs, by performing approximate reasoning. The output of the FIS is driven to the defuzzifier, which converts the gathered from the FIS fizzy values into crisp output values. The conversation of the fuzzy linguistic output values into crisp values is also based on the output membership functions, such as the inputs [48].




2.5. Modelling and Simulation Framework


The environment of the low voltage grid was modelled and implemented by using the OpenDSS, an electric power distribution system simulator (DSS), which is designed for supporting distributed resource integration and grid modernization efforts, and used for the power flow calculations of the low voltage network [49,50]. MATLAB® software environment was used for the design, modelling and simulation of EV agents. Thus, the OpenDSS COM Interface (EPRI, Palo Alto, CA, USA) was used for the connection of the OpenDSS and the MATLAB® routines. In addition, Matlab was used for the development of the FIS for the centralized control of EVs charging behavior. The structure of the total framework is presented in Figure 10.





3. Effects of EVs Penetration in Distribution Grids


3.1. Investigation of Maximum Chargeable EVs in the Case Study Grid


The considered feeder has been designed without the penetration of EVs, like most distribution networks. Consequently, EVs will have an increased grid impact. From the grid point of view, the aim is to investigate the maximum number of EVs that can be charged, by avoiding grid’s abnormal operation (bus voltages and lines ampacity must within the limits, according to Equations (1) and (2)). To this end, two different case studies were examined. The first case study (CS1) examines the maximum number of EVs that can be charged, from the nearest to the furthest charging points, by increasing the number of connected EVs to grid in an ascending relation to the distance of each load from the substation. In the second case study (CS2), the maximum number of connected EVs is calculated by starting the penetration of EVs to the grid, from the furthest charging point. In both scenarios, the households’ power consumption of each load is covered. The objective is to examine the maximum chargeable EVs at each time step for the overall model and for each phase separately. The simulations are referring to a 24 h time period, with 1 min time step. Figure 11 depicts the maximum allowed EVs in each of the two scenarios. Figure 12 presents the maximum chargeable EVs for each grid’s phase, separately. Furthermore, in order to quantify and discuss the results of Figure 11 and Figure 12, two basic statistics are used: (i) the mean of the chargeable EVs, which is calculated by Equation (5), and (ii) the variance of the chargeable EVs, which is calculated by Equation (6). The results are presented in Table 4.


   N  m e a n   =     ∑  i = 1  N    n i     N  ,  



(5)






  var ( n ) =     ∑  i = 1  N     (  n i  −  N  m e a n   )  2     N  ,  



(6)




where ni is the number of chargeable EVs at timestep i, N is the total number of the simulation timesteps, Nmean the mean of the chargeable EVs and var the variance of chargeable EVs.



According to Figure 11 and Figure 12, it is clear that the location and the distance of the charging EVs influence the total number of EVs chargeable on the grid. The results show that the adopted EVs, which are closer to the substation, such as in CS1, cause less power losses in the network’s lines and the voltages at the buses are more stable.



The results of Table 4 show that the total mean utilization of chargeable EVs in CS1 is 21.5 % more than in CS2. Thus, the variance of the maximum chargeable EVs in CS2 is smaller than in CS1. This fact indicates that the influence of a grid’s household loads on the maximum EV utilization is greater when EVs are located near the substation totally and for each phase separately. The increased number of chargeable EVs in CS1, compared to CS2, was expected. The aforementioned facts show that the distance and the location of EVs in the grid’s topology is a major factor which affects the maximum EV utilization. Therefore, in the present paper, the distance of the EVs’ charging points from the main system’s substation is considered in the proposed energy management system.




3.2. Investigation of Unctrolled Charging Effects on the Case Study Grid’s Buses and Lines


Four different uncontrolled charging scenarios are assessed in term of their grid impact, by changing the time space in which EVs are connected to the grid in order to be charged. The aim of the simulation scenarios is to demonstrate the effects of EVs uncontrolled charging in the number of the grid’s buses and lines and to evaluate the proposed energy management system in Section 4. In all scenarios, the same loads demand profiles are considered (Figure 3) and also the same types of EVs (Table 3). Initially, in all scenarios, the EVs are parked and are fully charged. The four scenarios are:



(i) Scenario 1: EVs depart at 9:00 h and connect to the grid at 14:00 h.



This scenario represents a worst-case scenario, in which EVs are connected to the grid at the same time. In this scenario, the EVs depart from each house is scheduled at 9:00 h. After taking a trip between 9:00 h and 14:00 h, they return at 14:00 h to the charging points in order to be charged. The present scenario is considered in order to examine the system’s behavior in a stressed grid’s situation.



(ii) Scenario 2: EVs are departing between 07:00 h and 9:00 h and connect to the grid between 14:00 h and 16:00 h.



In this scenario EVs depart from their house between 7:00 h and 9:00 h. After taking a trip, they arrive at the charging points between 14:00 h and 16:00 h. The departure and arrival times of each EV are calculated randomly based on uniform distribution. In this scenario, the EVs arrive at their charging points in a time window of two hours.



(iii) Scenario 3: EVs are departing between 7:00 h and 9:00 h and connected to the grid between 14:00 h and 18:00 h.



In this scenario EVs depart from their house between 7:00 h and 9:00 h. After taking a trip, they return to the charging points between 14:00 h and 18:00 h. The departure and arrival times of each EV are calculated randomly based on uniform distribution. The present scenario is considered in order to examine the system’s behavior in a stressed situation. Both Scenarios 2 and 3 are also examined in order to investigate the effect of the arriving time windows on the grid’s stability. Thus, they represent more realistic scenarios compared with Scenario 1. The difference between Scenarios 2 and 3 is the arrival time window, in which EVs are returning to the charging points in order to be charged. In Scenario 3, the arrival time window has been extended by two hours, compared to the arrival time window of Scenario 2.



(iv) Scenario 4: EVs are randomly connected to the grid or disconnected at certain times.



In this scenario, the EVs’ state changes randomly during the simulation period. The aim of this scenario is to investigate the existence of bus undervoltages and lines overloads when the EVs takes more than one trip and their state changes randomly. The parameters of the simulation scenarios are summarized in Table 5.



Figure 13 illustrates the state of each EV, which is determined based on the times that the EVs: (i) travel, means that the EVs consume energy from the battery banks (legend titled “On Trip” in Figure 13), (ii) are parked without being charged (legend titled “Parked” in Figure 13), and (iii) are connected to the network in order to be charged (legend titled “Charge” in Figure 13), for the four scenarios.



Table 6 shows the number and the model of EVs that used in the simulation scenarios. In Figure 14 the EVs’ battery capacities and the stored energy are presented, when EVs are connected to grid in order to be charged, for Scenarios 1–3. The EVs’ stored energy of Scenario 4 is not depicted, because the EVs are connected to grid, in order to be charged, more than once (multiple trips). Figure 15, Figure 16, Figure 17 and Figure 18 depict the number grid’s buses that have undervoltages and the number of the overloaded lines for each simulation scenario, respectively.



The results of Figure 15 refer to the worst-case scenario (Scenario 1), in which all EVs arrive to the charging points at the same simulation time. Figure 15a refers to the number of the system’s buses, which present undervoltages and Figure 15b to the number of the overloaded lines. The system faces voltage constraint violations at in the buses of all phases and ampacity violations at the lines of phases A and B. By examining the number of the system’s undervoltages in each phase, it is shown that the voltages of phases A and B are affected more than the voltages of the phase C. The increased number of the connected charging points lead to the increased number of voltage constraint violations in system’s buses. The system’s constraint violations exist for a time period of one hour, between 14:00 h and 15:00 h, when most of EVs are charging.



Figure 16 refers to the results of the simulation Scenario 2. In this scenario, there is a time window of two hours, in which EVs arrive at the charging points. The results show that, also in this case, voltage and ampacity violations occur. During the simulation, voltage constraint violations are observed in phases B and C, while lines of A and B suffer from overloads. The number of the affected buses and lines are reduced, as compared to Scenario 1. The system’s constraints in phase B are violated between 15:00 h and 16:00 h, while phase A suffers from overloads between 16:00 h and 17:00 h.



Scenario 3 examines the behavior of the grid, when EVs arrive at the charging points, in a time window of 4 h. The results are shown in Figure 17. In comparison with the results of Scenario 2 (Figure 16), the number of the affected lines and buses that appeared in Scenario 3 is reduced, because of the double increased time window. However, even, in this scenario, the constraints of the system are violated. Phase B is affected at 16:00 h, while in phase A, minor number of lines is overloaded at 18:00 h. The time differences of the violations in phases A and B are related to the residential energy consumption of phase A, which is increased compared to phase B, as shown in Figure 4a,b, respectively.



Figure 18 refers to the results of the Scenario 4. The aim of this scenario is to examine the occurrence of grid’s constraints violations in a random scenario, in which EVs take more than one trip. Even in a randomly change of EVs state, the grid is facing voltage constraint violations and overloads.





4. Fuzzy Charging Management System


4.1. Overview


In the previous section, it was clearly demonstrated that the location and the distance of the charging EVs from the network’s Medium Voltage to Low Voltage (MV/LV) transformer has a significant impact on the grid’s stability. This fact imposes the necessity to take into consideration the connection location of each charging vehicle to the grid and its distance from the substation. In this section, a charging priority system for the coordination of EVs, when the distribution system cannot support all the vehicles, is proposed. The aim of the designed fuzzy CEMS is to define the charging priority of each EV in order to select the number of EVs, which can be charged and to select the EVs, which will be charged based on their charging priority and with respect to the network’s constraints. The flowchart of the proposed fuzzy charging management system is presented in Figure 19. Algorithm 1 presents the pseudocode for the selection of the chargeable EVs based on their charging priorities.



	
Algorithm 1 Selection of the Chargeable EVs




	
1:

	
for each time step do




	
2:

	
 Get the charging priorities of the EVs from the Fuzzy Logic Controller




	
3:

	
 Create a list for each phase that include the EVs to be charged and sorted in an ascending order of charging priority.




	
4:

	
 Perform grid’s power flow analysis




	
5:

	
 If voltage or ampacity violation occur in a phase then




	
6:

	
  Remove EV with the lowest priority from each corresponding list




	
7:

	
  Return to action 3




	
8:

	
 else




	
9:

	
  Charge the selected EVs




	
10:

	
 end if




	
11:

	
end for










4.2. Proposed Fuzzy Interface System


The charging priority of each EV, at each time step is calculated by a real time Mamdani type fuzzy interface controller, where its inputs are the vehicle’s battery SoC, which ranges from 20% to 90%, the delay time, in which the EV is connected to grid and waiting to charge and ranges from 0 to 60 min, and the distance of the EV’s charger from the LV grid’s substation, which ranges from 0 to 0.3 km. The sets of the aforementioned crisp input values are converted into fuzzy linguistic values, by using the input membership functions, as defined in Figure 20a–c, respectively. The output’s membership function is shown in Figure 20d. The membership functions declare the degree of membership of the considered variables in each of the fuzzy sets accordingly. The selection of the shapes and the numbers of the membership functions for the three input variables have been selected based on the experience of the research team [34,51,52]. In the proposed FIS, all the linguistic variables include five fuzzy sets, in which the left-right shoulders are triangular membership functions and the other three are trapezoidal membership functions. The same number and shape of the membership functions is applied in both input and output variables. The definition of the different considered linguistic variables of the inputs and the output membership functions are presented in Table 7.



The fuzzy interface system includes the membership functions of the input variables, the membership function of the output variable and the set of the fuzzy rules. The fuzzy rules map the linguistic input variables (SoC, distance, delay time) to the output variable by using a list of IF-THEN statements. In the present FIS, there are three linguistic inputs, each one with five levels. Hence, 125 fuzzy rules have been defined. Table 8, Table 9, Table 10, Table 11 and Table 12 present the fuzzy rules in matrix form, for each EVs’ distance fuzzy state, respectively. The rules for each of the routines were developed based on the knowledge and experience of the members of the research team [34,51,52,53]. It is clear that a given set of the input linguistic values may enable several fuzzy rules at the same time. The linguistic inputs of the SoC, the distance and the charging delay time are combining together in order to establish a rule strength for each fuzzy rule. In order to calculate the charging priority linguistic value, from the several consequents of the fuzzy rules, the min-max aggregation method has been used. The decision surfaces of the proposed FIS are presented in Figure 21. The surfaces are three-dimensional curves that represent the mapping from inputs to output, taking into consideration the membership functions and the fuzzy rules of the system.



The charging priority of each EV is calculated based on the defuzzification process of the FIS, which converts the linguistic charging priority variable, as extracted from the fuzzy interface system, into a numerical value, which ranges from 0 to 1. The defuzzification of the FIS is based on the center of the gravity (centroid), since it is the most suitable technique that can be applied in the application [34,51,52,53]. The EV with the highest output value gets the highest priority in order to be charged at its nominal power.




4.3. Simulation Scenarios and Results


The total developed framework is used for the examination of CEMS impact in low distribution grids and the evaluation of charging management algorithm by examining a variety of scenarios, based on the behavior and the state of EVs. In order to examine the operation of the proposed fuzzy charging algorithm the aforementioned Scenarios 1–4, as presented in Section 3.2, are considered. Figure 22 illustrates the state of each EV for each simulation scenario. The numerical results, corresponding to the times of the charging states, as presented in Figure 22, are reported in Appendix A.



The results of Figure 22 show how the fuzzy energy management strategy affects the charging state of each EV. According to the results of Figure 22a,b most of the EVs are suffering from charging delay times because of the increased number of charging EVs, which arrive at the charging points at the same time in Scenario 1 and within a relatively small charging window of two hours in Scenario 2. On the other hand, the EVs’ charging state is also affected in Scenarios 3 and 4, although to a less extent compared to the results of Scenarios 1 and 2. Figure 23 depicts the totally simulation’s minimum values of SoC, that each EV experiences in Scenario 4.



A first approach for the evaluation of the fuzzy management strategy is based on Scenario 4, which is used in order to evaluate the operation of the proposed energy management strategy based on the capability of the EVs to travel within the scenario ranges, by keeping the batteries SoC within the manufacturers’ proposed limits. According to the Figure 23, which presents the minimum SoC of each EV’s battery in the total simulation of Scenario 4, all EVs are capable of travelling their trip distances, without battery energy issues.



The second system’s evaluation approach focuses on the charging behavior of the EVs in simulation Scenarios 1-3 Figure 24 depicts the EVs’ charging times, based on the priorities, given by the energy management system, thus, the minimum charging times, in which EVs’ would be charged, in case that the network could support the EVs’ charging without exceeding the limits of the technical constraints. In this approach, Scenario 4 is not examined due to the randomness of EV’s state and charging times.



Let us consider, as an example, EV 50. According to the Figure 2, the charging point of this EV is one of the furthest from the grid’s substation. By examining the charging behavior in Scenario 1 (Figure 22a and Figure 24a), it is shown that the EV, when arriving at the charging point, delays longer than the other EVs, due to the fact that the distance of the charging points from the main substation is one of the key factors considered in the proposed energy management system. The EV stands for charging due to its low priority according to the fuzzy energy management system. The low SoC and the fact that the charge of this EV is delayed, urges the controller to increase the priority of the EV. Furthermore, the priority of the EVs, which are charged during the EV’s delay period, decreases. After that, the EV begins to charge. In Scenarios 2 and 3, there is a time window of two and four hours respectively, in which EVs are connected to the charging points. The EV 50 arrives at 14:40 h in Scenario 2 and at 15:35 h in Scenario 3. In this period, the EVs, which are charged, do not affect the normal operation of the distribution grid and this fact allows all the connected EVs to be charged, along with EV 50. By assessing the whole operation of the system, as depicted in Figure 24, it is evident that the distance of the charging points influences the charging time of the EVs and the factors of charging delay time as well as the SoC ensure the charging of the furthest from the substation EVs, by increasing their priorities. Moreover, by examining the results of the Scenarios 2 and 3 in Figure 22b,c it is shown that a reduced amount of EVs suffers from charging delay times, compared to the results of Scenario 1, which is depicted in Figure 24a. However, most of the EVs suffer from charging delay times.



Furthermore, the EVs’ charging times of the proposed FLC, denoted here as FLC+, are compared with a second modified FLC denoted here as FLC−, in which the distance of EVs from the main substation does not taken into consideration. The FLC− determines the priority of each EV, based on the EVs’ SoC and the charging delay times respectively. The SoC, charging delay time and the charging priority membership functions are the same, as considered in FLC+ (Figure 20a,c,d). The surface of the FLC− is depicted in Figure 21a. The simulation results of the FLC− and FLC+, for the simulation Scenarios 1, 2 and 3, are presented in Figure 25, while Table 13 reports the mean charging times in both FLC− and FLC+ and the achieved mean charging time reduction in FLC+.



The results clearly show that the enable of the distance as a parameter in the FLC affects the charging behavior of the EVs in a positive way. The charging times of the EVs near the network’s substation significantly decreasing, according to Figure 25a. Despite of the significant reduction of the charging time of the EVs near the substation, the charging times of the furthest EVs, do not affected significantly, i.e. the charging time of EV 49 increases up to 30 min. in the FLC+.



Moreover, in Figure 25a–c it is shown that FLC+ allocates the charging times of EVs, better than FLC−. Furthermore, the introduction of the distance in the proposed energy management system reduces the mean charging time, up to 14.7%. The consideration of the distance, as a variable in energy management systems for the coordination of EVs’ charging, seems to improve the overall EVs’ charging behavior and to reduce the EVs’ charging times.





5. Conclusions


The number of EVs in use is expected to increase significantly in future years because of the many advantages they present compared to conventional ones. In the present paper, the effects of uncontrolled charging process in a case study low voltage distribution grid were investigated and a charging coordination management strategy is proposed. The simulation results of the examined penetration scenarios indicate that the voltages in the buses of the system and the thermal limits of the lines are major limiting factors for the penetration of EVs in energy distribution networks. Thus, the distance of the charging EVs from the substation is a major factor for the definition of the maximum chargeable vehicles. The results showed that the mean utilization of chargeable EVs is up to 21.5 % greater, when the location of the charging EVs is near the substation.



Therefore, by evaluating the abovementioned results, an energy management system was developed for the coordination of EVs charging process, in low voltage distributed grids, with respect to network’s restrictions, by introducing EVs distance from the substation for the first time as a critical factor for the priority of chargeable EVs. The proposed EV charging management system lies on the fuzzy logic and takes into consideration the SoC of the charging EVs, their distance from the grid’s substation and the charging delay time. The results of the examined scenarios show that the use of the distance in the proposed fuzzy management system may reduce the EVs’ charging time up to 14.7%. Thus, in all simulation scenarios, the consideration of the EVs’ distance from the substation, influence the charging times of the EVs in a positive way, i.e. reduces the charging time of the vehicles and it leads to a better utilization of the grid’s energy sources.



Future work will concentrate on the optimization of the weights of the presented fuzzy management system, by minimizing the EVs’ charging times, and by introducing more sophisticated charging management algorithms, based on computational intelligence theories.
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Appendix A


Appendix A presents numerical values of EVs’ charging times in FLC+ controlled charging. Table A1 reports the charging and stand-by times for each EV and for each simulation scenario respectively, when the fuzzy priority management system is applied. Tstand-by refers to the total stand-by time, in which EVs are connected to the charging points, in order to be charged, but they are waiting due to the low priority they have. Tcharging refers to the charging times, in which EVs are connected to the charging points and are charged. Ttotal refers to the total charging time of EVs, including the overall stand-by and charging times.
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Table A1. Numerical values of charging and stand-by times for each EV and for each simulation scenario in FLC+ controlled charging.






Table A1. Numerical values of charging and stand-by times for each EV and for each simulation scenario in FLC+ controlled charging.





	

	
Scenario 1

	
Scenario 2

	
Scenario 3

	
Scenario 4




	
EV Index

	
Tstand-by

(min)

	
Tcharging

(min)

	
Ttotal

(min)

	
Tstand-by

(min)

	
Tcharging

(min)

	
Ttotal

(min)

	
Tstand-by

(min)

	
Tcharging

(min)

	
Ttotal

(min)

	
Tstand-by

(min)

	
Tcharging

(min)

	
Ttotal

(min)






	
1

	
3

	
50

	
53

	
0

	
59

	
59

	
0

	
60

	
60

	
0

	
141

	
141




	
2

	
5

	
43

	
48

	
0

	
46

	
46

	
1

	
44

	
45

	
1

	
118

	
119




	
3

	
5

	
51

	
56

	
0

	
43

	
43

	
0

	
53

	
53

	
0

	
134

	
134




	
4

	
41

	
123

	
164

	
14

	
119

	
133

	
2

	
135

	
137

	
6

	
233

	
239




	
5

	
35

	
57

	
92

	
26

	
48

	
74

	
3

	
56

	
59

	
0

	
126

	
126




	
6

	
4

	
50

	
54

	
0

	
42

	
42

	
0

	
59

	
59

	
0

	
134

	
134




	
7

	
55

	
49

	
104

	
20

	
54

	
74

	
5

	
47

	
52

	
0

	
206

	
206




	
8

	
9

	
59

	
68

	
0

	
60

	
60

	
0

	
48

	
48

	
0

	
222

	
222




	
9

	
60

	
38

	
98

	
22

	
46

	
68

	
0

	
39

	
39

	
20

	
172

	
192




	
10

	
33

	
125

	
158

	
36

	
130

	
166

	
0

	
124

	
124

	
0

	
309

	
309




	
11

	
74

	
40

	
114

	
50

	
50

	
100

	
0

	
52

	
52

	
84

	
151

	
235




	
12

	
4

	
132

	
136

	
0

	
120

	
120

	
0

	
131

	
131

	
0

	
233

	
233




	
13

	
75

	
38

	
113

	
63

	
51

	
114

	
0

	
38

	
38

	
33

	
118

	
151




	
14

	
80

	
43

	
123

	
53

	
38

	
91

	
0

	
38

	
38

	
102

	
145

	
247




	
15

	
73

	
44

	
117

	
30

	
50

	
80

	
0

	
50

	
50

	
59

	
134

	
193




	
16

	
31

	
48

	
79

	
0

	
49

	
49

	
0

	
49

	
49

	
0

	
141

	
141




	
17

	
25

	
55

	
80

	
0

	
51

	
51

	
0

	
59

	
59

	
0

	
175

	
175




	
18

	
29

	
51

	
80

	
0

	
46

	
46

	
0

	
56

	
56

	
0

	
185

	
185




	
19

	
28

	
52

	
80

	
0

	
55

	
55

	
0

	
45

	
45

	
0

	
200

	
200




	
20

	
77

	
52

	
129

	
69

	
50

	
119

	
6

	
45

	
51

	
12

	
161

	
173




	
21

	
89

	
53

	
142

	
37

	
62

	
99

	
34

	
63

	
97

	
106

	
126

	
232




	
22

	
6

	
136

	
142

	
0

	
144

	
144

	
0

	
120

	
120

	
68

	
312

	
380




	
23

	
65

	
48

	
113

	
90

	
44

	
134

	
0

	
37

	
37

	
0

	
118

	
118




	
24

	
27

	
53

	
80

	
0

	
50

	
50

	
0

	
52

	
52

	
0

	
126

	
126




	
25

	
94

	
47

	
141

	
79

	
38

	
117

	
49

	
49

	
98

	
11

	
118

	
129




	
26

	
70

	
44

	
114

	
34

	
50

	
84

	
11

	
43

	
54

	
31

	
134

	
165




	
27

	
18

	
63

	
81

	
0

	
57

	
57

	
0

	
63

	
63

	
0

	
193

	
193




	
28

	
31

	
48

	
79

	
0

	
60

	
60

	
0

	
58

	
58

	
0

	
216

	
216




	
29

	
91

	
50

	
141

	
80

	
47

	
127

	
41

	
64

	
105

	
55

	
141

	
196




	
30

	
38

	
138

	
176

	
5

	
134

	
139

	
51

	
124

	
175

	
25

	
233

	
258




	
31

	
85

	
55

	
140

	
25

	
55

	
80

	
0

	
62

	
62

	
128

	
141

	
269




	
32

	
20

	
61

	
81

	
0

	
49

	
49

	
0

	
63

	
63

	
0

	
187

	
187




	
33

	
28

	
52

	
80

	
0

	
62

	
62

	
0

	
51

	
51

	
0

	
126

	
126




	
34

	
45

	
124

	
169

	
17

	
133

	
150

	
10

	
144

	
154

	
86

	
233

	
319




	
35

	
73

	
42

	
115

	
54

	
50

	
104

	
1

	
47

	
48

	
0

	
202

	
202




	
36

	
55

	
58

	
113

	
46

	
62

	
108

	
0

	
50

	
50

	
13

	
126

	
139




	
37

	
60

	
53

	
113

	
58

	
57

	
115

	
11

	
57

	
68

	
8

	
126

	
134




	
38

	
72

	
44

	
116

	
0

	
44

	
44

	
0

	
44

	
44

	
58

	
118

	
176




	
39

	
17

	
133

	
150

	
0

	
140

	
140

	
0

	
131

	
131

	
0

	
233

	
233




	
40

	
72

	
43

	
115

	
44

	
51

	
95

	
0

	
51

	
51

	
17

	
192

	
209




	
41

	
39

	
125

	
164

	
33

	
132

	
165

	
1

	
119

	
120

	
4

	
233

	
237




	
42

	
4

	
138

	
142

	
0

	
136

	
136

	
0

	
136

	
136

	
0

	
299

	
299




	
43

	
21

	
58

	
79

	
0

	
51

	
51

	
0

	
45

	
45

	
0

	
126

	
126




	
44

	
47

	
120

	
167

	
37

	
124

	
161

	
2

	
125

	
127

	
46

	
233

	
279




	
45

	
68

	
48

	
116

	
45

	
57

	
102

	
1

	
64

	
65

	
70

	
178

	
248




	
46

	
96

	
46

	
142

	
81

	
61

	
142

	
0

	
45

	
45

	
102

	
208

	
310




	
47

	
49

	
45

	
94

	
0

	
52

	
52

	
0

	
53

	
53

	
0

	
126

	
126




	
48

	
88

	
52

	
140

	
4

	
47

	
51

	
79

	
53

	
132

	
25

	
235

	
260




	
49

	
80

	
57

	
137

	
90

	
53

	
143

	
0

	
57

	
57

	
48

	
238

	
286




	
50

	
117

	
60

	
177

	
6

	
51

	
57

	
2

	
63

	
65

	
0

	
141

	
141




	
51

	
94

	
45

	
139

	
6

	
43

	
49

	
4

	
44

	
48

	
52

	
118

	
170




	
52

	
100

	
38

	
138

	
87

	
50

	
137

	
29

	
43

	
72

	
25

	
118

	
143




	
53

	
109

	
57

	
166

	
94

	
52

	
146

	
21

	
0

	
83

	
35

	
126

	
161




	
54

	
103

	
47

	
150

	
34

	
52

	
86

	
91

	
62

	
153

	
51

	
240

	
291




	
55

	
95

	
44

	
139

	
44

	
48

	
92

	
71

	
50

	
121

	
59

	
160

	
219








The EVs’ charging times (Tcharging) is the same in uncontrolled and FLC+ controlled charging.
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Figure 1. Single line diagram of the IEEE European Low Voltage Test feeder. 
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Figure 2. Loads distances from grid’s substation. 
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Figure 3. Transformers total load curve. 
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Figure 4. Transformer’s residential power for each phase: (a) Phase A; (b) Phase B; (c) Phase C. 
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Figure 5. Model’s configuration single phase schematic representation. 
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Figure 6. The IEEE European Low Voltage Test Feeder lines configurations. The legend refers to the feeder’s line codes, which are described in Table 2. 
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Figure 7. Electric vehicle agent structure. 






Figure 7. Electric vehicle agent structure.



[image: Energies 13 03709 g007]







[image: Energies 13 03709 g008 550] 





Figure 8. Typical behavior of EV agents in a 24 h simulation scenario with 1 h time step for each model: Volkswagen e-Golf, Renault Zone, BMW i3, Tesla model S-75 and Nissan Leaf. 
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Figure 9. Block diagram of a fuzzy logic controller. 
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Figure 10. Structure of the modelling and simulation framework. 
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Figure 11. Total grid’s maximum number of chargeable EVs for Scenarios 1a and 1b. 
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Figure 12. Maximum number of chargeable EVs for CS1 and CS2: (a) maximum allowed EVs for phase A; (b) maximum allowed EVs for phase B; (c) maximum allowed EVs for phase C. 
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Figure 13. EVs state for each simulation scenario: (a) Scenario 1; (b) Scenario 2; (c) Scenario 3; (d) Scenario 4. Red color declares that EVs are travelled; Blue color declares that EVs are charging; Green color declares that EVs are parked. 
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Figure 14. EVs’ batteries capacity and stored energy at the arrival time to the charging points: (a) Scenario 1; (b) Scenario 2; (c) Scenario 3. 
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Figure 15. Simulation results of Scenario 1: (a) Number of grid’s buses that face undervoltages; (b) Number of grid’s overloaded lines. 
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Figure 16. Simulation results of Scenario 2: (a) Number of grid’s buses that faces undervoltages; (b) Number of grid’s overloaded lines. 
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Figure 17. Simulation results of Scenario 3: (a) Number of grid’s buses that face under voltages; (b) Number of grid’s overloaded lines. 
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Figure 18. Simulation results of Scenario 4: (a) Number of grid’s buses that face undervoltages; (b) Number of grid’s overloaded lines. 






Figure 18. Simulation results of Scenario 4: (a) Number of grid’s buses that face undervoltages; (b) Number of grid’s overloaded lines.



[image: Energies 13 03709 g018a][image: Energies 13 03709 g018b]







[image: Energies 13 03709 g019 550] 





Figure 19. Block diagram of fuzzy charging algorithm. 
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Figure 20. Membership functions for each input and output: (a) SoC; (b) Bus distance from the MV/LV substation; (c) Charging delay time; (d) Charging priority. 
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Figure 21. The surfaces of the Fuzzy logic priority management system: (a) depending on the state-of-charge and the charging delay time; (b) depending on the bus distance and the state-of-charge; (c) depending on the bus distance and the charging delay time. In each surface, the midpoint of the remaining input variable is considered. 
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Figure 22. EVs state for simulation scenarios: (a) Scenario 1; (b) Scenario 2; (c) Scenario 3; (d) Scenario 4; Green color declares that EVs are parked; Red color declares that EVs are travelled; Blue color declares that EVs are charging; Yellow color declares that EVs are connected but not charged due to low priority. 
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Figure 23. Total simulation’s minimum values of SoC, that each EV experiences in Scenario 4. 
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Figure 24. Total duration of charging time for each EV in uncontrolled charging process and fuzzy priority management system: (a) Scenario 1; (b) Scenario 2; (c) Scenario 3. 
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Figure 25. Total duration of charging time for each EV by using Fuzzy Logic Controllers FLC+ and FLC−: (a) Scenario 1; (b) Scenario 2; (c) Scenario 3. 






Figure 25. Total duration of charging time for each EV by using Fuzzy Logic Controllers FLC+ and FLC−: (a) Scenario 1; (b) Scenario 2; (c) Scenario 3.



[image: Energies 13 03709 g025]







[image: Table] 





Table 1. Transformer’s peak loads and average energy consumptions.
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	Reference Point
	Peak Load

Apparent Power

(kVA)
	Peak Load

Active Power

(KW)
	Average Energy Consumption

(kWh/day)





	Transformer
	60.37
	57.36
	20.16



	Phase A
	24.59
	23.36
	7.50



	Phase B
	37.71
	35.82
	7.22



	Phase C
	21.01
	19.96
	5.44
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Table 2. Case study grid’s lines upper limit ampacities [41].
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	Line Code
	Ampacity (A)





	2c 007
	56



	2c 0225
	83



	2c 16
	83



	35 SAC XSC
	110



	4c 06
	210



	4c 1
	560



	4c 35
	210



	4c 185
	405



	4c 70
	560



	4c 95 SAC XC
	180
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Table 3. Commercial EVs’ charging and discharging parameters.
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	Model
	Capacity (kWh)
	Type of Battery
	Travel Range (km)
	Energy Consumption per km (kWh/km)





	BMW i3
	33.0
	Lithium-ion
	183.4
	0.16



	Nissan Leaf
	30.0
	Lithium-ion
	172.2
	0.17



	Renault Zoe
	41.0
	Lithium-ion
	402.3
	0.16



	Volkswagen e-Golf
	35.8
	Lithium-ion
	193.1
	0.16



	Tesla Model S-75
	75.0
	Lithium-ion
	400.7
	0.21
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Table 4. Mean and Variance of maximum chargeable EVs, based on Figure 11 and Figure 12.
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Case Studies

	
CS1

	
CS2




	
Chargeable EVs

	
Mean

	
Variance

	
Mean Utilization

	
Mean

	
Variance

	
Mean Utilization






	
Total chargeable EVs

	
34.27

	
8.81

	
62.3 %

	
22.45

	
3.94

	
40.8 %




	
Chargeable EVs of Phase A

	
11.52

	
2.52

	
54.9 %

	
7.31

	
0.55

	
35.0 %




	
Chargeable EVs of Phase B

	
11

	
1.09

	
56.6 %

	
8.28

	
0.51

	
43.6 %




	
Chargeable EVs of Phase C

	
12

	
1.78

	
80.0 %

	
6.84

	
1.03

	
45.6%
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Table 5. Simulation scenarios parameters.
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	Scenario
	Departure

Time Period (hh:mm)
	Arrival

Time Period (hh:mm)





	Scenario 1
	9:00
	14:00



	Scenario 2
	7:00–9:00
	14:00–16:00



	Scenario 3
	7:00–9:00
	14:00–18:00



	Scenario 4
	Random
	Random
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Table 6. Number of commercial EVs, used in simulation scenarios.
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	Model
	Number of EVs





	BMW i3
	9



	Nissan Leaf
	15



	Renault Zoe
	11



	Volkswagen e
	10



	Tesla Model 3
	10
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Table 7. Definition of the FLC inputs and output membership functions.






Table 7. Definition of the FLC inputs and output membership functions.





	
FLC inputs




	
Variables

	
Fuzzy States




	
SoC

	
Very Low, Low, Medium, High, Very High




	
Bus distance from the MV/LV substation

	
Very Near, Near, Middle, Far, Very Far




	
Charging delay time

	
Very Low, Low, Medium, High, Very High




	
FLC output




	
Variable

	
Fuzzy States




	
Charging priority

	
Very Low, Low, Medium, High, Very High
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Table 8. Fuzzy rules of the proposed system, when the level of the distance variable from the main MV/LV substation is Very Near.
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	SoC\Delay Time
	Very Low
	Low
	Medium
	High
	Very High





	Very Low
	High
	High
	High
	Very High
	Very High



	Low
	High
	High
	High
	High
	Very High



	Medium
	Medium
	High
	High
	High
	Very High



	High
	Medium
	Medium
	Medium
	High
	High



	Very High
	Low
	Low
	Low
	Medium
	Medium
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Table 9. Fuzzy rules of the proposed system, when the level of the distance variable from the main MV/LV substation is Near.
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	SoC\Delay Time
	Very Low
	Low
	Medium
	High
	Very High





	Very Low
	High
	High
	High
	Very High
	Very High



	Low
	Medium
	High
	High
	High
	Very High



	Medium
	Medium
	Medium
	High
	High
	Very High



	High
	Low
	Medium
	Medium
	Medium
	High



	Very High
	Very Low
	Low
	Low
	Low
	Medium
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Table 10. Fuzzy rules of the proposed system, when the level of the distance variable from the main MV/LV substation is Middle.
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	SoC\Delay Time
	Very Low
	Low
	Medium
	High
	Very High





	Very Low
	High
	High
	High
	High
	Very High



	Low
	Medium
	Medium
	High
	High
	High



	Medium
	Medium
	Medium
	Medium
	High
	Very High



	High
	Low
	Low
	Low
	Medium
	Medium



	Very High
	Very Low
	Very Low
	Low
	Low
	Medium
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Table 11. Fuzzy rules of the proposed system, when the level of the distance variable from the main MV/LV substation is Far.
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	SoC\Delay Time
	Very Low
	Low
	Medium
	High
	Very High





	Very Low
	Medium
	High
	High
	High
	Very High



	Low
	Medium
	Medium
	Medium
	High
	High



	Medium
	Low
	Medium
	Medium
	Medium
	High



	High
	Low
	Low
	Low
	Medium
	Medium



	Very High
	Very Low
	Very Low
	Low
	Low
	Medium
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Table 12. Fuzzy rules of the proposed system, when the level of the distance variable from the main MV/LV substation is Very Far.
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	SoC\Delay Time
	Very Low
	Low
	Medium
	High
	Very High





	Very Low
	Medium
	Medium
	High
	High
	Very High



	Low
	Medium
	Medium
	Medium
	Medium
	High



	Medium
	Low
	Low
	Medium
	Medium
	High



	High
	Very Low
	Low
	Low
	Low
	Medium



	Very High
	Very Low
	Very Low
	Very Low
	Low
	Low
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Table 13. Mean EVs’ charging time, by using FLC− and FLC+.






Table 13. Mean EVs’ charging time, by using FLC− and FLC+.





	Scenario
	Mean Charging Time of EVs in FLC− (min)
	Mean Charging Time of EVs in FLC+ (min)
	Percentage of Charging Time Reduction (%)





	Scenario 1
	136
	116
	14.7



	Scenario 2
	107
	93
	13



	Scenario 3
	80
	75
	6











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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