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Abstract — Nowadays, electrification is one of the most popular developing trends for traditional transportation system. To accomplish the electrification, some critical infrastructures (e.g., power grids and transportation networks) need to be reliable. In recent years, lots of efforts have been put to investigate the robustness of these services. But many of them only consider the services independently while they actually interact with each other in many aspects. The overall object of this paper is to investigate one of these interactions, the impact of transportation activities of PEVs on the power distribution system, especially regarding the stability and efficiency. The transportation network and the power distribution system are obtained from a large-scale penetration of plug-in electric vehicles in the metropolitan area. This paper proposes a comprehensive co-modeling and simulation platform for investigating the impact of PEV charging in the real world. Index Terms—Plug-in Electric Vehicle (PEV), Smart Grid, Distribution System, and Electrification of Transportation



I.



INTRODUCTION



During the last decades, the U.S. government has spurred efforts to promote the utilization of PEVs around the nation because of fewer carbon emissions, higher fuel economy and ability to incorporate more renewable energy sources into the transportation system [1]. At the same time, many automotive OEMs also have invested a lot of efforts in developing PEVs. For example, Tesla has been progressive with its high performance PEVs. Traditional companies such as Ford, GM have also brought their PEVs to market. The production of electric vehicles is ramping up in plants around the world. They will have a great impact on the evolution of traditional power systems, transportation systems and business world. The power grid integration of PEVs is both a challenge and an opportunity for the current power grid; due to the massive number of PEVs, the capacity of the grid is facing a great endurance test. In recent years, extensive studies have been conducted on the impacts of PEV charging on power grids and some of them give a deep discussion on the effects of PEVs on the traditional grid [2]-[5]. Some authors write their reviews about PEVs from an economical aspect [6] to do



optimal charging schedule. However, to the best of our knowledge, none of them or other existing papers have fully taken multidisciplinary uncertainties and complexities (e.g., transportation network) into consideration when investigating on the grid integration of PEVs [7]. For example, transportation activities would change the power distribution of the grid especially when transportation system is at its peak time; there will be lots of PEVs under charging status which leads to a heavy load on grid. It essentially leads to uncertain charging loads. Commercial and residential buildings consumed almost 40% of the primary energy and approximately 70% of the electricity in United States in 2012, and the trend continues to escalate in power grid systems [8]. Therefore, there is an urgent need to develop an interdisciplinary approach to investigate the impacts of transportation activities of PEVs on power distribution system to build a more stable and efficient next generation grid. Section II details the problem formulation and modeling approach. Section III presents two cases studies to investigate the PEV charging effects of transportation activities on power grids. Section IV summarizes the main findings of this paper and briefly discusses the future work. II.



PROBLEM FORMULATOIN



The overall objective of this paper is to advance the fundamental knowledge base to model and simulate the interdependency between the transportation network and the electricity distribution infrastructure that will be created by a large-scale penetration of PEVs in metropolitan areas. We will accomplish the objective by, 1. Modeling the transportation activities of PEVs by conducting surveys and traffic simulations; 2. Utilizing the transportation data to model the electricity usage in the test distribution feeder; 3. Performing co-modeling and co-simulation for the electrification of transportation; 4. Investigating the impact of transportation activities on power grid stability and reliability under various scenarios



The successful rollout of PEVs is dependent upon the affordability, availability, and quality of the services that our nation’s critical infrastructures (e.g., power grids, and transportation networks) can provide. The spatio-temporal travel pattern of PEVs in the transportation networks directly determines the PEV charging load to power grids. We can perform the integrated modeling and simulation of transportation networks, based on the travel behavior of PEV drivers such as choices of activity location, activity duration, departure time, and route. Based on the average battery model and initial battery state-of-charge (SOC), we can convert traffic demand into PEV charging demand. The power system modeling is conducted in OpenDSS [9], which is dedicated to distributed-level power system analysis. Finally, we will apply deterministic analytical approaches to evaluate the impact of PEVs at the distribution feeder level, as a function of time and location. The case studies will demonstrate the capability and efficiency of the proposed framework. III.



CASES STUDIES



A. Systems Introduction The simulation platform consists of two interdependent systems, transportation system and power distribution system. 1) Transportation system: In this paper, we utilize 2010-2012 California transportation data, which is obtained from the NREL database [10]. This data covers transportation information of California. According to the data, there are 42,431 complete households and 5,717 of them have GPS [11]. Due to the large data size, we only select the data in the zip codes range from 92153 to 92823, as shown in Figure 1. We randomly pick 284 vehicles in this area to extract their transportation activities.



Parking time determines the available period of time for PEV charging. Staying in any place for more than 10 minutes is classified as available charging time his paper. According to the location and the typical charging time, we study three types of PEV charging stations, namely, home charging stations, public parking charging stations, and quick charging stations. We assume that 284 vehicles can be categorized into 4 groups, as shown in Table I. TABLE I. Model Nissan Leaf [12] Ford Focus Electric [13] Chevrolet Spark EV [14] Tesla S [15]



PEV Data



Capacity of Battery 24kwh 23kwh 19kwh 85kwh



Figure 2.



IEEE 34 Node Test Feeder [14]



Each point in the figure represents a node that can be connected to spot loads. There are also some distributed loads between two nodes. To make it convenient for analysis, we assume that one virtual node is set in the middle of two nodes, which is connected to the distributed loads [16]. As mentioned in the transportation system, there are three kinds of charging stations being considered in this paper. Table II shows their locations. Clarification of the Locations PEV Charging Loads Station Category



Home Charging Station



Public Charging Station



Quick Charging Station Transportation Survey Map [9]



Quantity 80 80 80 44



2) Power distribution system: The original idea is to use the transportation and power distribution data from the same region. But due to the lack of real-world data, we utilize the IEEE 34 Node Test Feeder system [16], as shown in Figure 2.



TABLE II.



Figure 1.



Range 84miles 79miles 82miles 265miles



Nodes 840 820_822a 802_806a 808_810b 862_838b 830a 830b 844_846c 846_848b 834_860c 802_806c 844 848 860 890 824_828c



B. Cases Studies and Analysis: 1) Case Study 1 Case study 1 focuses on exploring the impacts of various charging levels on grid reliability and efficiency. Three key variables need to be concerned: voltage magnitude of selected nodes, overload flag of the system and percentage of power loss. Voltage magnitude and overload flag are used to determine whether the power system is stable [18]. The overload flag is an OpenDSS warning that detects overloaded parts of the power system. Percentage of power loss is another useful indicator in analyzing the efficiency of the power system. Table III and Table IV present the charging levels in our case studies [18]. TABLE III.



Category Home Charging Station Public Charging Station Quick Charging Station TABLE IV.



Category Home Charging Station Public Charging Station Quick Charging Station



Charging Levels under Scenario 1



Charging method AC Level 1 AC Level 2 DC Level 1



two scenarios. But Figure 8 shows that the number of PEV charging loads tends to decrease faster than that in Figure 7. This implies that PEVs under scenario 2 need less time to be fully charged than those under scenario 1. Also due to the high charging power, scenario 2 has a much higher peak demand than scenario 1.



Figure 5.



Total Load Demand under Scenario 1



Figure 6.



Total Load Demand under Scenario 2



Figure 7.



Number of PEV Charging Loads under Scenario 1



Figure 8.



Number of PEV Charging Loads under Scenario 2



Rated power 1.68kw 16.8kw 40kw



Charging Levels under Scenario 2



Charging method AC Level 2 DC Level 1 DC Level 2



Rated power 16.8kw 40kw 100kw



The system performance under scenario 1 turns out to be stable as no overload flags or voltage over limits is detected. Figure 3 and Figure 4 show the PEV charging loads under scenario 2 can cause the system unstable at peak hours.



Figure 3.



Number of Over-voltage Nodes under Scenario 2



Next we want to investigate the overall system efficiency with PEV charging loads under these two scenarios. Figure 9 and 10 display the percentage of power loss.



Figure 4.



Overload Flag under Scenario 2



To further study the PEV charging impact under two scenarios, Figures 5, 6, 7, and 8 compare the total load demand and the number PEV charging loads under two scenarios, respectively. As shown in Figure 7 and 8, the peak numbers of PEV charging loads are almost the same under



Figure 9.



Power Loss Percentage under Scenario 1



Figure 10.



Power Loss Percentage under Scenario 2



From Figures 9 and 10, we can see that scenario 2 has a higher percentage of power loss than that under scenario 1. It indicates that the whole system under scenario 2 is less efficient. From case study 1, we can draw a general conclusion that the fast charging level may put more stress on the distribution grid, making it unstable and less efficient. 2) Case Study 2 Under a traditional charging method, the charging power is uncontrolled, which means that vehicles are being charged at the rated maximum power. It may cause problems, especially when lots of vehicles are charged at the same time. These problems can make the system unstable and less efficient as shown in case study 1. If some constrains are added to the charging power, the system may have a chance to become more stable and efficient. From the original data, we assume that we can predict how long vehicles will stay in certain locations. According to the time durations, some charging plans can be made for the vehicles. One common idea is to charge vehicles using an average charging rate. For example, if a PEV that needs 10KWh electricity will stay in one place for about 10 hours, it can be charged at power of 1KW. Now, we set up the rule of constrained charging, = min [



,



load curves of charging strategy 2 are lower and flatter than those of charging strategy 1. This is because the new charging strategy shifted some of the peak demand to the off-peak time to make peak demand much lower and load distribution more average. But under the quick charging station conditions, there isn’t much difference. Since the charging period is too short to get vehicles fully charged, these PEVs are just charging in the same charging rate as in charging strategy 1. To make it more clear, the number of PEV charging loads under two charging strategies are displayed in Figures 13 and 14. These two figures point out that on average, the number of PEV charging loads under charging strategy 1 is less than charging strategy 2. And the curve in Figure 13 is steadier than that in Figure 13. But the load demand of charging strategy 1 at any given time step is less than the charging strategy 1. The charging strategy 2 lowers the PEVs’ charging power by allowing more charging time. Less peak demand indicates the lower risks of overload and makes the system more stable and reliable.



]



Where stands for the charging power in kW; is the needed electricity in kWh; and is the maximum charging power of charging stations in kW. We consider two charging strategies [20],[21]: The charging process immediately starts by using the maximum charging power once a PEV arrives at the parking deck. During its last charging time interval, the charging power will be equal to the remaining capacity of the battery, which is less than the maximum charging power. 2. Assuming the total charging time is known, the required energy is equally distributed over the entire parking period. 1.



In the following, Figure 11 and Figure 12 display the power distribution of 3 types of charging stations from the above two scenarios. From top to bottom, they are the home charging station, public charging station and quick charging station. From Figures 11 and 12, we can see that in the home charging station and the public charging station, the system



Figure 11.



Charging Distribution under Charging Strategy 1



simulation results demonstrated that higher charging level would cause the instability issues of power grids. By utilizing constrained charging strategy, the overall reliability of power systems can be significantly improved. In future, we will investigate the way of co-optimizing the PEV charging schedule considering multidisciplinary complexity. V. [1]
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[9] [10] [11] Figure 12.



Charging Distribution of Charging Strategy 2 [12] [13] [14] [15] [16]



Figure 13. Number of PEV Chagring Loads under Charging Strategy 1 [17] [18]



[19] [20]



Figure 14. Number of PEV Charging Loads under Charging Strategy 2



IV.



CONCLUSION



This paper investigated the impacts of transportation activities of PEVs on the power distribution systems. The
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