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Abstract

:

Plug-in electric vehicles (PEVs) are rapidly increasing all over the world as electromobility is being promoted to reduce the greenhouse gas (GHG) emissions. PEVs locally produce zero emissions and they are more efficient in contrast to internal combustion engine vehicles. On the other hand, the impact of the uncoordinated charging of PEVs is expected to create new challenges for the established distribution grid. This article initially evaluates the impact of uncoordinated charging on the voltage regulation and transformer loading in the city of Heraklion, Greece. Then, a coordinated charging strategy is proposed to deal with the issue of transformer capacity violation by PEVs. Two cases were considered when the transformer overloading from PEV charging was taken into consideration: (a) keeping the transformer below its nominal capacity limit and (b) keeping the transformer below 90% of its nominal capacity limit. This was achieved by distributing the available capacity (nominal capacity minus the residential loads) of the transformer to the PEV chargers in a way that the aforementioned limits were satisfied. Real-world data of the distribution grid and the hourly power consumption of the city were used to validate the proposed method. Results show that possible transformer capacity violation can be tackled by the proposed coordinated charging, without exceeding the voltage regulation limits.
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1. Introduction


Europe aims to be climate neutral by 2050. The transition to a climate-neutral society is imperative to build a better and sustainable future for all [1]. The electrification of the transport sector could be one of the means to achieve this goal, as it represents almost 21.5% of Europe’s greenhouse gas (GHG) emissions [2]. Especially, road transport is responsible for 72% of all GHG emissions of the transportation systems in 2019, making it the largest emitter within this sector [2].



Electric vehicles (EVs) have already made their appearance. In particular, the use of EVs has become a trend gaining increasingly more ground in response to their technical advancements and environmental benefits [3]. In Greece, the market share of plug-in electric vehicles (PEVs) has increased from 0.5% in 2019, to 2.6% in 2021 [4]. The introduction of PEVs has many benefits, such as no noise, zero emissions and better efficiency [5,6]. However, several challenges for the transportation and power systems operation have arisen due to the uncoordinated charging of PEVs, such as voltage quality problems, new congestion and demand peaks [7,8]. At the same time, PEVs could be the solution for most of the problems they cause through the provision of ancillary services to the power system [9], and through the coordination of their charging schedule [10,11,12]. Hence, it is crucial to evaluate the impact of PEV penetration on the distribution grid and to be able to recommend solutions to address potential issues.



The suitable allocation of PEV chargers has been previously studied, while taking into consideration several points of view, such as different scenarios, methodologies and objectives. Indicatively, in [13], the authors proposed a Geographic Information System (GIS) method for the optimal allocation of EV chargers in the city of Bolzano and in the province of Alto Adige, exploiting residential data, parking places, the electricity network and already installed charging points. In [14], a tool and a genetic algorithm (GA) were developed in R, a language and environment for statistical computing, to find the more suitable location for the charging infrastructure of the city of Thessaloniki. A list of candidate EV charging points, the distance between the potential charging locations, the expected demand per location, the desired number of stations for the examined scenario, the average cover distance radius per station, the charging speed and the average generalized cost per km were given as inputs.



Apart from the suitable allocation, the explicit impact of PEVs on the distribution grid is currently under investigation by the distribution system operators, municipalities, governments and of course, the scientific community. Furthermore, in some cases, charging strategies have been proposed to cope with the problems that PEV charging creates to the electric grid. The study in [15] investigated the effect of EV chargers on substation load profile, voltage profile, and harmonic profile of the Thailand grid. The authors of [16] examined the maximum number of three-phase chargers in a low-voltage distribution grid, considering voltage management by injecting reactive power from the chargers to the electric grid. In [17], the authors evaluate the voltage violation, voltage unbalance, feeders’ thermal limit and transformers’ thermal limit in a residential LV distribution network in Malaysia. Three scenarios were created: (1) unbalanced EV charging, (2) evenly distributed EV charging and (3) controlled EV charging. In [18], the authors mitigate the voltage unbalance, which is caused by uncoordinated EV charging, in an Urban Distribution Network with a time-varying pricing scheme. In [19], a prototype park was used to examine the impact of EV chargers on the LV distribution network in terms of harmonic distortion and power factor. Three charging strategies, depending on the cost, the valley filling or the GHG emission, were proposed in [20]. Voltage drop, thermal rating of cables, voltage unbalance, photovoltaics self-consumption and electrical grid losses were the examined criteria. In [21], a steady-state analysis of a distribution power system was proposed to evaluate the proper voltage variation, considering the additional load demand during different charging strategies of EVs. In [22], the authors proposed the location of charging stations within the administrative boundary of Heraklion, taking as consideration parameters of the existing parking spaces of all kinds, data from the official urban plan, land use characteristics, transport conditions in terms of hierarchy of the road network and transport flows, including public transportation vehicles. They also proposed a coordinated charging strategy in order to deal with the grid congestion at the level of 20 kV, which is the medium-voltage substation. Nevertheless, the power system operation was not analytically examined under the considered scenarios.



Transmission and distribution transformers are an important part of the distribution network and PEV charging also heavily impacts their operation. In [23,24], the authors show that the unmanaged charging of an increasing number of EVs has adverse impacts on distribution transformers, i.e., transformer overloading, aging rate and performance. In [25], the authors have developed different charging patterns, using a probabilistic model for vehicle charging start time and duration of charging in order to analyze the degradation on distribution transformers because of the charging of the PEVs. The authors in [26] performed a similar study by examining the impact of EV battery charging on distribution transformers. Both studies concluded that a simple charging strategy could help in reducing the transformer loss of life duration. In [27], the authors evaluated the impact of current harmonics generated by two types of EV chargers on power loss and temperature rise of distribution transformers. In [28], the authors proposed a proportional distribution of the power to the charging piles of a charging station. The authors in [29] examined the transformer overloading issue and the possible voltage instability, when EV charging takes place. In particular, they proposed a fuzzy logic control system, embedded within the EV supply equipment, in order to deal with these issues. In [30], the authors used various charging strategies in order to study the effects of EV charging on the grid level demand and the distribution transformers.



Even if the PEVs’ charging impact to the distribution grid operation has been studied thoroughly in the literature, dealing with the issue of transformer capacity violation without changing the parking/charging habit of the PEVs’ drivers while at the same time fulfilling the PEVs’ charging target, has not been widely investigated. Moreover, rarely a real distribution system, PEVs’ deployment plans are used for the verification of the proposed methods. The combination of a simple way to cope with transformer overloading, without changing the parking/charging habit of the PEVs’ drivers and its evaluation in a real-world distribution grid highlights the scope of this paper. In particular, this paper aims at evaluating the impact of PEVs charging on a real MV/LV distribution network, taking into consideration the chargers’ allocation, which was proposed in [22], and it further proposes a simple strategy to relieve the transformers from overloading due to PEVs’ charging. Particularly, the chargers were connected to the nearest transformer of the location pointed out at the deployment plan and multiple scenarios were created. It was observed that under an uncoordinated charging system, transformer capacity was not enough in some of the transformers in which PEV chargers were connected. On the contrary, the proposed charging strategy managed to keep the transformer loading under a specific limit and at the same time, the charging objective of all the PEVs was satisfied. The understanding of how the PEVs charging could negatively affect the MV/LV distribution network [7,8] could provide insight on what charging strategies could be applied by the distribution operator and the parking lot or charging network operators in order to ensure the proper operation of the electrical grid.



The rest of the paper is organized as follows: Section 2 describes the methodology, the creation and processing of the input data; Section 3 presents the proposed coordinated charging strategy; Section 4, simulation results obtained for both charging strategies are presented and discussed; and finally, Section 5, concludes the paper.




2. Methodology


In order to evaluate the impact of uncoordinated charging on the grid and propose a coordinated charging strategy, a considerable amount of data is required. Here, to describe the methodology of this paper, data from a real residential grid, i.e., from the city of Heraklion, will be employed as the case study of the paper is concerned with the same electrical network. Part of this data, i.e., PEVs appearance and chargers, was created according to assumptions about the profile of Heraklion city’s habitants. The other part of the data was based on actual information of the city of Heraklion and its power network. In the sequel of this section, the required data to evaluate the impact of uncoordinated charging to the distribution network as well as a proposal for an advanced coordinated strategy are presented.



2.1. Distribution Grid


The distribution grid of the Heraklion is at the level of 20 kV, its feeders start from three high-to-medium voltage (HV/MV) substations and the medium-to-low voltage (MV/LV) is at the level of 20 kV/400 V. The data of the distribution grid were provided to the authors by the system operator, HEDNO [31], and it was then designed to the PowerWorld simulator for the needs of this paper. The single-line diagram of the medium voltage (20 kV) distribution network of the city is presented in Figure 1.




2.2. PEV Type


Fifteen representative models of PEVs were used. Their technical characteristics are shown in Table 1. Each PEV type appearance was approximately calculated as recorded in [22]. There are three types of PEVs: the EVs, the electric two-wheelers (ETW) and the electric minibuses (EMB). The EV appearance percentage was calculated from [32]. Smaller ETW, with regards to their horsepower, are considered to be higher in number compare to the bigger motorbikes, because of their lower cost. Finally, in case that the on-board charger limitation was not known, it was assigned a value that was considered more suitable. That value appears with the sign “*”.




2.3. Charger Type


This study takes into consideration the proposed charger type and the location that was proposed in [22]. There are six types of charges that were used in the aforementioned study, whereas their basic technical info is presented in Table 2. Finally, the column “PEV charger” represents which type of charger could connect each PEV, according to [22]. Taking into consideration the location of the chargers from [22], each PEV charger was connected to the nearest transformer of its location.




2.4. Arrivals, Departures and State of Charge of PEVs


The probability of the arriving time of each PEV is presented in Figure 2. Most people go to work in the morning between 7:00 to 9:00 and in the evening between 16:00 to 18:00. It was considered that the majority of the PEVs’ arrival would happen between the time that the shops and public and private services open and a couple of hours later when people would visit them. The arrival probability of PEVs is shown in Figure 2.



The probability of parking duration of each PEV is presented in Figure 3. It was considered that most people work 8–9 h. Additionally, many people would go downtown for errands that take a small amount of time to be completed. Thus, most departure would happen an hour or eight hours after the connection time of the PEVs. The departure time of each PEV was calculated as the sum of its arriving time and its parking duration.



When the PEVs are connected to the chargers, the residual state of charge of the PEVs (SoCArr) is a random number that is assigned to each arriving PEV and follows the normal distribution, with μ = 55 and σ = 10 [10]. The probability mass function used to estimate the SoCArr is illustrated in Figure 4.



As desirable SOC target (SOCt) was considered a random number between 90 and 100.




2.5. Feeders Load


The distribution grid of the city of Heraklion, which was chosen for the case study of this paper, is at the level of 20 kV and its feeders start from three high-to-medium voltage (HV/MV) substations. The consumption of these three substations (Heraklion 1, Heraklion 2 and Heraklion 3) for the year 2019 was extracted from the independent power transmission operator (IPTO) [48]. It was found that 8 January 2019 was the day with the highest power consumption. That day was considered as the examined day of this study as it is the day with the highest congestion of the year, in the distribution grid. The total load of the three high voltage substations is represented in Figure 5 and it was distributed equally to the MV/LV substations. For the residential loads, a 0.97 power factor was assumed.





3. Proposed Coordinated Charging Strategy


The charging strategy (CS), which is applied for the charging of PEVs plays an important role in the final electricity demand curve.



3.1. Selection of Charger


The time horizon was divided into time slots with length Δt = 1 h. In this period, the external environment is considered unchanged. Depending on the type of PEV (electric vehicles (EVs), electric two wheelers (ETW), electric minibus (EMB)), there are different spots for charging. The EVs charge in an AC 7 kW, in an AC 22 kW, in a DC 50 kW and in a DC 100 kW charger. The ETW charge in a 3.7 kW charger and the EM charge in a DC 6 kW, in a DC 50 kW and in a DC 100 kW charger. In the case of EVs, the parking duration is checked to confirm if it is enough to charge in an AC charger.


     Charger    AC _ 7     i  =          1 ,   E    max   ch    ( i )  ≥  E  target    i         0 ,   otherwise           ,    ∀    i    ∈    PEV    










     Charger    AC _ 22     i  =          1 ,   E    max   ch    ( i )  ≥  E  target    i         0 ,   otherwise           ,    ∀    i    ∈    PEV    








where    E  max   ch     is the maximum energy that the charger of the EV could give to the ith EV if it operates with its nominal power, under the charging limitation of the EV, during the parking duration.    E  target     is the energy required for the ith EV to achieve its charging target before its departure.



If the charging at an AC charger is not adequate to reach the EV its charging target, then the availability of the DC 50 kW chargers is checked, and the same process takes place.


    Charger    DC _ 50     i  =          1 ,   E    max   ch    ( i )  ≥  E  target    i         0 ,   otherwise         ,    ∀    i    ∈    PEV     











Similar with the DC 100 kW.


    Charger    DC _ 100     i  =          1 ,   E    max   ch    ( i )  ≥  E  target    i         0 ,   otherwise         ,    ∀    i    ∈    PEV     











Supposing that there is not a charger that could charge the EV to the SOCt at the time of departure, then a new departure time is calculated. In order for the new departure time to be as close to the departure time as the driver desires, the EV would charge, depending on the availability, following the priority order of the chargers: DC 100 kW, DC 50 kW and AC 22 kW. The calculation of the new departure time would occur according to the type of charger and the charging limitation of each PEV. A similar process to choose a suitable charger is followed for the EMB.



The charging efficiency was considered 0.93. It represents the losses (cabling, EV battery and conversion losses) during the charge process.




3.2. CS1: Uncoordinated Charging


In order to justify the need for a coordinated charging strategy, the issues that the uncoordinated charging would create need to first be examined. In this subsection, the assumed uncoordinated strategy is presented.



In this strategy, PEV starts charging at the time that they are connected to the charger. Initially, the algorithm is calculated for each time slot for the number of PEVs, which has been estimated according to the arrival probability (Figure 2). Then, the type of the PEV is estimated depending on the possibility of their appearance (Table 1). The random selection of the charger follows, as described in Section 3.1. The charging rate depends on the charging limits of each PEV and the nominal power of the charger that it connects with, as shown in Equations (1)–(4). The PEV charges until it reaches the SOC target as formulated in Equations (5) and (6). Then, it remains at the charger until the departure time, without exchanging any energy with the grid. In that scenario, the capacity limits of the transformers are not taken into consideration. The process of the uncoordinated charging strategy is shown in Figure 6.


   P   AC _ limit     ( i ) =         P  Limit   Charger      ( i ) ,         P    Limit   Charger      ( i )   <   P     AC _ Limit    PEV    ( i )         P   AC _ Limit    PEV    ( i ) ,   otherwise           ,    ∀    i    ∈    PEV   



(1)






   P   DC _ limit     ( i ) =         P  Limit   Charger      ( i ) ,         P    Limit   Charger      ( i )   <   P     DC _ Limit    PEV    ( i )         P   DC _ Limit    PEV    ( i ) ,   otherwise           ,    ∀    i    ∈    PEV   



(2)






  P    i , t         <   P     AC _ limit       ( i ) ,   t   A   i    ≤      t   <   t   D   i   ,    ∀    i    ∈    PEV   



(3)






  P    i , t         <   P     DC _ limit       ( i ) ,   t   A   i    ≤      t   <   t   D   i   ,    ∀    i    ∈    PEV   



(4)






  c  t  =          1 ,   E    target      ( i )   >   E   t   ( i , t )           0 ,   E    target      ( i ) = E   t   ( i , t )           ,   t   A   i    ≤      t   <   t   D   i   ,    ∀    i    ∈    PEV   



(5)






    ∑    t A     t D   - 1    P    i , t      ·    ce    ·    Δ t    ·    c   t     = E    target      ( i ) ,   t   A   i    ≤      t   <   t   D   i   ,    ∀    i    ∈    PEV   



(6)




where    P  Limit   Charger    ( i )    is the maximum power output of the charger,    P   AC _ Limit    PEV    ( i )   /     P   DC _ Limit    PEV    ( i )    is the on-board charger limitation when the PEV charges in an AC and DC charger, respectively. tA and tD are the time slots that the PEV is plugged in and unplugged from the charger, respectively.   P    i , t      is the charger power of the ith PEV at the tth time slot. c is a binary variable and set to 1 when the PEV is on charging mode, Et is the energy that the ith PEV has received at the tth time slot, ce is the charging efficiency which was considered 0.93,    E  target    ( i )    is the energy required to fulfill the ith PEV in its charging requirement.




3.3. CS2: Coordinated Charging


The coordinated charging takes place in order to avoid the overload of the transformers, which is created by the charging of PEVs. This would lead to a more effective and sustainable PEV charging solution for the distribution grid. The process of the coordinated charging strategy is shown in Figure 7. The Equations (1)–(6) apply in this case, too. Initially, the procedures before charging schedule are same with those at CS1. Then, the transformer capacity limit is checked. In case the chargers total charging demand is higher than the available transformer capacity, a coordinated charging schedule is assigned to the chargers, otherwise the charging process is continued. The new charging power that is assigned to each charger when the transformer is overloaded is shown in Equation (7). Equation (7) proportionally distributes the available transformer capacity, i.e., the capacity limit that has been assigned to the transformer minus the residential loads, to the chargers of the transformer.


  P    i , t       = P    old      i , t      ·      P  Limit      P  All      ,   t    ∈      T   V   ,    ∀    i    ∈      PEV    transf    ,   j    ∈    Transf   



(7)




where Pold is the charging power of the ith PEV at the tth time slot when transformer capacity violation has occurred, PAll is the sum of the charging power of all chargers connected to the jth transformer at the tth time slot and PLimit is the transformer’s available capacity for charging. TV is the time period when transformer capacity limit is violated and Transf is the transformer in which PEVs chargers are connected. In this way, the allowed transformer capacity limit is not exceeded, which in this study was considered as the nominal capacity (case 1) and 90% of the nominal capacity (case 2) of the transformer.



It was estimated in [49] that the idle time of PEVs is approximately 60.32% of their parking duration. Idle time is the period between the time that the PEV has completed its desirable charge and the time that the PEV is unplugged from the charger. That time was exploited to postpone PEVs’ charging when the transformers were overloaded. It can be observed in the scenarios that were created for the simulations that many PEVs stay connected to the charger without charging. Hence, their charging was rescheduled when transformer capacity limit was violated.



Moreover, if there is not adequate time to modify the PEV charging schedule, in order to achieve its SOC and departure target and contribute to the transformer overload reduction, then the PEV’s charging program will not change and the charging schedule of the PEVs will be reprogrammed without taking into consideration these PEVs. This process takes place in the step: “Calculating new charging schedule for PEVs” (Figure 7). Although, in our case study, this never occurred, the Equation (8) represents a potential scenario that could happen. The idle time was adequate in order to reschedule their charging to these time slots. The PEVs that will not change their charging schedule can be estimated as follows:


  cp    i , t    =          1 ,   E   C   i     + E   N   i       =   E    target    ( i )           0 ,   E   C   i     + E   N   i       <   E    target    ( i )       ,   i    ∈      PEV    transf      



(8)




where cp(i,t) is a binary variable and set to 1 when the PEVs participate in CS2, EC is the energy that the ith PEV has received before the power violation event and EN is the energy that the ith PEV could receive with the new charging schedule that occurs when the transformer is overloaded.





4. Case Study


This work aims to examine the influence of PEVs’ charging stations (CSs) in the distribution grid of the city of Heraklion.



Multiple scenarios were created in Matlab, with the data presented in Section 2, to simulate the arrival, departure and charging of PEVs in both scenarios. The PowerWorld simulator (version 21) was used to reflect the real-world distribution grid status and obtain accurate results.



4.1. Power System Operation without EVs


The data from Matlab were extracted and imported to the PowerWorld simulator in order to simulate the impact of charging strategies on the transformer capacity at the distribution system of the city. The scenarios had similar results. More specific, the voltage drop percentage and the transformer capacity violation were similar in all scenarios. In total, 720 PEVs were charged during the examined period from the scenario, which was randomly selected. The power, which was consumed from the grid to charge all the PEVs to the SOCt, was 16.565 MW. The arrivals and departures of PEVs are presented in Figure 8.



The total load of the three high voltage substations was distributed equally to the feeders of the MV substations. The percentage of the transformers’ (MV/LV) capacity congestion when the PEV chargers were not being used is shown in Figure 9.



The per unit voltage magnitude of the LV/MV buses when the PEVs were not connected to the distribution network is illustrated in Figure 10. The permitted voltage fluctuation in the low and medium voltage has been found to be ±10% [50]. There was no voltage fluctuation limit violation. The major results obtained for the charging strategies of the per unit voltage magnitude are depicted in Figure 11, Figure 12 and Figure 13.




4.2. Power System Operation with CS1


The voltage magnitude per unit of the LV/MV buses when CS1 was applied is illustrated in Figure 11. As it was expected, there was a small, but within the limits, voltage drop in the buses. Additionally, the maximum percentage of voltage drop, compared to the scenario in which there were no PEVs, was 0.8%.



Figure 14 illustrates the percentage of transformers loading when CS1 was applied. The lines of the transformers loading that were higher than the values of Figure 9 means that the PEV chargers, which connected to the specific transformer, were being used. Moreover, it can be observed that there was a capacity violation in some transformers, particularly at 9:00, 10:00, 11:00 and 14:00 and a specific transformer was overloaded two times (9:00 and 14:00).



When uncoordinated charging is happening, violation of some transformer capacity limit is almost certain. The capacity of transformers has been estimated and installed according to the residential load. PEV chargers are the new unpredicted big energy consumers; their load would burden the transformer in which they connect. To cope with this, there are two main solutions. The first solution would be to upgrade the transformers and generally update the distribution network, which has a significant cost. On the other hand, this could be postponed if coordinated charging strategies are applied in order to protect the electric grid from the PEVs’ charging.




4.3. Power System Operation with CS2


4.3.1. Case 1: The Limit of the Transformer Load Is Its Nominal Capacity


The voltage magnitude per unit of the LV/MV buses when in case 1 CS2 was applied as illustrated in Figure 12. In this case, there was not a voltage drop under the permitted limit. Furthermore, the maximum percentage of voltage drop, compared to the scenario in which there were no PEVs, was 0.6%. When the CS2 was applied, the transformers operated in their capacity limit and at the same time, the charging targets of the PEVs were fulfilled. Figure 15 illustrates the capacity congestion of the transformers when CS2 in case 1 is applied. It can be observed that the transformers, which were overloaded when following CS1, are now operating below their nominal capacity. Not only are they operating to their nominal capacity at the time slot when the overload happened, but also, in some cases, at the coming time slot. This can be seen to be happening when the transformer load in the next time slot of the transformer overload is already high. More specific, the extra power that is needed to cover the power demand, which was reduced in the previous time slot, is added to the next slot.




4.3.2. Case 2: The Limit of the Transformer Load Is 90% of Its Nominal Capacity


In case 2, the transformer capacity limit was considered as 90% of the nominal capacity. The voltage magnitude per unit of the LV/MV buses and the capacity congestion of the transformers are shown in Figure 13 and Figure 16, respectively. Finally, the maximum percentage of voltage drop, compared to the scenario in which there were no PEVs, was 0.6% as it was in case 1. Although, the shift of the PEVs’ charging load was bigger in case 2, there was no PEV in which its departure time was delayed with the CS2 in any of the scenarios. The charging rate of PEVs and chargers is sufficient to charge the PEV and there is adequate time to postpone the charging process to the idle time when the transformer is overloaded.



From both scenarios, it can be observed that the impact of PEV chargers on the distribution grid in terms of voltage is not significant, but this is not the same for the transformers at MV/LV substations. The congestion of the transformers when PEVs are charging is high, especially when the PEV charging process is synchronized with peak demand of the residential load. Although, transformers could afford a small amount of overloading time, frequent exposure to this situation is not recommended. Furthermore, the overloading of the transformer might last longer than it can tolerate, which can be devastating to its operation. Applying a coordinated charging strategy would protect transformers from potential overloading, and by extension, postpone the power system upgrade, allowing time for the distribution operator for a smoother transition for the futured upgraded distribution network. The proposed method is a simple and efficient way to be implemented by monitoring transformer loading, and through a communication channel, controllers would assign the suitable charging rate to the chargers, as it has been calculated in CS2. Moreover, when CS1 is applied, it can be observed which transformers are overloaded, while if CS2 could not cope with this situation, it can be proposed some of the chargers to be connected to other transformers or to increase the transformers’ capacity. The capacity of the new transformers could be estimated well by conducting many simulations and through the proper forecasting of the PEVs’ penetration and residential loads in the future.






5. Conclusions


The anticipation of a large penetration of PEVs is reshaping the regular view of power systems. The uncoordinated charging of PEVs would stress the distribution grid creating issues, such as new peak demand, overloading of the lines and transformers. National strategies are being investigated to address these problems and promote electromobility and simultaneously the sustainability of the distribution network. To that end, the present work examined the impact of selected charging points on the medium-to-low voltage distribution network of the city of Heraklion.



In detail, this paper employed real-world data regarding the daily consumption profile of the city and the distribution network as input to the charging management mechanism for evaluating the uncoordinated and coordinated charging of PEVs to the electric network. A simple but efficient method was used to coordinate the charging process of PEVs to avoid the overloading of transformers, exploiting the idle time of PEVs. Coordinated charging was found to be able to delay the need for upgrading the distribution grid in an effort to cope with the PEVs’ charging by controlling the charging load of PEVs. In particular, a rescheduling of the charging process of the PEVs takes place when the transformer is overloaded. The available transformer loading, i.e., the capacity limit that has been assigned to the transformer minus the residential loads, is distributed proportionally to the chargers of the transformer. In this way, the loading of the transformer does not violate its capacity limit. At the same time, no voltage limit violations occurred in the examined scenarios.



Future research will focus on the development of charging strategies, which take into account the charging cost. Another step in this direction could be the consideration of vehicle-to-grid (V2G) services. Lastly, limitations of this work could also be another future work direction, such as the investigation of an effective communication and control process to implement the coordinating charging in real situations.
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Figure 1. Single-line diagram of the distribution grid of the city of Heraklion. 
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Figure 2. Arrival probability of PEVs. 
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Figure 3. Parking duration probability of PEVs. 
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Figure 4. Probability mass function of arriving state of charge. 
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Figure 5. High voltage substations load. 
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Figure 6. Flow chart for uncoordinated charging. 
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Figure 7. Flow chart for coordinated charging. 
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Figure 8. Arrival and departure of PEVs. 
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Figure 9. Transformer capacity usage without considering PEV charging. 
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Figure 10. Voltage magnitude per unit of the buses for the LV and MV levels. 
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Figure 11. Voltage magnitude per unit of the buses for the LV and MV levels when CS1 is applied. 
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Figure 12. Voltage magnitude per unit of the buses for the LV and MV levels when CS2 (case 1) is applied. 
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Figure 13. Voltage magnitude per unit of the buses for the LV and MV levels when CS2 (case 2) is applied. 
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Figure 14. Capacity congestion of the transformers when CS1 is applied. 
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Figure 15. Capacity congestion of the transformers when CS2 (case 1) is applied. 
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Figure 16. Capacity congestion of the transformers when CS2 (case 2) is applied. 
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Table 1. PEV model, arrival possibility, battery capacity and on-board charger limitation at AC charging.
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PEV Type

	
PEV Model

	
PEV Appearance Possibility

	
Battery Capacity (kWh)

	
On-Board Charger Limitation (kW) at AC/DC Charging






	
Electric Vehicles (77%)

	
Renault Zoe [33]

	
0.15

	
52

	
22/46




	
Tesla Model 3 [34]

	
0.19

	
57

	
11/170




	
Volkswagen e-Golf [35]

	
0.08

	
32

	
7.2/40




	
Hyundai Kona EV [36]

	
0.07

	
64

	
11/77




	
Peugeot e-208 [37]

	
0.03

	
45

	
11/101




	
Nissan Leaf [38]

	
0.07

	
37

	
6.6/46




	
Audi e-Tron [39]

	
0.05

	
86.5

	
11/155




	
Kia e-Niro [40]

	
0.05

	
64

	
11/77




	
BMW i3 [41]

	
0.06

	
37.9

	
11/49




	
Volkswagen e-Up! [42]

	
0.02

	
32.3

	
7.2/40




	
Electric two Wheelers (22%)

	
Vespa Elettrica [43]

	
0.06

	
4.2

	
(1.9 *)/(3 *)




	
Gogoro Smartscooter S2 Adventure [44]

	
0.06

	
7.6

	
(1.9 *)/(3 *)




	
Zero SR [45]

	
0.05

	
12.6

	
3.3/6




	
Harley-Davidson LiveWire [46]

	
0.05

	
15.5

	
1.9/(6 *)




	
Electric Buses (1%)

	
Electric Minibuses [47]

	
0.01

	
160

	
19.2/(100 *)
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Table 2. Charger characteristics.






Table 2. Charger characteristics.





	
Type of Charger

	
Max. Power

	
Number of Chargers

	
PEV Charger

	
Total Number of Chargers






	
AC

	
3.7 kW

	
6

	
ETW

	
122




	
AC

	
7 kW

	
1

	
EV




	
AC

	
22 kW

	
76

	
EV




	
DC

	
2·6 kW

	
2

	
EMB




	
DC

	
50 kW

	
34

	
EV, EMB




	
DC

	
100 kW

	
3

	
EV, EMB

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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 (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
o [ commgoen

Pkt

- Pr— ree— et st






media/file4.png
0.12

Yo}
(=}

[}
Aujiqeqoid

<
Q
o

o
<
o

00:€¢
00:2¢
00:TC
00:0¢
00:6T
00:8T
00:LT
00:9T
00:ST
00:vT
00:€T
00:CT
00:TT
00:0T
00:6
00:8
00:Z
00:9
00:S
00t
00:€
00:¢
00T
00:0

Time of the day (o'clock)





media/file30.png
X\

ANy
N\ \\'l
A

45
40
35
30
25
1 1 I 1 1 I 1 1 1 1 | I 1 1 1 1 | 1 1 | 1 1
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00
Time of the day (o'clock)






media/file18.png
g

61% 61% 61%

59%

£ 888 &

~ [} o0

pasn Aypedes siawiojsuel)

Time of the day (o'clock)






media/file21.jpg





media/file26.png
TRTTTT T

T TR

{84 1KY DAETRAUS @09t gd 08 LN CEAL,

400 G341 LASd KR






media/file27.jpg





media/file3.jpg
ooer
e
ooz
oot
oost
oost
oo
oot
oost
oort
ooer
oo
oont
aoor
ws
ws
we
ws
ws
wr
wse
we
wr
wo
g3 8§ 8§ §8 8§
Kanaeqoid

Time of the day (o'clock)





media/file22.png
 FARR A ST R AR N SRR GARR ERT FV NG KR U0 SO R0 AR

T

Ittt

(AN RN RN LN WO AR RN}

il

(RN REWURN RN RS NURA RN AN RURY Rl RAENERNS |

1 1 | 1 L 1 |

| | | | 1 |
00:00 01:00 02:00 03:00 04:00 0500 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 1500 16:00 17:00 18:00 19:00 20:00 21:00 22:00  23:00

Time of the day (o'clock)





media/file19.jpg





media/file7.jpg
g

0025
002
o015
o001
0005
0

Probablity

mll”" ” ” l“"“lln

16 1116 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 9%
State of Charge (%)






media/file28.png
21:00 2200  23:00

19:00  20:00

|
18:00

1

10:00

01:00 0200  03:00

12:00 13:00 14:00  15:00 16:00  17:00

11:00

Time of the day (o'clock)

04:00 05:00 06:00 07:00 08:00  09:00





media/file10.png
00:€C
00:¢e
00:TC
00:02
0061
00:8T
00:LT
0091
00:ST
00:vT
00:€T
00:ZT
00:TT
00:0T
00:6
00:8
00:L
00:9
00:S
00:v
00:€
00:C
00:T
00:0

clock)

Time of the day (o

mHeraklion1 wmHeraklion2 wmHeraklion3






media/file32.png
AW
SO
=7 RN

VAN

— R
——\y AV,
—\ L)

L 1 1 L 1 1 1 1

1 1

1 1 I i 1 1 1 1
03:00 0400 0500 06:00 07:00 08:00 09:00 10:00 11:00 1200 1300 14:00 1500  16:00

day (o'clock)

17:00  18:00  19:00 20:00 21:00 22:00  23:00






media/file14.png
EMB chargers

Next time slot

Charging process






media/file11.jpg
PV arrving

Calcuating rrving
and dopartue tme

PEVs classifcaton

v chargers






media/file6.png
Probability

0.25

0.2

©
=
w

o
=

0.05

N

L

5 6 7 8
Parking duration (h)

10

11

12

13






media/file15.jpg
Number of PEVs

70

50
40
30
20
10

g 8 8 8
S F s e

3
]
E]

3 3 8 g
s 2 g 2
& 3 & &
9 3 8 8

Time of the day (o'clock)

——— Arival of PEVs

= Departure of PEVs

20:00

22:00





nav.xhtml


  energies-15-01321


  
    		
      energies-15-01321
    


  




  





media/file16.png
Number of PEVs

70
60
50
40
30
20
10

o0
0
8:00

o o o
o = 2
S o~ <
— — —

o
2
o

—

Time of the day (o'clock)

Arrival of PEVs

= = = = Departure of PEVs

18:00

20:00

22:00





media/file2.png
Heraklion
HV/MV Subsntlm

Heraklion 1
HV/MV Substation

Heraklion 2

alaaliaaysy

|FERFEESE T B

A
paddaaisaralay s pasdaaaaaiaasns

PEV Charger Load

oy

& i

saalagtag

A4 ‘“u““““‘u‘u [EERER|

-

L

Residential Load

MV/LV Substation

Pt

NN

PP Y
mé__av‘hu

ik ;;I[’aiuublﬁ,
ENE
4 EEEIRR I
,,_,_] 5 4 wﬁ! l"‘) l!n.‘!"x "4311‘%‘1;_'41‘J 4.2, 24 5 ‘A—J—J i
4 Mudu T
Ly, Ef;' Ol I L TR
i





media/file20.png
1 1 1 1 1 | 1 1 1 1 1 1 L
00:00 01:00 02:00 03:00 0400 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 1400 1500 16:00 17:00 18:00 19:00 20:00 21:00 22:00 2300

Time of the day (o'clock)






media/file23.jpg





media/file5.jpg
Probability

025

015

o1

005

s

6 7 8
Parking duration (h)

il

10

n

2






media/file24.png
T B TWES TUWE BTN CTUD AUR Cana Gmme U5 WUN3 R VWA EATY EURRENEE (WG NI OUWS RS KAW0ENNE EWUD

| 1 | L 1 — | |
00:00 01:00 02000 03:00 04:00 0500 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 1500 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Time of the day (o'clock)

{ LUEY RO EY DAEY CARApATN £091

|

{ERRYRRRERANS DRSYRARS QAN INNUNNGnONT AN RN [HEY RN LARE BORE)






media/file29.jpg





media/file1.jpg
N =
==
g il
L. n [ L A “T
et cacons B
$¥TI 4344 L i
$4 4 S 1| t;:““ﬁt«““ﬂ, ”

s fiaasnd I 4]

WY Sastaton.






media/file31.jpg





media/file25.jpg





media/file12.png
Calculating arriving
and departure time

=1

ETW charger EV chargers EMB chargers Next time slot

—— |

» Charging process






media/file9.jpg
Time of the day (o'clock)

mHerakiion 1 mHerakiion2 = Herakiion 3





media/file0.png





media/file8.png
0.045
0.04
0.035
0.03

02% _________________________ ...-|I|||||” ll || |||||llm- -----------------

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96
State of Charge (%)

Probability






media/file17.jpg





