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SUMMARY 

 

This report summarizes the situation with knowledge and challenges regarding the large-

scale introduction of electromobility in the Swedish power grid.  

The content convers a range of systemic perspectives in terms of challenges and impacts 

that the fast-growing amount of charging associated with electromobility poses to the actual 

power system. From this, several important questions are addressed in order to predict the 

future positive and negative impacts of this. 

A description of electromobility in technological terms is given by presenting various 

configurations of electric vehicles, charging infrastructure and energy supply.  

The focus is placed on the possible impacts on the low-voltage networks, mainly exploring 

the power quality issues and grid hosting capacity. The following power quality issues are 

addressed: rms voltage (slow voltage variation, overvoltage, undervoltage, fast voltage 

variations), unbalance, waveform distortion (harmonics, interharmonics, and 

supraharmonics), and power system stability. The hosting capacity is examined to predict 

whether the charging demand from electromobility can be accommodated in the existing 

power system considering the involved challenges. 

Furthermore, the aspect related to the charging process and people’s travelling patterns 

under a stochastic point of view is analyzed. With the advantages that electromobility brings, 

it is noticeable that people will change the way they move around. Insights from this 

perspective make it possible to predict how the grid needs to change to accommodate the 

future needs. 

From the found evidences in this report, it is noticed that the harmonic content of the 

current injected from electric vehicles charging is not negligible, but it is low in relation to 

the harmonics produced by other connected loads in the low voltage network. The biggest 

impact is on the rms voltage, which might drop and exceed the limits set by standards if a 

charging management is not available. Additionally, interharmonics results have shown to 

be a potential issue due the charging process. Other evidences from this report provides 

additional support for future discussions and debates regarding the impacts of 

electromobility on the electrical system. 
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ACRONYMS AND DEFINITIONS 

BEV Battery-powered Electric Vehicle 

CIGRE International Council on Large Electric Systems 

DSO Distribution System Operator 

EMC Electromagnetic Compatibility 

ERS Electric Road System 

EU European Union (Also referred as EU-28) 

EV Electric Vehicle (includes BEV and PHEV) 

HPC High-Power Charging station 

HV High Voltage 

ICE Internal Combustion Engine 

IEA International Energy Agency 

LV Low Voltage 

MV Medium Voltage 

PHEV Plug-in Hybrid Electric Vehicle 

PQ Power Quality 

PV Photovoltaic 

SOC Battery State-Of-Charge 

TEN-T Trans-European Transport Network (TEN-T) 

TOU Time-Of-Use 

TSO Transmission System Operator 

V2G Vehicle-To-Grid 
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1. INTRODUCTION 

1. Introduction 

This report has been written as part of a project supported by the Swedish Energy Agency 

(“Energimyndigheten”). The project is entitled “Interaction between charging 

infrastructure with electro-mobility and the electricity grid” and it is conducted by the 

Electric Power Engineering Group at Luleå University of Technology in Skellefteå, 

Sweden. 

The main purpose of the project is to create a synthesis of knowledge, research results and need 

for further research. The project will address the following questions: 

1. What are the barriers set by the electricity grid (LV/MV) to the electrification of the 

transport sector?  

2. How much electromobility can the Swedish LV/MV grid host without any measures being 

taken? What measures are most suitable for increasing this hosting capacity? 

3. How is this affected by developments like increasing amount of PV and increased 

electrification of industry? 

4. How sensitive is the charging infrastructure against voltage disturbances? 

5. How will the synchronization of the charging to the electricity market (spot and balancing 

market) impact the distribution network? 

6. How much of knowledge on integration of PV installations and the connection of other 

types of equipment to the grid can be applied to the integration of EV charging? How much 

is different? 

7. Is there any lack of knowledge? Lack of basic research, applied research, development, 

dissemination of knowledge, or just lack of data? 

8. What are the research challenges? What is the need for data, for measurements and for 

specific studies? 

9. What measures are to be taken by different stakeholders to increase the hosting capacity? 

 

This report is the intermediate result, about 10 months after the start of the project, of the 

discussions between members of the Electric Power Engineering group. The discussions were led 

by Tatiano Busatto and Math Bollen. Shimi Sudha Letha and Tatiano Busatto did the main editing 

of this report. Different persons have contributed to the different chapters, according to the list 

below. 

1. Introduction: Math Bollen 

2. Overview of electromobility: Tatiano Busatto 

3. Charging of electric vehicles: Vineetha Ravindran and Jil Sutaria 

4. Overload: Hamed Bakhtiari and Kazi Main Uddin Ahmed 

5. Undervoltages: Enock Mulenga 

6. Fast voltage fluctuations and light flicker: Shimi Sudha Letha and Selçuk Sakar 

7. Negative-sequence unbalance: Tatiano Busatto 
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8. Harmonics: Naser Nakhodchi 

9. Even harmonics: Shimi Sudha Letha 

10. Interharmonics: Vineetha Ravindran 

11. Supraharmonics: Angela Espin Delgado 

12. Discussion, findings and recommendation: Tatiano Busatto and Math Bollen with input 

from all project members 

  



3 

 

2. OVERVIEW OF ELECTRO-MOBILITY 

 The move towards electric vehicles 

There is overwhelming evidence that human activity is causing the global warming. Even 

though this is not a unanimous consensus, about 97 % of the most remarkable scientific 

publications around the world confirm this hypothesis [1]. Among the main causes of human 

activity leading to global warming is the transportation sector that continuously releases carbon 

into the atmosphere by burning fossil fuels, generating the largest share of greenhouse gas 

emissions. Only the transport sector accounts for about 14 % of total greenhouse gas emissions in 

the world [2]. In Europe, this figure is even higher, accounting to about 27 % of total EU-28 

greenhouse gas emissions [3]. 

With the objective to reduce global warming, international agreements have been settled, and 

polices and incentives are being applied by national and local authorities to accelerate the 

electrification of the transport sector. One of the most important recent agreements was signed in 

2016, in Paris (known as “the Paris agreement”), where 195 state parties committed to take actions 

to limit the increase of the global average temperature to 1.5 °C [4]. 

The European Union (EU) overall goal, in the 2011 White Paper for Transport [5], set a target 

to reduce greenhouse gas emissions from transport (including international aviation but excluding 

international shipping) by 2050 to a level that is 60 % below that of 1990. The priority areas for 

action are increasing the efficiency of the transport system, speeding up the deployment of low-

emission alternative energy for transport, and moving towards zero-emission vehicles. This means 

a drastic reduction in conventionally fueled vehicles. 

Since the EU target’s announcements, European authorities have played a crucial role in 

delivering those climate strategies. Germany, France, and Austria have proposed high estimates 

for future number of EVs on the road by 2020. For instance, Germany has set a goal to have one 

million electric vehicles (EVs) on the road by 2020 – that is the bold aim of Germany’s “National 

Electromobility Development Plan.” [6]. Austria, Denmark, France, Finland, Sweden, Germany, 

Netherlands, UK, Ireland, and Luxembourg clearly prioritize electro-mobility. Norway, for 

instance, aims to end fossil-fueled car sales by 2025, now accounting for 220,000 electric vehicles 

out of a total fleet of 2.7 million cars. Electric vehicle (EV) sales reached a record-high in March 

2019, with almost 60% of new cars sold in Norway fully electric, a result of state policy to exclude 

such vehicles from certain taxes and offer free or cheaper road tolls, parking and charging points 

[7]. 

The Swedish government has also taken the UE initiatives one step further. Sweden has 

adopted a climate act and clear climate goals, which means one of the most forefront of global 

climate efforts. The objective is for Sweden to have no net emissions of greenhouse gases into the 

atmosphere by 2045, and thereafter achieve negative emissions. Emissions from transport will be 

reduced by 70 % by 2030 compared with 2010. According to the Annual Report 2017 by the 

Swedish Transport Agency (“Trafikverket”) [4], in 2016, domestic transports accounted for 31 % 

of Sweden’s emissions of green-house gases. Emissions from domestic transport, excluding 
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domestic aviation, will be reduced by at least 70 per cent by 2030 compared with 2010. The reason 

domestic aviation is not included in the goal is that domestic aviation is not included in the 

European Union Emissions Trading System [5]. 

Combining the pressure to have clean and efficient transport with the advances in technology, 

such as battery, powertrain and power electronics, we are noticing that the conventional fueled 

vehicles are being replaced by electric vehicles. This represents the opening of a new era, the era 

of electromobility, posing new social and technical challenges.  In this context, electromobility (or 

e-mobility) denominates any transport system powered by an electric motor rather than an internal 

combustion engine or other non-electric engine type. This includes for instance intermodal 

transport solutions such as trains, aircrafts, ferries and trucks, and more flexible carriers for shorter 

distances, such as electric cars, buses and bicycles. The definition is suitable for motor vehicles 

supplied by an external source of electricity (e.g., from the local grid) or even supplied for an 

internal source of electricity, as is the case of vehicles equipped with batteries or vehicles capable 

of producing their own electricity (e.g. hybrid electric vehicles).  

 Swedish initiatives towards electro-mobility 

The actual scenario sets challenges in diverse fields of competences and several initiatives have 

already been set in order to meet the Swedish targets. Reflections of these policies can be noticed 

in various transport segments. 

Electric Cars 

According to the 2018 analysis of traffic in Sweden [8], the number of passenger cars in traffic 

at year-end 2018/2019 accounts to 4.87 million, of which about 92 % are pure petrol or diesel cars. 

Electric cars account for about 3.2 %, being 1.0 % plug-in hybrid, 1.9 % hybrid, and only 0.3 % 

full-electric cars. These numbers are still negligible compared to the number of petrol cars; 

however the registration of new plug-in electric cars has shown a fast growth in the last years.  

In order to reduce petrol cars and increase the use of electric cars, Swedish Government 

policies have become increasingly strict. Many of the new diesel and petrol cars that are registered 

in Sweden after July 2019 come with a higher annual vehicle tax. For a mid-range car, the tax will 

often double or even quadruple for the first three years. Owners of cars that emit more CO2 per 

kilometer will have to pay more. For cars with low or no CO2 emissions, like plug-in hybrid electric 

vehicle (PHEV) or battery powered electric vehicle (BEV), there is instead a bonus of up to SEK 

60,000. In 2018, 5.4 % of the cars sold in Sweden were chargeable, and the industry expects that 

to go up to 9.4 %  in 2019 [4]. 

The car industry has been preparing technologically in recent years and is now ready and able 

to meet the growing demand for electric cars. From 60 electric cars models available at the end of 

2018, Europe will have 176 models on the roads in 2020, 214 models in 2021 and 333 models 

expected by 2025, according to an analysis by Transport and Environment (T&E) [9]. 

Electric Trucks 

As trucks spend a lot of time on the road, they are good candidates for electrification, since the 

total cost of the EVs tends to reduce as they are used more often.  
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Sweden accounted with about 655.100 trucks (i.e., considering light and heavy trucks) in 

operation by the end of 2018, diesel being the dominant propellant (89 %)  of the trucks in traffic 

[8].  

In order to reduce the CO2 emission from these vehicles, several initiatives towards 

electromobility are taking place by the Swedish government, research centers, utility companies, 

and global leading truck companies, such as Volvo and Scania. 

A project having as main players the Swedish Transport Administration, Scania and Siemens, 

placed in operation the world’s first electric highway in 2016 [10]. The test road is two kilometers 

long and follows the E16 between Kungsgården and Sandviken, where trucks receive electrical 

power from a pantograph power collector that is mounted on the frame behind its cab. The 

pantographs are in turn connected to overhead power lines that are above the right-hand lane of 

the road, and the trucks can freely connect to and disconnect from the overhead wires while in 

motion.  

Another pilot project, the eRoadArlanda [11], successfully built in 2017 a fully electric 

powered truck in commercial traffic to transport goods between Arlanda and PostNord’s terminal 

in Rosersberg. In that project, the truck’s batteries are recharged from a rail in the road using a 

movable arm. Regarding full-electric trucks, for instance, Volvo has already released heavy urban 

full-electric trucks and some units are in operation in Sweden since 2018 [12]. 

Electric Buses 

Buses are the vehicle type where the introduction of alternative fuels has come the longest in 

Sweden. Currently, Sweden has 14.378 buses in traffic. From this total, 70 % are propelled by 

Diesel. Gas, biodiesel and other fuels accounts to 28 %, while only 2 % are hybrid, plug-in hybrid 

or fully electric buses. 

Globally leading companies, such as Volvo and Scania, are settling most of the electric bus 

projects in Sweden. Some cities like Gothenburg, Malmö, Östersund, Stockholm and Umeå 

already have some units of electric buses included in their bus fleet. Some electric buses 

manufactured by Volvo, for instance, consume approximately 80 % less energy than 

corresponding diesel buses. Two full-length self-driving buses, developed by Nordic 

manufacturers Scania and Nobina, are set to start trafficking a popular Stockholm route in 2020, 

reportedly making Sweden the first country in Europe to start deploying autonomous buses on 

public roads [13].  

Electric Ferries 

In the field of maritime navigation, The Swedish Traffic Administration (Trafikverket) has 41 

ferry routes, and 70 ferries. 21 of the ferry routes are operated by cable ferries, six of which are 

electric. The goal is for the entire ferry system to be climate neutral in 2045. It was announced 

recently that Sweden's largest electric hybrid car ferry is ready to be put into operation It will traffic 

the Gullmarsleden between Uddevalla and Lysekil [14]. 
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Electric Bicycles 

Transport by bicycle in Sweden has an important role on people mobility and it corresponds to 

about 13% for all trips bellow 10 km [16]. Because of this, it has been triggered by the Swedish 

Government decision to grant a subsidy of 25 percent (up to € 1,000) per e-bike for all citizens.  

The government has allocated about SEK one billion (€ 97m) for pushing e-bike sales and in 

particular e-bike use to new highs. The government’s incentive for buying and using e-bikes in 

order to bring down car traffic, is running between 2018 and 2020, meaning that better is to come 

for electric bike sales in Sweden. As a result, 2018 presented a growth of 53 % compared to the 

previous year. Sweden is now growing towards the levels that are reached in the e-bike top 

countries of Europe [15]. 

 Electro-mobility forecast in Sweden 

Updates on electric car sales point out that during January-November 2019, 35296 BEVs and 

PHEVs were sold in Sweden. This represents a growth of about 40 % compared to the same period 

in 2018 [16]. This growth confirms the large growth on electric car sales. 

Based on observation of the actual scenario, in the Nordic EV Outlook 2018, IEA estimates 

that in 2030 the total fleet of electric cars in Sweden will be about 1.5 million.  

Another study conducted by Biofuel Region [17] indicates a roughly similar prediction of 1.77 

million EVs by 2030. The forecast was based on available statistics for the number of cars and 

inhabitants in Sweden 2010, and the uneven distribution of charging cars per capita between the 

areas that is assumed to exist in 2030. 

However, even considering 1.77 million EVs, this number is not enough to reach the 

government target of becoming carbon neutral by 2045, as pointed out by the industry group Power 

Circle [18]. In order to reach the goals, Sweden needs to add about 2.5 million BEVs and PHEVs 

into the car fleet by the end of the next decade from around 95 000 today. The IEA describes that 

the instruments that reduce the purchase price of electric cars have so far had the greatest impact 

on sales. Additionally, Power Circle suggests that the state needs to expand the charging 

infrastructure and give incentives to car owners not only to charge, but even to send power back 

to the grid during morning and afternoon peak hours.  

 Charging infrastructure 

According to the study conduct by Granström et al., [19] in Sweden, up to 80% of electric car 

owners live in individual houses. Home charging dominates other forms of charging and more than 

two-thirds of respondents use the regular Type C socket and plug. Most home charging takes place 

at the residence. Very few electric car owners charge their car at a publicly available street parking 

place near the house. Charging at work is also relatively common: 35-40% of people surveyed 

claim to do so daily or weekly. Charging when parked at shopping centres and other commercial 

or leisure destinations is not very common: 65-70% of electric car owners never or seldom use that 

option. Other public charging, including fast charging along highways, is used more frequently: 
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nearly half of BEV owners claim to charge on highway fast chargers at least on a monthly basis 

(and very few on a daily basis).  

Excluding the residential and workplaces charging station, considering the estimation made by 

IEA and Power Circle, the number of EVs in Sweden by 2030 will range between 1.5 and 2.5 

million, where the upper bound corresponds to the case that Swedish government targets are 

fulfilled. Following the EU recommendation of having one public charging station for 10 EVs, in 

2030, between 150  000 and 250 000 public charging stations will be necessary to supply the public 

demand.  

Only in the north region of Sweden (Norrbotten, Västerbotten, Västernorrland and Jämtland), 

Biofuel Region [17] estimates that 8449 charging stations will be necessary. Distributed over 5804 

slow-charging stations (2.3/3.6 kW), 1630 semi fast-charging stations (11/22 kW), and 1015 fast-

charging stations (40-150 kW). The estimation considered how many charging points should be in 

each municipality in area North area by 2030. Based on this number and considering the proportion 

of peoples living in the North area and assuming the number of cars per capita holds, the forecast 

for all Sweden is 109 837 public charging stations. 

There are studies that show a clear relationship between the number of fast charging stations 

and the number of electric cars in different regions. This suggests that the increase of number of 

fast-charging stations accelerates the EV penetration. Fast charging stations must be provided 

along the main roads to reduce the charging time and consequently ensure a convenience to the 

EV owners during long trips. According to the Swedish Electromobility Center, at least one fast-

charging station of 150-kW per 1000 EVs is needed [20], suggesting also that between 1500 and 

2000 fast charging stations should be available.  

Considering as reference, the plans submitted by EU nations to meet the AFI Directive 

objective 1,000 ultra-fast charging points (150-350 kW) are expected to be installed along the 

European motorway network by 2020. This infrastructure will allow users to charge for up to 400 

km of driving range in only 15 minutes. Further, 50 kW fast charging deployment will complement 

the existing fast charging points, which will almost double in number by 2020. By then, this will 

translate into one charging point every 34 km along the strategic Trans-European Transport 

Network (TEN-T) [21].  

From the economical point of view, fast charging stations can also represent promising 

business. For instance, the international charging station operator Allego intends to build between 

20 and 30 charging stations in Sweden, each equipped with between 2 and 6 ultra-fast chargers 

(HPC) of 350 kW. These charging stations will be part of a larger European network called 

MEGA-E, which is an Allego initiative and involves the installation of 322 ultra-fast chargers and 

39 multi-modal charging hubs in at least ten European metropolitan areas. 

2.4.1. Overview of electric vehicle charging 

Different types of electric vehicles are being discussed and they have reached different stages 

of development. This covers everything from electric kick bikes and mopeds to electric ferries and 

airplanes. The majority of the vehicle types require power being provided from the grid, typically 

in the form of battery charging. The impact of a specific type of electric vehicle on the grid depends 
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strongly on the properties of the supply from the grid. Here we will use the general term 

“charging”, including also direct powering of for example electrified railways. 

In this section [a full chapter later?] we list the different types of electric vehicles and the 

properties of their charging. What we are interested in are those properties that are relevant to 

study the way in which the charging affects the grid. A preliminary list of those properties is: 

 Size of individual charging points (in kW) 

 Number of devices (e.g. per 1000 customers) 

 Voltage level and location at which the charging is connected to the remainder of the grid 

(the point of common coupling with other customers) 

 Utilization of individual charging points (duration of charging per vehicle, number of 

chargings per day/week/year, percentage of time the device is being charged) 

 Intermittency of the charging (this is not so relevant for “actual charging of batteries” but is 

relevant mainly when the vehicle is directly powered from the grid) 

 Possibility to curtail the charging 

 Harmonic spectrum for one charging point and aggregation between charging points (Could  

be taken up in the chapter on harmonics) 

At this stage, the following types of electric vehicles and charging have been identified: 

 Home charging of cars 

o May be single-phase or three-phase 

o Will be slow charging, currents below the fuse rating of the domestic customer, 10 to 20 

A seems a likely upper limit 

o Curtailment will be possible, but not at all times of the day 

o PCC with other customers is at the cable cabinet, PCC with other equipment can be very 

close to the charging point 

 Office or industry charging of cars 

o May be single-phase or three-phase 

o Similar properties as for home charging, but during day time of working days 

 Public charging stations for private vehicles 

o Will most likely be three-phase 

o Mostly fast charging, with power ratings above 200 kW being possible 

o Limited possibility for curtailment 

o Charging stations with a small utilization and connected to weak parts of the grid will be 

equipped with a stationary battery 

o Small public charging staying could have PCC with cable cabinet, but most likely PCC 

is at LV side of distribution transformer or even in MV grid 

 Electrified roads 

o Electric busses 

o Electric heavy trucks 

o Electrification of transport within a company (e.g. in mining or at an airport) 

o Electric bicycles 
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o Charging at low, low currents and possible to curtail 

o Electric kick-bikes 

o Electrified railways (no new technology but not to be forgotten) 

o Subway 

o Trams 

o Trolley busses 

 Power system challenges 

There are several power system aspects to address based on the EV fleet prognostic in the 

coming years. Soon the system will experience additional demand and challenges will be faced on 

energy consumption, power quality, coordination, system stability, regulation, standardization are 

other examples.  

2.5.1. Power consumption 

One of the first consequences of increased used of electric vehicles is the increase of electricity 

consumption. Different sources gives different values for the necessary amount of electrical energy 

to supply the EV fleet. Table 2-1 lists the estimation values for the years 2030, 2040 and 2050, 

from different sources. The percentual increase in energy consumption, is compared to current 

levels of 141 TWh (Ref. 2018) [22].  

Table 2-1.  Estimation of energy consumption from EVs. 

Year 
Energy consumption 

Increase (TWh) 

Energy consumption 

Increase (%) 
Source 

2030 3.51 2.48 IEA [23] 

2030 6.00 4.25 Power Circle [24] 

2030 5.00 3.54 Trafikverket 

2040 11.00-15.00 7.80-10.63 Trafikverket 

2050 11.00 7.80 Tesla Club Sweden [25] 

2050 12.20 8.65 NyTeknik [26] 

2050 14.00-22.00 9.92-15.60 Trafikverket 

 

As can be seen, the worst scenario for 2030 suggests an increase of 6 TWh, which is 

comparable to the annual power production of 1/3 of all wind power produced in Sweden. In 2050, 

an additional 22 TWh should be supplied, which almost corresponds to the power production of 

the Forsmark nuclear power plant (24 TWh/year) or 1.5 times the production of all hydropower in 

the Luleå river (15 TWh/year) [27].  

 

2.5.2. Power quality 

Several Power quality problems originate from multiple EV charging connection have origin 

on the overloading created at peak time. Without electricity fee incentives or control mechanisms, 

electromobility will lead to higher peak loads, and this will impact distribution as well as sub-

transmission networks.  
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The severity of impacts on power quality is dependent on the size and technology of the EV 

chargers and robustness of the network where the EV chargers are connected. In urban areas, for 

instance, depending on the load density per area, transformers are subjected to be overloaded and 

face thermal problems with the additional EV power demand. The higher number of power-

electronics connected to the grid, increases the risk of harmonic issues. In rural areas, undervoltage 

problems can occur due to the length of the feeders, and the small cross-section of the cables, 

which were not planned for the additional demand required by the EVs. 

As will be examined more in detail in this report, studies have shown that undervoltage, 

unbalance, and harmonic levels are prone to exceed the standard limits when considering EV 

intermediate penetration levels.Other power quality issues are less dependent on the number of EV 

chargers connected to the system, such as local overloading, supraharmonics, and flicker. 

2.5.3. Network planning 

The electrification of the transport system will require an increase in capacity and coverage in 

the distribution network in rural areas. Soon, most of the rural residences will have one or more 

EV chargers ranging from between 2.0-7.2 kW connected to the grid during the peak time. This 

will require an expansion of the existing network to attend the new power demand. Also, new 

public charging stations will be installed along the main roads.  

Depending on the density of EVs in the region and on the traffic of the road, new charging 

stations up to 150 kW per EV charger will be installed every 40 km. In high-ways, such as E4, E6, 

E18, The Swedish government plans to install several ultra-fast charging stations, which power 

can reach 350 kW per EV charger. This means that the utilities must increase the capacity and 

install new feeders and transformers on locations that before was no distribution network. Where 

there are roads, the utility network should be available. This will create a spread of distribution 

networks to the countrysides posing new challenges to the utilities. 

 Electric road system 

Electric Road System (ERS) is a road which supplies electric power to vehicles travelling on 

it. The power supply implementation can be overhead power lines above the road or at ground-

level through conductive rails or inductive coils embedded in the road [28]. The use of ERS can 

achieve considerable reduction of carbon emissions, also cost of electrification and electricity is 

lower than the cost for vehicle fuel [11]. 

This technology is not new and is used by trains and subways for a long time. Only recently 

ERS has drawn attention to the use on highways, because its use can extend the driving range for 

EVs undertaken long trips by continually charging the batteries. Its use can also have benefit by 

reducing the sized of batteries on EVs, what clearly has a great advantage in the reduction of cost 

and total weight of the EVs. 

In Sweden some test projects are already implemented such as the eRoadArlanda [11] and 

another coordinated by Swedish Transport Administration, Scania and Siemens [10]. According 

studies performed by the eRoadArlanda members, if approximately 20,000 kilometres of Sweden´s 

highways were electrified and these were to be laid out as a grid across Sweden, the grid size 
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would be about 45 kilometres. Vehicles would only need to go short distances on smaller batteries 

and saving of cost and environment. 

Maria Taljegård has investigated how electrification of the transport sector affects the 

electricity system with respect to the demands for energy and power on different geographical and 

temporal scales [29]. Using a model considering EV charging and different electricity system 

models applied to a study case using the Norwegian E39 highways, she examined how is the EV 

influence on investments in electricity generation and integration of renewable energy into the 

system. Results have indicated that the electrification of the road transport implies in large 

variations in both time and location in power demand and energy consumption along the road. The 

implementation of ERS in all European (E) and National (N) roads in Norway and Sweden could 

benefit more than 50 % of the national vehicle traffic. The implementation of only 25 % would be 

sufficient to cover 70 % of the traffic on these roads and would connect most of the larger cities in 

Norway and Sweden through ERS. Considering ERS of direct EV charging, the required increase 

in investments to cope with the additional peak demand is estimated at up to 15 %. This could be 

attenuated by consider the integration of renewable to increase the electricity generation in order 

to meet additional power demand of EVs. Combined with optimized charging strategies, as 

Vehicle-to-Grid (V2G), this would give an important contribution to reduce the CO2 from the 

European electricity system. 
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3. CHARGING OF ELECTRIC VEHICLES 

 Battery types 

In present times, lithium-ion and nickel metal hydride are the commonly used batteries in 

electric vehicles. Lithium ion batteries are preferred due to their high energy density, relatively 

low self-discharge and low maintenance. They have self-discharge rate less than half that of nickel-

based batteries. However, the lithium ion batteries also have their own disadvantages. 

Overcharging of these batteries can cause increase in their temperature, which may lead to fire.  It 

is also difficult to charge them in cold freezing weather. The battery technology for electric 

vehicles in future is moving towards using zinc-air, lithium sulphur and lithium-air [1].  

Lithium-ion battery fires [2] can be caused by:  

 A charging station that is powered by an incorrectly installed or functionally inadequate 

connection and/or incorrect voltage settings or frequency. 

 An overcharging issue (non-functional overcharging protection).  

 Overheating (there is a risk for an explosion if a fire occurs near the vehicle).  

 An uncontrolled chemical reaction within the battery.  

 Damage and/or deformation of the battery (for example sustained in an accident or if the 

underside of the vehicle has been damaged).  

 Improper handling of the battery, charger and associated equipment. 

 A short circuit (such as a damaged cable connection or moisture in key systems)  

 Charging a damaged battery.  

 An incorrectly installed and/or incorrectly calibrated charger  

The different types of batteries that can be used in the EV vehicles are shown in Table 3-1. 

Table 3-1.  Different types of batteries used in EVs [1]. 

Battery types Nominal 

voltage (V) 

Energy 

density 

(Wh/kg) 

Specific 

power (W/kg) 

Life cycle Self-discharge 

(% per month) 

Operating 

temperature 

Lead-acid 2.0 35 180 1000 <5 -15 to +50 

Nickel-cadmium 1.2 50-80 200 2000 10 -20 to +50 

Nickel metal 

hydride 

1.2 70-95 200-300 <3000 20 -20 to +60 

ZEBRA 2.6 90-120 155 >1200 <5 -245 to +350 

Lithium ion 3.6 118-250 200-430 2000 <5 -20 to +60 

Lithium ion 

polymer 

3.7 130-225 260-450 >1200 <5 -20 to +60 

Lithium ion 

phosphate 

3.2 120 2000-4500 2000 <5 -45 to +70 

Zinc-air 1.65 460 80-140 200 <5 -10 to +55 

Lithium sulphur 2.5 350-650 - 300 8-15 -60 to +60 

Lithium air 2.9 1300-2000 - 100 <5 -10 to +70 

 

The factors affecting battery charging can be summarized as: 
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 Time of Charging: Charging is more effective when done at night than during the evening 

as it is a time for peak load demand for distribution grids with predominantly domestic 

load. 

 Temperature:  Battery temperatures impact the charging profile of the batteries. It can 

vary with the season. Batteries cannot be charged effectively for very low or very high 

outside temperatures. In case of colder climates, battery should be heated first by trickle 

charging. Battery cells operate most effectively between 20–25 ᵒC. When the battery 

temperature deviates from this range, the Battery Management System (BMS) of the EV 

reduce the requested current to make sure the health of the battery cells is protected. 

 Battery decay: For higher temperature, for the same number of battery charge/discharge 

cycles, the decay was higher. But, if the SOC of the battery was low then the decay was 

lower. 

 SAE charging levels 

There are three standard charger levels available for charging EV battery as explained in detail 

in Table 3-2. 

Table 3-2.  Standard charger levels according to SAE [1], [3], [4]. 

Charging levels/ 

 Connector types 

Voltage, current Power 

level 

approx. 

Charging 

at 

Charging time 

approx.  

Charger 

type 

Level 1 

 

 

120 Vac (US),  

12 -16 A, 1phase 

1.4 kW Home/ 

office - 

private 

PHEV: 7 hour 

(SOC-0% to full) 

BEV:17 hour 

(SOC-20% to full) 

On- 

board 

charger 230 Vac (EU), up to 20 

A, 1 phase 

1.9 kW 

Level 2 

 

240 Vac (US, 

EU), 13-80 A 

1-

phase 

or  

3-

phase 

Up to 20 

kW 

Private/ 

Public 

For 20 kW charger 

PHEV: 22 min 

(SOC-0% to full) 

BEV:1-2 hour 

(SOC-20% to full) 

On- 

board 

charger 400 Vac 

(EU), 13-80 A 

- > 20 kW Public - - 

Level 3 

 
IEC 62196 Type 2 

 
GB/ T 20234 (china) 

200-600Vdc, up to 400 

A 

Upto 350 

kW 

Public For 45 kW charger Off 

board 

charger 
PHEV: 10 min 

(SOC-0% to 80%) 

BEV: 20 min 

(SOC-20% to 

80%) 

PHEV- plug in hybrid electric vehicle, BEV- Battery electric vehicle, SOC- state of charge  



16 

 

 Level 1 charging: commonly found is household outlet of 120 Vac, 16 A in USA, 230 

Vac, 16 A in Europe, used for overnight charging, single-phase connection.  

 Level 2 charging: commonly found is 230 Vac, 30 A in charging station for EV and 

produces about 7 kW. For example found in supermarkets, parking places of offices. 

 Level 3 charging: is the DC fast charger delivering 400–600 Vdc, up to 400 A. DC 

chargers of rating 175 kW to 350 kW are planned in Europe that can power up an EV 

battery in about 10 minutes (based on information obtained from ABB). 

 Types of charging 

Table 3-3.  Types of charging [1], [3], [4]. 

Types Description 

Constant voltage Taper current (with lead acid batteries) 

Float charge (with lead acid batteries) 

Constant current Fast charging 

Trickle charging (with lead acid 

batteries) 

Pulse charging 

Burp charging 

 

The different types of charging are summarized in Table 3-3. There are two methods of battery 

charging namely, constant voltage and constant current charging. The battery charging method is 

determined by its state of charge (SOC). If the battery has SOC less than 50 %, constant current is 

used first and when it reaches almost 90% SOC, constant voltage is used. The different charging 

states, like fast charging, trickle charging, pulse charging are all constant-current charging methods. 

Float charge and taper charge are constant-voltage charging methods. All the batteries have 

different characteristics hence require slightly different charging approaches. The nickel metal 

hydride batteries use constant current and trickle charging states, whereas lithium ion batteries use 

trickle charge, constant current and constant voltage charging. The charging of the lithium ion 

battery is terminated once the battery is close to fully charged thereby avoiding overcharging of 

the battery. 

 Charging standards 

The different standards for charging of an EV vehicle are summarized in Table 3-4. The most 

common EV charging standard followed in Europe is IEC 62196-2-X with type 2 connector. The 

charging levels according to SAE standard are discussed in Table 3-2. CHAdeMO standards are 

for mainly DC fast charging method. 

Table 3-4.  Standards for charging of an EV vehicle [1], [3], [4]. 

No Standards 

1 SAE EV standard 

2 IEC EV standard 

3 CHAdeMO standard 
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 Types of charging systems 

The different types of charging systems are summarized in Table 3-5. 

Table 3-5.  Types of charging systems [1], [3], [4]. 

Types Details 

Conductive Can be on-board or off board, requires a direct connection to the grid outlet. 

Inductive/ wireless Works based on electromagnet induction and transfers energy wirelessly, 

Has been reported with lowest efficiency. 

Battery Swapping Swap empty battery with charged batteries, has low time consumption for charging 

and peak demand of grid can be avoided. 

 

 Different charging modes 

A summary of the different modes of charging of EV is provided in Table 3-6 below: 

Table 3-6.  Different charging modes [5] 

Mode 1 

Standard power lead plugged into normal outlet. 

Charger in vehicle converts AC to DC and controls battery 

charging.Note: Mass manufacturers no longer use this mode. The 

lead is always live  

Mode 2 

In-line EVSE control box (blue) is part of lead. 

Lead is plugged into normal outlet (15A). 

EV will generally charge at maximum of 2.4kW (10A) 

Charger in vehicle converts AC to DC and controls battery charging. 
 

Mode 3 

Dedicated wall box with electronic built-in. 

Choices between 3.6kW (16A,single-phase) to 22kW (30A, 3-

phase) and even 40kW (63A,3-phase). 

Charger in vehicle converts AC to DC and controls battery charging.  

Mode 4 

Charger is in the wall box/pillar (converting AC to DC) 

Connects via a different socket (three main types) depending on 

standard adopted by manufacturer. Currently up to 

50kW(CHAdemo), 129kW (Tesla) or 150kW (CSS).  

 

 Converter topologies for EV charger 

The different power electronic converter topologies and their characteristics are summarized 

from Table 3-7 to Table 3-10. BADC stands for Bidirectional AC-DC converters and BDC stands 

for Bidirectional DC-DC converters. 
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Table 3-7.  Different Bidirectional AC-DC Converter topologies for EV [3]. 

BADC 

topology 

Rated 

power 

SAE 

charging 

level 

DC 

bus/battery 

voltage 

Filter 

requirements 

Power 

factor 

THD Remark 

Full-bridge 500 W AC level 1 60-120 V LC on grid side 1 Not 

known 

Hard switched, 

low efficiency 

 

Full-bridge 500 W AC level 1 60-120 V LC on grid side 0.991 4.3% No dc-bus 

capacitor, smaller 

footprint 

 

Full-bridge 3.5 

kW 

AC level 2 300-340 V RLC on grid side 1 Not 

known 

No galvanic 

isolation 

 

Full-bridge 3.6 

kW 

AC level 2 270-360 V L on grid side 0.99 < 3% Low THD 

Full-bridge 3 kW AC level 1/2 120 V Nil 1 4.5 % High THD 

 

Full-Bridge 3.3 

kW 

AC level 2 400-450 V LCL on grid side variable Not 

known 

Fast response to 

transient load 

demands, VAR 

compensation 

 

Full-Bridge 400 W AC level 1 120 V LC on grid side variable 6.15 % VAR 

compensation, 

high THD 

 

3-φ full- 

bridge 

20 kW AC level 3 800 V LCL on grid side Not 

known 

~3.3% 97 to 99 % 

efficiency due to 

Sic devices 

 

Eight-

switch 

30 kW AC level 2/3 177-201 V LC on grid side 1 2.72 % Can be connected 

3-φ grids 

 

Three-level 18 kW AC level 1/2 345.6 V Nil 1 2.35 % Scalable small grid 

side inductor, more 

number of 

switches, high 

conduction loss 

 

Table 3-8.  Different Bidirectional AC-DC Converter topologies for EV [3]. 

BADC 

topology 

Rated 

power 

SAE 

charging 

level 

DC 

bus/battery 

voltage 

Filter 

requirements 

Power 

factor 

THD Remark 

Single-stage 

isolated 

3.3 kW AC level 2 280-430 V 2 LC 0.985 at 

1.656 kW 

<5 % at 

1.656 

97.8 % peak 

efficiency, 

complex control 

Single-stage 

isolated 

3.3 kW AC level 2 280-430 V 2 LC 0.985 at 

1.656 kW 

<5 % at 

1.656 

97.8 % peak 

efficiency, 

complex control 

Single stage 

cyclo converter 

33.3 kW AC level 3 600 V L on grid side Not known Not known 97 % efficiency, 

soft switched, 

accurate design 
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of center-tapped 

transformer 

Non-isolated 

matrix 

10 kW AC level 2 

with 3-φ grid 

27-72 V 3φ LC on grid 

side 

1 Not known Cost-effective, 

fast response to 

transient loads 

demands, 

Isolated matrix 30 kW AC level 3 500 V 3φ LC on grid 

side 

1 < 3% Fast response to 

transient load 

demands 

Isolated matrix 3.6 kW AC level 2 384 V RLC on the 

grid side 

1 Not known Low switching 

frequency 

Isolated matrix 4 kW AC level 2 200 V LC on the grid 

side 

1 < 4% Cost effective 

 

 

Table 3-9.  Different Bidirectional DC-DC Converter topologies for EV [3]. 

BDC 

Topology 

Rated 

power 

SAE 

charging 

level 

DC 

battery 

voltage 

range 

Battery 

side filter 

Switching 

frequency 

Efficiency Remark 

Buck-

Boost(with 

auxiliary 

network) 

500 W AC/DC 

level 1 

60-120 V C 20 kHz 83 % Low efficiency, 

high charging 

current 

Buck-

Boost(with 

auxiliary 

network) 

500 W AC/DC 

level 1 

60-120 V LC 10 kHz < 85 % Low efficiency, 

charging current 

ripple 

Buck-boost 3.5 kW AC level 2 270-360 

V 

LC 20 kHz >90 % Fewer 

components 

Buck-boost 1.2 kW AC/DC 

level 1/2 

106-136 

V 

LC 50 kHz Not known Fewer 

components, no 

experimental 

verification 

 

Table 3-10.  Different Bidirectional DC-DC Converter topologies for EV- continued [3]. 

BDC Topology Rated 

power 

SAE 

charging 

level 

DC 

battery 

voltage 

range 

Battery 

side filter 

Switching 

frequency 

Efficiency Remark 

Interleaved Buck-

Boost 

30 kW AC/DC 

level 2/3 

177-201 V C 20 kHz Not 

known 

High power 

transfer 

capability, small 

inductor sizing 

and current 

ripple 

Interleaved Buck-

Boost 

400 W AC level 1 120 V C 20 kHz >94%  Inverter output, 

low power 

output 
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Non-inverted 

Buck-Boost 

18 kW AC/DC 

level 1/2 

345.6 V C 10 kHz 95.25 % High number of  

switching 

devices 

Cascaded Buck-

Boost 

9 kW AC/DC 

level 1/2 

350 V LC 20 kHz 91.61 % Modular 

structure 

Dual full-bridge 3.3 kW AC/DC 

level 2 

235-430 V CLC 250 kHz Not 

known 

Low EMI, low 

diode reverse 

recovery 

process 

Dual full-bridge 30 kW AC level 3 360 V C 20 kHz Not 

known 

Reactive power 

compensation 

Dual full bridge 250 W DC level 1 150-300 V C 100 kHz 93 % High number of 

switching 

devices, control 

flexibility 

half full bridge 1 kW DC level 1 250-450 V C 100 kHz 95.8 % Control 

flexibility, 

symmetric 

structure 

Full-bridge 

resonant 

3.5 kW DC level 1 250-450 V C 85-145 

kHz 

97.7 % High efficiency, 

variable 

frequency 

operation 

Full-bridge 

resonant 

6.6 kW DC level 1 250-415 V LC 50 kHz 97.7 % High efficiency, 

High power 

density 

capability, slow 

transient 

response 

Full-bridge 

resonant 

2.5 kW DC level 1 50 V C 50 kHz 96% High efficiency, 

wide voltage 

conversion 

range, low THD 

Half-bridge 

resonant 

3.3 kW DC level 1 360 V C 180-200 

kHz 

96 % Small footprint, 

high efficiency, 

high power 

density 

capability, 

complex 

transformer 

design 

Half-bridge 

resonant 

3.3 kW DC level 1 250-420 V C 100-200 

kHz 

97 % High efficiency, 

synchronous 

rectification 

Half-bridge 

resonant 

3.3 kW DC level 1 250-410 V LC Not known 95.7% High efficiency, 

sinusoidal 

charging, 

battery 

degradation 

Half- full bridge 

resonant 

10 kW DC level 1 400 V LC 90-150 

kHz 

>96 % ZVS for wide 

bus voltage 

range, high 

efficiency 
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 Ratio of average electric vehicle per public charging point 

No universal standards exist that define the number of charging stations required, in relation 

to the number of electric vehicles. This is expressed in several studies through the ratio between 

the number of electric vehicles and the number of public charge points. Number of studies have 

addressed this issue for specific regions, which is summarized in Table 3-9. 

  
Table 3-11.  Ratio of Average Electric Vehicle per Public Charging Point [1]. 

Organization  

 

Region Electric vehicle/public 

charge point ratio 

Reference 

European Council European Union 10 [6] 

NDRC China 8 (pilot cities),  15 (other 

cities) 

[7] 

IEA Electric Vehicle 

Initiative 

Worldwide 8 (2015),  15 (2016) [8] & [9] 

EPRI United States 7-14 [10] & [11] 

CEC/NREL California 27 ( to be checked - 7) [12] 
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4. OVERLOADING 

The increased consumption, during periods of small production from distributed generation 

however, will increase the risk of congestion in the subtransmission grid, especially around urban 

areas. Congestion in the subtransmission grid is already an issue at several locations in Sweden 

and increasing amounts of EV charging is expected to make this only worse. The overloading 

problems due to large amount of EVs are mostly addressed in lit3erature for low voltage level [1 

- 5]. However, the charging patterns of EV user also increase the risk of subtransmission 

overloading. In this section, the impact of uncontrolled EV charging on overloading at 

subtransmission level will be discussed. Increased consumption due to EV charging has also the 

potential to compensate loading and grid weakening issues due to increased production from wind 

and solar power. That is not further discussed here. 

 Stochastic approach  

There is, for every hour of the year, a margin between the current through a series component, 

and the highest permitted current (the “rating” or “loadability”). This margin is available for 

growth of downstream consumption, including EV charging. 

Consider a margin equal to 𝑃𝑚𝑎𝑟 and 𝑁𝐸𝑉 downstream charging station each with maximum 

current 𝑃𝐸𝑉 . The worst case is when all stations are charging at maximum current. When the 

resulting total current 𝑁𝐸𝑉 ⋅ 𝑃𝐸𝑉 is less than the margin, there will not be any overload. 

This results in a lower limit for the hosting capacity that reads as follows: 

                                                   𝑃𝐻𝐶 ≥
𝑃𝑚𝑎𝑟

𝑃𝐸𝑉
                                                  (4.1) 

In reality, especially for areas with a large number of chargers, the probability that all chargers 

are operating at their maximum current is small and can normally be neglected. 

Note: we may need some justification for this. Network operators may claim that even a small 

probability will have to be considered in the distribution network planning. They typically don’t 

like stochastic approaches.  

Consider a probability 𝑝 that an EV charger is actually charging and assume that the charging 

current is equal to the maximum current whenever it is charging. This probability will be strongly 

time dependent so that the calculations below will have to be repeated for different hours of the 

day, week and year. 

The number of chargers that is in operation follows a binomial distribution: 

                             Pr{𝑋 = 𝑘} =
𝑁𝐸𝑉!

𝑘!(𝑁𝐸𝑉−𝑘)!
⋅ 𝑝𝑘 ⋅ (1 − 𝑝)𝑁𝐸𝑉−𝑘                                         (4.2) 

A special case that is of interest is the case where all chargers are in operation (𝑘 = 𝑁𝐸𝑉). The 

probability that this occurs is found from: 

                                                       Pr{𝑋 = 𝑁𝐸𝑉} = 𝑝𝑁𝐸𝑉                                                  (4.3) 
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The larger the number of down-stream charger points, the smaller this probability. The 

probability gets less than 1% when the number of charging points fulfills the following inequality 

                                                             𝑁𝐸𝑉 >
log 0.01

log 𝑝
                                                           (4.4) 

Note: add some examples for different values of the probability, ranging from 1% up to 95%. 

For 100% probability the right-hand expression becomes infinite. Some results are shown in the 

table below. Even for probability of some tens of percent, only small number of downstream 

charging stations is needed for the probability that all of them are in operation to be less than 1%.  

Table 4-1. Probability for number of charging station 

Probability Number of charging 

stations 

Probability Number of charging 

stations 

10% 2 60% 9 

20% 3 70% 13 

30% 4 80% 22 

40% 5 90% 44 

50% 7 95% 90 

The above-mentioned expression for the hosting capacity is thus generally an overestimation. 

A stochastic model is needed to obtain a more realistic estimation of the hosting capacity. 

 Load profiles at subtransmission level 

The load profile of a city in northern Sweden is shown in Figure 4-1 (a-e) from 2014 to 2018. 

The target of this chapter is to identify some overloading effect due to EV integration, thus higher 

consumptions are main interest for the histogram analysis. As an example, the histograms of year 

2016 and 2018 in Figure 4-1 (c and e), show significant number of higher load consumption in the 

range of 100 MWh/h to 150 MWh/h. The load profiles of these years have higher overload 

probability when adding significant amounts of EV. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 
(e) 

Figure 4-1 (a - e) Histogram of the load profile of different year 

4.2.1. Historical load profile and electricity price analysis (Case Study 2016) 

As a case study, the load profile and electricity price have been analysed for the year 2016 and 

summarized in Table 4.2. In general, electricity price is defined by the generation and load 

consumption. Most of the time, electricity price increased with higher consumption. However, 

there are some hours with high loads and low prices during 2016, referred to as zone 3 in Figure 

4-2. Regarding the electricity market, in these hours customers prefer to consume electricity when 

the electricity price is low. Because of this, there might be overload problems due to EVs at 

transmission or subtransmission level. Based on price and load profile it is possible to identify four 

sets of price and load profile, where both zone 1 and zone 3 have the potential to integrate EVs as 

demand response activity. 

Table 4-2. Load profile and price analysis for 2016 

Maximum Load 177.1282 MWh 

During winter the average consumption 100 MWh 

During winter the average price 256.30 SEK/MWh 



26 

 

 

Figure 4-2: Load vs Zonal Price 

Considering the demand response activity with EVs referred to zone 3, the load consumption 

(higher than winter average, 100 MWh) and lower energy price (lower than winter average, 256.30 

SEK/MWh) is shown in Figure 4-3. Based on the historical load profile and price of 2016, there 

are 673 hours when price was lower than average winter price and consumption was higher than 

average winter consumption. Moreover, significant number of such incidents were in January 

where there was a scope to integrate EVs almost every day. But there were very few such incidents 

in December because of higher price of electricity (Figure 4-4). 

 

Figure 4-3: Scatter plot of hourly electricity price vs hourly load. 



27 

 

 

Figure 4-4: Higher than average load and lower than average price of winter 2016 (Jan, Feb and Dec). 

 

4.2.2. Stochastic EV profile (Size and Numbers) generation 

The three phase load profiles are used to study zone 3 further. As a case study three phase EV 

charging station/ EV modulus with different ratings (3.3, 6.1, 7.7 and 20 KW) are used for this 

analysis.  

In this report, a scenario-based model has been used to analyse the uncertainty of overloading. 

In the scenario-based approaches, the worst-case scenarios play a vital role. As a matter of fact, if 

overloading does not occur for the worst-case scenarios, there is no misgiven that overloading will 

not occur in the other times (in the normal operation). Therefore, the problem lies in the fact that 

the worst-case scenarios should be selected correctly.  

To achieve this goal, the scenarios with the highest probability of overloading have been 

selected. In fact, the worst-case scenarios refer to the situation with the minimum available 

capacity and the maximum EV load. In general, these scenarios will occur when the electricity 

price is low and load consumption is high.  Consequently, in this condition, 673 such scenarios 

have been considered. 

Monte Carlo simulation is used to calculate the risk of overloading of the grid due to charging 

of electric vehicles. Since there is no information about the number and size of electrical vehicles 

in Sweden, a uniform distribution function has been considered for these two uncertain variables. 

By using the Monte Carlo simulation (with 2000 iterations), the number and size of EVs are 
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randomly generated for each of those 673 scenarios. As a result of this, a stochastic load 

representing charging of electric vehicles has been generated. Figure 4-5 shows the output of one 

iteration of the Monte Carlo simulation for 8000 EV owners. It is clear that there are several 

overloading situations for this iteration, i.e. when the EV load (red) is higher than the available 

margin (blue).  

By using the Monte Carlo simulation, 2000 values of EV charging load have been generated 

for each of the 673 scenarios. Then the total number of overloading cases (the number of scenarios 

with overload out of the 673 scenarios) for each iteration has been counted. As a matter of fact, 

the number of overloading refers to the total numbers of overloaded scenarios in each iteration of 

the Monte Carlo simulation. After that, by using sensitivity analysis for the maximum number of 

EVs sold, the probability distribution functions of the numbers of overloaded scenarios are 

calculated.  

The following sensitivity analysis illustrates the impact of an increase in the maximum number 

of EVs sold. 

As shown in Figure 4-6 (a) there is no overloading risk with 1000 EV owners, but some 

overloading incidents occur for 1200 EV owners. The number of overloading cases increases with 

increasing number of EV owners, as shown in Figure 4-6 (c-g).  For example, Figure 4-6 (g) shows 

the probability distribution function of the number of overloading for 8000 EVs. 

 

Figure 4-5: Available capacity and stochastic EV charging load (for 6000 EVs) 
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 (g)  

Figure 4-6 (a-g): Sensitivity analysis of total EV owner on overloading 

4.2.3. Available capacity of the network and stochastic EV profile comparison 

As mentioned earlier, the target of this chapter is to identify the overloading issues of the 

transmission or subtransmission level due to EV. A probabilistic approach has been used to find 

the probability of overloading using historical load profile and electricity prices of a city in 

northern Sweden. Considering Figure 4-6 (f and g), there is a higher chance of overloading with 

6000 and 8000 EVs. It is also interesting to observe the load margin and EV profile for those 673 

hours addressing zone 3 in Figure 4-2, in Figure 4-6. Apart from the hours during which 

overloading occurs, there is a significant number of hours where the available capacity is much 

higher that the EV loads. Demand response activities like load shifting could be a solution for 

solving the overloading issues due to EVs. 
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5. UNDERVOLTAGE 

 Introduction 

Electric vehicles’ penetration in distribution grids and power systems is increasing [1]. This 

fact, together with other changes in electricity consumption pattern impact the overall performance 

of the power system. A collection of electric vehicles (EV) for short-range and continuous charging 

mobile vehicles on the roads and trains on the rails is often referred to as electromobility. 

Electromobility is a ‘term’ that also applies to a class of electric vehicle loads with the 

characteristic of continuous high power consumption on the distribution networks and the power 

system. The continuous power demand for the charging of an electric vehicle entails the use of 

electrified roads or railways. In this chapter, plug-in electric vehicles are considered and their 

impact on the voltage magnitude level. 

 Undervoltage  

The addition of electric vehicles and traditional customers to the electricity distribution 

networks creates an increased demand for electrical energy [1]. The high demand during certain 

hours could become the primary cause of undervoltage in distribution networks. An example of a 

distribution network with six-customers is shown in Figure 5. 1. 

 

Figure 5-1. Six-customer low-voltage distribution network - electric vehicle charging. 

The presence of vehicle charging in a low voltage distribution network is shown in Figure 5.1. 

The physical distances and cable types are shown in Table 5.1. 
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Table 5-1. Cable and line data for the low-voltage distribution network shown in Figure 5.1. 

Connection in Figure 6.1 Length (m) Cable or line Type 

2-3 14 N1XV-50 

3-4 108 ALUS-50 

4-5 26.9 ALUS-50 

5-8 41.2 ALUS-50 

8-L5 41.5 EKKJ-10 

5-9 0.1 ALUS-50 

9-10 0.1 ALUS-25 

10-L2 17 EKKJ-10 

4-6 46 ALUS-50 

6-L3 31 EKKJ-10 

4-7 1.9 ALUS-25 

7-11 54.4 N1XE-10 

11-L4 41.3 EKKJ-10 

7-L5 8.9 EKKJ-10 

7-L6 79.5 N1XE-10 

 

The line and cable data shown in Table 5.1 are used as the input to the method of determining 

the hosting capacity due to the risk of undervoltage.  

Example of one-customer 

The source impedance at the supply point to one of the customers’ in Figure 5.1 is 0.1973 + j 

0.0157 ohms. The relative voltage drop due to EV charging at the customer can be estimated using 

equation (5.1); 

                                     𝛿𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒 =
𝑅𝑠𝑜𝑢𝑟𝑐𝑒 × (𝑃𝐸𝑉+𝑃𝐶𝑈𝑆𝑇)

𝑈2                                                         (5.1) 

A maximum customer consumption of 1000 W per phase and a single-phase electric vehicle 

(EV) charging of 5750 W are considered. The decrease in the voltage using equation (5.1) is 

calculated to be 2.52 % (-5.8 V). The electric vehicle charging used corresponds to a fuse rating 

of 25 A.  

For a 5 % undervoltage margin allowable (i.e. the “background voltage” before any load being 

connected with this customer, is equal to 95%), a fast single-phase EV charging of 12.7 kW is 

enough to cause an undervoltage at the customer. The addition of more electric vehicles at the 

other customers will result in a further decrease in the voltage. 

5.2.1. EV customers future loading scenario 

The illustrative example for one customer, in the previous section, assumes the entire fuse 

rating to be used for charging. The addition of electric vehicle chargers changes the power 

consumption and demand scenario. Initially, a customer under residential tariff class can have fuse 
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size of 16, 20, 25, 35, 40, 50 and 63 A. The condition is that a customer consumes maximum power 

less than or equal to the fuse size. 

At the power consumption of customer and electric vehicle, the new demand that need to 

satisfy the fuse size rating becomes; 

                                        𝐹𝑢𝑠𝑒 𝑠𝑖𝑧𝑒𝑑𝑒𝑚𝑎𝑛𝑑 ≥ 𝑃𝐸𝑉 + 𝑃𝐶𝑈𝑆𝑇                                                   (5.2)                            

According to equation (5.2), the size of the electric vehicle charger allowed at a current 

customer fuse size is the remainder of the customer's maximum power demand from the maximum 

power that a fuse can deliver. The connection of an electric vehicle charger that causes the total 

demand to exceed what the fuse can deliver entails that an upgrade of the fuse size is needed. 

 Impacts of electric vehicles 

One of the impacts of electric vehicles on the distribution grid is the possibility of causing 

undervoltage. According to EN50160, the 10-minute values of the rms voltage should be with 90-

110 % of the 95 % of the time during the week. Voltage magnitude above 110 % is referred to as 

overvoltage and below 90 % as undervoltage. 

The impacts of electric vehicles can be classified in two ways. The first scenario is that of 

conventional electric vehicles (EV) with varying charging cycles [2]. The charging can be single-

phase or three-phase connected. The second scenario involves electrified roads and railways. The 

entire road and the travel distance is connected to an electric supply. This scenario entails the 

demand for electricity throughout the traction length of the vehicles and trains. In both scenarios, 

high demand for electric power coupled with times of high power consumption by other loads and 

relatively low background voltages can lead to undervoltage [3, 4]. According to [3], it is essential 

to estimate the load profile and the charging behaviour. The prediction is made with a stochastic 

approach to avoid that severe, but unlikely impacts dominate the distribution system planning. It 

is especially so for a network with a high coincidence factor between the high customer 

consumption and electric vehicle charging [5]. 

The charging of electric vehicles affects the voltage magnitude. When the voltage magnitude 

gets to low, the hosting capacity is exceeded. To know how much electric vehicles can be changed 

at the same time, it is vital to determine the hosting capacity [6]. The two scenarios of electric 

vehicles are associated with a number of uncertainties. The uncertainties are in the traditional loads’ 

power consumption, and in the future growth and penetration of electric vehicles. Other 

uncertainties are in driving habits that affect the charging time. Also included in the uncertainties 

is the level of either fast or slow charging used [2, 7]. The uncertainties involved all have their 

impact on the electric vehicle hosting capacity. The uncertainties will make the hosting capacity 

more difficult to be quantified. The quantification in [7] for example, was done with a stochastic 

method. For other studies, time-series methods are used [7].  
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 Risk of overvoltage 

The addition of single-phase solar PV is likely to cause problems of unbalance and overvoltage 

in the distribution network. The addition of electric vehicles may alleviate the problem. The 

condition is so for a high coincidence factor. 

The addition of three-phase solar PV has a low risk of overvoltage, and even lower unbalance 

unless three-phase individual single-phase converters are used in a three-phase system. 

The combination of single-phase EV and three-phase solar PV creates a risk for overvoltage. 

For example, a 3 kW three-phase inverter injects 3 kW of power in each of the three phases. The 

connection of a single-phase 3 kW charger to the system entails consumption of -power in one 

phase only. In that phase PV and EV charging compensate each other. The PV inverter continues 

to inject power, but net injection occurs only for two. The case is similar to an inverter losing a 

phase or the case of two single-phase inverters injecting power. The combination of single-phase 

EV and a three-phase PV inverter has a small risk of causing an overvoltage in the phases without 

EV when the solar power alone would result in a voltage close to 110% of nominal. 

 Research gap - Electrified roads and railways 

Most of the studies up to date have attempted to determine the hosting capacity of electric 

vehicles only without the consideration of other types of electromobility. There is no inclusion of 

electrified roads and railways in those studies. The non-inclusion is one example of the research 

gap that needs assessment. Many scenarios could result in an undervoltage risk due to different 

coincidence factors that need consideration in the presence of electrified roads and railways [8]. 
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6. FAST VOLTAGE FLUCTUATIONS AND LIGHT FLICKER 

 Some relevant standards 

As per EN 50160 standards for voltage disturbances, the permissible voltage deviation at the 

customer’s terminals in public LV/MV distribution systems is ±10% of nominal voltage during 

95% of the week. Under Swedish regulation (EIFS 2018:1) these values should be held during 

100% of the week for the electricity supply to be considered of good quality. 

The rapid voltage changes characteristics according to EN 50160 and EN 61000-2-2 standards 

are presented in Table 6-1. 

Table 6-1.  Rapid Voltage Change limits according to Standards [1] 

Parameter Supply voltage 

characteristics according 

to EN 50160 

Low voltage characteristics according to EMC 

standard EN 61000 

EN 61000-2-2 Other parts 

Rapid voltage 

changes 

LV: 5% normal 

10% infrequently 

Plt ≤ 1 for 95% of week 

 

MV: 4% normal 

6% infrequently 

Plt ≤ 1 for 95% of week 

3% normal 

8% infrequently 

Pst < 1.0 

Plt < 0.8 

 

 

3% normal 

4% maximum 

Pst < 1.0 

Plt < 0.65 

(EN 61000-3-3) 

3% (IEC 61000-2-12) 

       Note : Pst - Short term flicker severity and Plt -Long term flicker severity   

The voltage fluctuation is due to the effect of changing load current causing changing voltage 

drop over the source impedance of the grid. The probability of voltage fluctuation increases as the 

size of the changing load becomes larger with respect to the prospective short-circuit 

current available at the point of common connection (PCC). 

6.1.1. Sources and causes  

The main source of voltage fluctuations and light flicker are devices that exhibit continuous, 

rapid load current variations (mainly in the reactive component at higher voltage levels, mainly in 

the active components in most of the low-voltage network). Normally, these loads have a high rate 

of change of power with respect to the short-circuit capacity at the point of common coupling. 

Examples of these loads include [2], [3]: 

 Arc furnace, arc and resistance welding 

 Static frequency converters 

 Rolling mill drives 

 Railway tractions  

 Main winders 

 Large motors (during starting, especially repetitive starting) 

 Large loads that have rapidly changing active and/or reactive power demand 

 Adjacent loads turning on or off,  

 Switching of power factor correction capacitor banks 
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 Small power loads such as welders, power regulators, boilers, compressors, laser 

printers, cranes and elevators. 

 Capacitor switching, transformer on-load tap changers (OLTC), step voltage regulators 

and other devices that impact the stepwise change in voltage magnitude during their 

operation. 

The influence of the load current on the supply voltage in the installation depends on the 

impedance of the supply grid. The utilisation voltage of the equipment depends on the impedance 

of the supply grid and that of the customer’s installation. An illustration of the influence of load 

current on the supply voltage is shown in Figure 6-1. 

 

Figure 6-1.  Load current influence on the supply voltage dips  due to large arc furnace: one-cycle rms voltage. [3] 

Furthermore, loose connections may also result in voltage fluctuations and flicker. Lightly 

loaded loose connections may cause flicker for longer periods as compared to heavily loaded ones 

that quickly burn out. 

6.1.2. Effects 

Flicker is considered to be the impact of voltage fluctuation on light intensity due to the 

changing load current. A 0.5% variation in voltage could result in light flicker if the range of 

frequency is between 6 to 8 Hz. This potentially causes detrimental effects on human health [4].  

The usual effect of voltage fluctuation in phase-controlled rectifiers with dc-side parameter 

control is a reduction of power factor and the generation of non-characteristic harmonics and inter-

harmonics.  In the case of drive braking in an inverter mode, it can result in commutation failure 

and consequent damage to system components. 

Other effects of voltage fluctuation include the following: 

 Nuisance tripping due to misoperation of relays and contactors.  

 Malfunction of electrical equipment and devices 

 Unwanted triggering of UPS units to switch to battery mode. 

 Problems with some sensitive electronic equipment, which require a constant voltage.  

 Changes in the torque and slip of induction motor may cause excessive vibration and 

shorten motor life. In case of synchronous motor and generator, it causes hunting and 

premature wear of rotor. 
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 Real time electric vehicle measurement data 

The EV measurements done by Seljeseth et al. in [5] present the charging signatures of three 

electric vehicles. In electric vehicle A, a current spike seen during charging is possibly due to 

battery status check. Electric vehicle B shows many short duration charging breaks. This caused 

visible flicker in lighting equipment due to the low short circuit capacity at the point of common 

coupling between the lamps and the charging point.  The electric vehicle C measurement shows 

rapid voltage fluctuation after the main charging cycle is over until the car is unplugged. This 

might be due to trickle charging done to maintain the battery charge. 

Figure 6-2 shows the EV fast charging voltage and current signatures of a real time 

measurement at an EV charging station in Northern Sweden. Rapid voltage fluctuation are seen 

during the time 12.35 to 12.38 and around 13.47. This may be due to the diagnosis and monitoring 

functions such as (i) Compatibility check of on board battery (ii) Insulation test for output dc circuit 

(iii) On board battery protection (iv) Voltage checks, CAN communication interval for charging 

current request, etc. [6]. 

 

Figure 6-2.  EV fast charging voltage and current signature. 

To estimate the 50-Hz source impedance of the network to which the EV was connected, the 

linear regression analysis has been applied to the maximum current and minimum voltage of all 

the three phases. The scatter plot of phase voltage as a function of phase current is shown in Figure 

6-3.  
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Figure 6-3.  Scatter plot of phase voltage as a function of phase current. 

With the voltage and current relationship obtained from the three different phases, the 50-Hz 

source impedance was estimated as follows. 

ZPh1 = 44 mΩ 

ZPh2 = 40.8 mΩ 

ZPh3 = 40.8 mΩ 

The voltage drop at a current of 47A is 1.92 V to 2.07 V. This value is within the 5% limit of 

rapid voltage change according to EN 50160 standard for a low voltage network. However, when 

many such electric vehicles are connected to the same phase and to a PCC of a weaker grid far 

away from the substation, a significant voltage drop in the line can be expected. 



41 

 

 Voltage fluctuation mitigation techniques  

It mainly targets on regulating the amplitude of voltage fluctuation. This can be achieved by 

the following techniques [4]. 

(i) Points of common coupling with highly fluctuating load should have high short circuit 

current capability. This can be achieved by the following methods:  

- connecting the load at a higher nominal voltage level  

- connecting fluctuating load to dedicated lines  

- connecting fluctuating and steady loads separately to different transformers or to different 

transformer windings of a three-winding transformer  

(ii) Measures to be taken in practice in LV networks 

- Dedicated transformer 

- Dedicated cable 

- Larger cable cross section 

- Limit the rate-of-change of current on the EV charging side. 

 Multiple individual rapid voltage changes 

To introduce the uncertainty in current spike during charging the model utilizes a binomial 

distribution function. The binomial distribution model allows only two outcomes on each of N 

trials, the probability of a current spike or no current spike. All trials are independent of each other 

and the probability of success for each trial is constant. 

The binomial distribution function is defined in equation (6.1): 

                                    f(𝑥|𝑁, 𝑝)= (
𝑁
𝑥

) 𝑃𝑥(1 − 𝑃)𝑁−𝑥 ; x=0, 1, 2,….N                                          (6.1) 

where x is the number of successes in n trails with the probability of success p.  

Assume that N electric vehicles are charging within the part of the grid where the step or spike 

in current would cause a notable change in the light intensity for a specific customer. Exactly 

where the threshold for this occurs is not very well known, but here we assume that this threshold 

is known, that the mentioned part of the grid is known, and that it is also known how many 

electrical vehicles are charging within that part of the grid. 

The short-term flicker severity is determined over a 10-minute interval. If too many such steps 

occur within such an interval, the short-term flicker severity will get too high and/or the customer 

will consider the light flicker unacceptable. 

As mentioned before, we assume that one such step occurs, for each electric vehicle being 

charged, every 30 minutes. If we assume that the instants of the steps are uncorrelated between 
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vehicles, that would imply that the probability for a step to occur within a 10-minute interval is 

1/3. 

Assuming N vehicles being charged, the probability that x steps occur within a 10-minute 

interval equals: 

                                                f(x)= (
𝑁
𝑥

) 𝑃𝑥(1 − 𝑃)𝑁−𝑥   ; x=0, 1, 2,….N                                                    

                                                         𝑝𝑥 = (
𝑁
𝑥

) ⋅ (
1

3
)

𝑥

⋅ (
2

3
)

𝑁−𝑥

                                                                     (6.2) 

The on-line calculator at [7] has been used to calculate the probability that more than two, three 

or four steps occur within a 10-minute interval, for up to 10 vehicles within the part of the 

distribution network that gives a visible change in light intensity for a specific customer. The 

results are shown in Table 6-2. The table shows that the voltage fluctuations will become 

unacceptable somewhere between 5 and 10 electric vehicles, assuming that the LED lamps used 

are sensitive to individual rapid voltage changes originating from those vehicles 

Table 6-2.  Probability of more than a given number of changes in light intensity during a 10-minute interval, as a 

function of the number of electric vehicles charging electrically nearby. 

 Number of vehicles charging at the same time 

Number of steps 3 4 5 6 7 8 9 10 

>2 4% 11% 21% 32% 43% 53% 62% 70% 

>3  1.0% 4.5% 10% 17% 26% 35% 44% 

>4   0.4% 1.8% 4.5% 8.8% 14.5% 21% 

 

 Flicker issues in EV charging 

Light flicker is a repetitive change in the light intensity that humans can perceive. Quantifying 

the light intensity variation in terms of visibility is not straightforward. Human perception plays a 

key role here; standard and studies are available to guide the lighting application [11], [12]. For 

example, a variation in the light intensity can be perceived up to 80 Hz [11] by a human. Within 

this range, the sensitivity of the average human observer was quantified for voltage fluctuations 

with a 60 W incandescent lamp [13]. These studies on voltage flicker (classical) are well 

understood. However, the voltage flickermeter defined in IEC 61000-4-15 [13] is not able to 

quantify light flicker with other than incandescent lamps since it works based on voltage 

fluctuations. To overcome this issue, a light flickermeter is proposed based on light intensity 

measurements [14].The validity of this model is verified by testing the standard IEC flickermeter 

procedure. A technical report was published in 2015 by a working group of IEC-TC34 [14], [15]. 

The report includes the definition of a flicker metric called PstLM and its test method under voltage 

fluctuations. It would be beneficial if voltage fluctuations (voltage flicker) and light flicker were 

separated as shown in Figure 6-4 [13], [14]. 

Methods to quantify the light intensity variations and definition of metrics are presented in a 

technical note [16]. In addition, IEEE 1789- 2015 was published by the Institude of Electrical and 

Electronics Engineers as a recommended practices for light intensity variations [17]. The limits 
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for modulation depth (MD) are expressed for low risk and no effect levels up to 3 kHz. In the EMC 

(Electromagnetic Compatibility) set of standards, IEC 61000-4-19 defines levels of 

supraharmonics for immunity test of equipment [18]. 

              

Figure 6-4.  Separation between light flicker and voltage flicker 

After the separation of flicker occurrence, interpretation of the issues reported in the literature 

becomes easier. Some studies measure voltage while it not related to light flicker. LED lamps 

show interference in the form of visible flicker in the light for reasons that could be different from 

voltage fluctuation (0.5- 40 Hz), e.g., supraharmonics, or voltage dips [19]. Voltage flicker can 

result in light flicker but not necessarily. Both types of flicker is investigated in this section. 

 Light flicker due to RVC (Voltage dips- emulating charging pulses) 

A source of light flicker is formed by rapid voltage changes [19].This could be the most 

common source of light flicker during EV charging, e.g. due to a charging pulse. Rapid voltage 

changes (RVC) might cause temporary light flicker issues. When this repeats, it can be annoying, 

too.  

A measurement carried out in Norway is shown in [5]. During normal charging, no impact is 

observed, however during pulsing, the voltage presents severe voltage flicker values and rapid 

voltage changes. Local voltage quality problems are observed during sch events. This originates 

from charge level control methods. According to this measurement, EV charge can cause poor 

power quality in locations with a weak grid. 

Each EV charger has its charging signature in terms of PQ patterns in the grid. The number of 

voltage dips is different. If multiple EV chargers are connected to the same point of common 

coupling (PCC), it can result in serious light flicker if the lamps used nearby are sensitive. 

Susceptibility of the LED lamps is shown in Figure 6-7, Figure 6-8 and Figure 6-9. This will be 

discussed further in the corresponding paragraph. In reference [20], the flicker levels (Pst) are 

measured during EV charging. It is shown that the Pst level can exceed the local utility 

requirements during charging.  

Quantifying such a temporary light flicker issue under such RVC has been studied in [19], [21], 

specifically for LED lamps. Examples of LED Street lamps’ response to voltage dips are given in 

Figure 6-5. None of the shown LED lamps exhibits full extinguishing of the light, but some 

fluctuation during the dip. The result given in the paper shows if the residual voltage is above 38%, 

Flicker

Voltage flicker, e.g., 
interharmonics (0.5- 40Hz), 

rapid voltage changes

Light flicker; e.g., any interference that 
results in light fluctuation 

interharmonics (0.5- 800Hz) in lighting 
equipment (specificly in LED lamps)
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LED street lamps are immune. However, it is shown in the paper that if the residual voltage is low, 

e.g., 38%, LED street lamps can extinguish for longer time with zero light output.  

 

Figure 6-5.  Light intensity variation of LED Street lamps under voltage dip of 25% residual voltage and 40-ms 

duration. 

To understand LED lamps’ behavior during voltage dips emulating EV charging pulses, LED 

lamps, under different residual voltage and duration, are measured in the Pehr Högström laboratory 

with Luleå University of Technology. Light intensity variation samples under 25% 40-ms voltage 

dip are shown in Figure 6-6. Each lamp a different behavior in the light response due to different 

internal circuit configuration parameters [19].  
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Figure 6-6.  LED lamps light intensity characteristics under 25% residual voltage and 40 ms dip duration. 

The curves obtained based on PstLM = 1 (visibility forecast limit) are given in Figure 6-8. 

LED lamps for domestic of office use (mostly 3-10 W range) are more susceptible than LED street 

lamps. Only 80% residual voltage is enough to cause light flicker for many lamps, as shown in 

Figure 6-7. Some lamps can show flickering light at 90% residual voltage (a shallow voltage dip) 

as shown in LED 02 and LED 08 even though the dip duration is shorter than 40 ms. Figure 6-7 

shows how immune LED lamps are against voltage dips that can represent charging pulses. More 

charging pulse (voltage dips) means increased risk of light flicker. Those issues are taken into 

account in the voltage variation section. 
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Figure 6-7.  PstLM = 1 curves for tested 12 lamps. (lamp identification: left to right (1-2-3); up to down (1-4-7-10). 

More specific results from LED 12 and LED 14 are given in Figure 6-8 and Figure 6-9, 

respectively. When 50% of light drop and instantaneous light flicker values are shown on the 

tolerance curves. LED 12 is less sensitive until 40% voltage dip below which it gets very sensitive. 

Most likely, the smoothing capacitor plays a key role in this type of behavior. More information 

can be found in [19].  
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a) Minimum light intensity (50% drop is marked) b) Maximum instantaneous light flicker sensation (1 
unit is marked) 

Figure 6-8.  Voltage tolerance curves for LED 12. 

In another LED lamp, LED 14, the response is rather linear. The limits where 50% light drop 

and unity instantaneous light flicker sensation occur are marked on the curves.  

 

  
a) Minimum light intensity (50% drop is marked) b) Maximum instantaneous light flicker sensation 

(1 unit is marked) 

Figure 6-9.  Voltage tolerance curves for LED 14. 

 Light flicker due to supraharmonics 

The cause of light flicker could be any voltage disturbance at the terminals of the lighting 

equipment. Voltage dips, interharmonics or SHs on the lighting equipment, specifically LED 

lamps, could results in visible light fluctuations both temporary or permanently during EV 

charging. 
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It was shown in [22] that SHs test profiles according to IEC 61000 4 19 can lead to undesired 

light intensity variations in the visible light range. Figure 6- presents light intensity variations 

under different SH frequency and pulse/pause profiles. The yellow region represents IEEE Std. 

1879’s light fluctuation recommended limits. Some of the SH test profiles result in the limit 

according to [17] being exceeded.  

 

 

Figure 6-10.  Light intensity variation under different SH test profiles [22]. 

In Boston, there is a customer that complains light flicker of LED lamps while the EV is 

charging in the house. It is a 2016 Tesla model-3 [23]. There is another Tesla user in West Virginia 

about the same issue that claims that the house power is flickered during the beginning and end of 

the charging. Nevertheless, the detailed reasons about which voltage disturbances cause this light 

flicker are unknown. 
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7. VOLTAGE UNBALANCE 

For reasons of convenience and availability, most EV owners around the world, with the 

exception of Japan, have preference in charging their cars using slow chargers, instead of fast 

chargers [1][2]. The definition of slow and fast chargers may vary depending on country or 

standard, but in practice, slow chargers are usually single-phase, which means that growing EV 

penetration can potentially impact the system by additional unbalance in a three-phase system.  

When one or more EV chargers are connected to the grid, in particular when using single-

phase slow chargers, the system is subject to multiple negative-sequence loads, in the range 2 – 

7.4 kW when using charging modes 1 or 2 [3].  

The load size is itself a determining factor for unbalance issues, but other factors, such as the 

source impedance, penetration level and load distribution among phases, are also important in 

determining the unbalance as is show in the following. 

 Literature review 

Recent evidence, most based on simulation, suggests that the unbalance created by EV chargers 

is in general not high, but in some cases the limit of 2 % is likely to be exceeded. For instance, 

Putrus et all [4] shows through simulation that the voltage unbalance can reach 1.3 %, when 

considering 140 single-phase EV chargers with rated current of 10 A, supplied by a 1 MVA 

transformer. 

By using a stochastic approach and considering the existing levels of unbalance,  F. Shahnia 

et all [5] have shown that the background unbalance can range between 0.9%  and 1.8 % in a LV 

feeder located in Australia. Once single-phase chargers of 20 A rated current were random 

connected,  the 2 % voltage unbalance limit is likely to be exceeded for 34% of time. This finding 

is consistent with Ul-Haq et all [6], which have used also a stochastic approach to assess voltage 

unbalance. In that study, the authors have considered various realistic factors such as EV battery 

capacity, state of charge (SOC), driving habit/need, etc., over a period of 24 h. The model was 

applied in an urban LV distribution network, the same used by CIGRE Task Force C6.04.02 [7]. 

Results showed that the limit of 2.0 % is exceeded between 16 h and 22 h when the penetration 

level exceeds 34 %. 

The unbalance in the MV network is reported in [8]. In that study an existing MV network 

located in Thailand supplied by 50 MVA power transformer, serving 4,731 customers in an urban 

area was considered as a case study. Simulation results have shown that high penetration of single-

phase charging can raise the voltage unbalance above 2 %, when customers arrive and charge at 

the same time, and penetration level is above 30 %. 
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 Standard limits 

The maximum-acceptable level for voltage unbalance in LV and MV systems is usually 2 % 

and under especial conditions 3 % in most international standards [9].  Table 7-1 lists some of the 

main European standards relevant for EV charging requirements. 

Table 7-1.  Limit values for voltage unbalance. 

Document Limits for values for unbalance 

EN 50160 [10] 𝐾2𝑈=2 % 

In some areas, unbalance up to 3 % may occur 

IEC 61000-2-5 [11] Limits are defined in two different disturbance 

degrees. 

Degree 1, 𝐾2𝑈=2 % 

Degree 2, 𝐾2𝑈=3 % 

EIFS 2013:1 Limit is 2% 

 

 Unbalance assessment 

The evaluation of unbalance is usually performed using the method of symmetrical components 

[12]. A completely balanced system results in only positive sequence fundamental voltage, while 

negative and zero sequence fundamental voltage will be non-zero under any inequality among the 

phases.  

For unbalance assessment, the evaluation of the negative-sequence voltage becomes more 

important and it is usually expressed as 𝑢2 (or 𝐾2𝑈 in reference to international standards), being 

the percentage ratio between the negative- and positive-sequence voltage: 

 𝑢2 =
|𝑈2|

|𝑈1|
× 100% (7.1) 

where 𝑈2 and 𝑈1 are the negative and positive sequence component, respectively. 

In order to assess the impact of EV charging on voltage unbalance, in the following, the 

estimation of 𝑢2  is developed using deterministic and stochastic approaches considering two 

existing networks with different levels of EV penetration as study case. 

7.3.1. Deterministic approach 

To estimate the unbalance due to 𝑁 EV chargers in a LV-network, we can assume that the  

total negative-sequence voltage at location 𝑟 will be a contribution of the units and the background 

negative-sequence voltage (𝑈𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)  [13]: 

 𝑈𝑟 = 𝑈𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + ∑ 𝑍𝑠𝑟

𝑁

𝑠=1

𝐼𝑠 (7.2) 

The sources of the background negative-sequence are mainly attributed to the random 

customer load connections and the unbalance from the transformer and MV-network. 
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To verify the impact of single-phase EV chargers on unbalance consider the following 

examples. 

Isolated impact of one single-phase EV charger 

Scenario: single-phase charging mode 2, maximum current 16 A, power factor 1, connected to 

a 50 Hz LV-installation with a 10/0.4-kV transformer, 500-kVA, 5 % impedance, X/R=5.5, 

equivalent cable impedance (i.e., phase + neutral conductors) 0.3 + 0.03j , and zero background 

unbalance. 

Using (7.2), the resulting phase voltages due the voltage drop over the source impedance, are 

given by: 

𝑈𝑟 = 𝑈𝑆  − 𝑍𝑠𝑟𝐼𝑠 

       𝑈𝑟 =  [

400 √3⁄ ∠0°

400 √3⁄ ∠ − 120°

400 √3⁄ ∠120°

] − [
0.3063∠8.59° 0 0

0 0.3063∠8.59° 0
0 0 0.3063∠8.59°

] [
16
0
0

]  𝑉 

𝑈𝑟 = [
226.0955∠ − 0.1855°

230.9401∠ − 120°
230.9401∠120°

]  𝑉 

where 𝑈𝑟 is voltage at the customer bus, and 𝑈𝑆 is the source supply voltage. 

Converting 𝑈𝑟 to symmetrical components, |𝑈1| , and |𝑈2|  are obtained and the voltage 

unbalance at the EV connection point is given by: 

𝑢2 =
3.2672

227.7101
× 100% = 0.71 % 

Similar results can be found by considering the ratio between the single-phase load 𝑃 and the 

three-phase short circuit power.  

𝑢2 =
𝑃

𝑆𝑘
× 100% =

3680 W

522.4 kVA
 × 100% =  0.71 % 

As can be seen, the resulting unbalance is to the same as the one found using the exact 

expression in (7.2). 

The cable impedance has the higher voltage drop and gives the greatest contribution, 

corresponding to 95% of the total unbalance. 

Considering a smaller transformer, 100-kVA, 10/0.4-kV, 4 % impedance, X/R=1.5, 

commonly used in rural areas, the resulting voltage unbalance is 0.80 %. For a 7.4 kW EV charger, 

the unbalance becomes 1.43 % and 1.62 %, for the 500-kVA and 100-kVA transformer, 

respectively. 

7.3.2. Stochastic approach 

Considering now a stochastic model for the customer behavior, where common household 

loads and EV chargers are connected randomly to the three different phases. The resulting 



54 

 

unbalance will be defined by the source supply voltage, unbalance from the network components 

(i.e, cables/lines, transformer, etc.), and by the description for the different customer loads in terms 

of impedance and current. 

To illustrate the impact of EV chargers on unbalance using a stochastic approach (implemented 

in a Monte Carlo simulation), two networks are evaluated considering different levels of EV 

penetration. The first is a typical countryside grid where a few houses, spread over a few hundred 

meters are connected to a 100-kVA transformer (10/0.4 kV, Dyn11, 4.0%). The second is a typical 

suburban grid with 28 customers connected to a 500-kVA transformer (10/0.4 kV, Dyn11, 4.9%). 

The cable and transformer data, as well the network topology for both networks are described in 

detail in [14].  

For the sake of this analysis, the following assumptions are made: 

 250 samples are used for the Monte Carlo simulation 

 The unbalance originating from the source supply, network components, and customer 

loads are defined as background unbalance, and the method for obtaining the voltage at the 

customer nodes is described in [15].  

 Loads are randomly selected considering a continuous uniform distribution from 5W up to 

3.6 kW, representing the load range of typical houses in Sweden. The complete description 

of the distribution functions used in the Monte Carlo simulation is found in [14]. 

 The cable and transformer data, as well the network topology are described in detail in [16]. 

 The current consists of three EVs, using charging mode 2 (two full electric and one hybrid 

plug-in vehicles). The measurements were performed at the Pehr Högström laboratory with 

Luleå University of Technology in Skellefteå; 

 The unbalance originating from the source supply, network components, and customer 

loads will be defined as background unbalance and the definition of the distribution 

functions are the same as described in in [14]. 

Table  lists the five scenarios used to evaluate the results in terms of EV and PV penetration. 

The scenario EV000-BK100 without EV chargers is considered as reference for the analysis, while 

the scenario EV100-BK000 highlights the EV charger impact alone. 

Table 7.2.  EV penetration scenarios. 

Scenario EV 

penetration 

Background 

EV000-BK100 0.0 % 100 % 

EV025-BK100 25.0 % 100 % 

EV050-BK100 50.0 % 100 % 

EV100-BK100 100.0 % 100 % 

EV100-BK000 100.0 % 0 % 
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Impact of common household loads (Background unbalance) 

Figure  shows the probability distribution function of the resulting background voltage 

unbalance (i.e., scenario EV000-BK100) from the 6-customers (left) and 28-customer (right) 

networks; the different colors refer to different customers. 

  
Figure 7-1.  Probability distribution function of the resulting background voltage unbalance from the 6-customers 

(left) and 28-customer (right) networks; the different colors refer to different customers. 

For each of the customers, different voltage unbalance is observed. Taking the 95th  percentile 

as reference, the unbalance in the 6-customer network ranges from 0.16% up to 0.22%, while in 

the 28-customer network it ranges from 0.08% up to 0.28%. 

Impact of EV chargers without background unbalance 

Figure  shows the probability distribution function of voltage unbalance for 100% EV charger 

penetration, but without considering the unbalance originating from the common household 

devices. (i.e., scenario EV100-BK000). 

  
Figure 7-2.  Probability distribution function of the resulting voltage unbalance for scenario EV100-BK000. 6-

customers (left) and 28-customer (right) networks; the different colors refer to different customers. 

As can be seen, the two networks present different sensitivity to the EV chargers’ penetration. 

Taking the 95th percentile as reference, the unbalance in the 6-customer network ranges from 
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0.68% up to 0.90%, while in the 28-customer network it ranges from 0.29% up to 0.72%. Note 

that the unbalance difference between customers is due to the differences of the transfer impedance 

defined by the customer locations and cable characteristics. 

Unbalance and EV charger penetration 

Figure 7.3 to Figure 7.5 show the probability distribution function of voltage unbalance for 

different EV chargers penetration levels (i.e., scenarios EV025-BK100, EV050-BK100, and 

EV100-BK100). 

  
Figure 7-3.  Probability distribution function of voltage unbalance for scenario EV025-BK100. 6-customers (left) 

and 28-customer (right) networks; the different colors refer to different customers. 

  
Figure 7-4.  Probability distribution function of voltage unbalance for scenario EV050-BK100. 6-customers (left) 

and 28-customer (right) networks; the different colors refer to different customers. 
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Figure 7-5.  Probability distribution function of voltage unbalance for scenario EV100-BK100. 6-customers (left) 

and 28-customer (right) networks; the different colors refer to different customers. 

Figure  to Figure  show that in all penetration scenarios the unbalance does not exceed the 

limit of 2 %.  The worst case when 100 % of EV is considered at the 6-customer network, three 

customers will experience unbalance above 1.0 %. 

 Integration of PV installation 

Using the stochastic approach with the same configuration described in Section 7.3.1, three 

different PV inverter currents were used to assess the impact of PV on unbalance in the presence 

of EV chargers. The measurements were performed at TU Dresden laboratories and further details 

of the inverters are listed in [20]. The set covers some of the inverter topologies used in small 

residential and commercial applications. 

For this analysis consider the following additional scenarios listed in Table . 

Table 7-3.  EV and PV penetration scenarios. 

Scenario EV 

penetration 

PV penetration Background 

EV000-PV100-BK000 100.0 % 100.0 % 0 % 

EV100-PV100-BK100 100.0 % 100.0 % 100 % 

EV100-PV40-BK100 100.0 % 40.0 % 100 % 

 

As reference, Figure  shows the probability distribution function of voltage unbalance for 

100% of PV penetration, but without considering the unbalance originating from EV chargers and 

from the common household devices. (i.e., scenario EV000-PV100-BK000). 
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Figure 7-6.  Probability distribution function of the resulting voltage unbalance for scenario EV000-PV100-BK000. 

6-customers (left) and 28-customer (right) networks; the different colors refer to different customers. 

The PV penetration alone creates an unbalance between 1.29 % and 1.67 for the 6-customer 

network and between 0.56 % and 1.57 % for the 28-customer network. 

Figure  shows the probability distribution function of voltage unbalance for 100% of EV 

charger and 100 % of PV installation penetration, considering the background unbalance from the 

common household loads. 

  
Figure 7-7.  Probability distribution function of voltage unbalance for scenario EV100-PV100-BK100. 6-customers 

(left) and 28-customer (right) networks; the different colors refer to different customers. 

Having EV chargers and PV installations at the same customer end implies that the total current 

of EV chargers will be subtracted by the PV operation and vice versa. Because of this, a reasonable 

hypothesis is that the resulting unbalance could be mitigate by the operation of both devices. To 

explore this point, Figure , shows the 95th percentile unbalance for the two networks when the 

penetration level of PV increases. 

 



59 

 

  
Figure 7-8.  95th voltage unbalance for different PV penetration level. 6-customers (left) and 28-customer (right) 

networks; the different colors refer to different customers. 

From Figure , we can see that in general the voltage unbalance increases as the PV penetration 

level increases. From 0% to 100% the increase is about 1.2% for both networks, and there is not a 

clear penetration range in which the total unbalance decreases. In average the power from EV 

charger and PV installations is equal when we consider 100 % and 60 % for EV and PV penetration, 

respectively, but as we can see even at 60 % PV there is no significant decrease in the unbalance. 

This shows that the unbalance is not directly dependent on the power balance between PV and EV. 

The determining factor is the diversity of connection between the phases. Mitigating the unbalance 

created by EV with PV, and vice-versa, would be only possible by coordinating the connections 

among phases (i.e., connecting the EV chargers at the same phase where the PV are connected). 

These findings further support the idea of using PV in a balanced way to mitigate the EV load, as 

presented in [17]. 

 Conclusion from the study case 

This study has shown the potential impact of EV penetration on voltage unbalance. Based on 

the study cases, the following observations can be made: 

 On average, the background emission resulting from the random connection of household 

loads is below 0.28 %; 

 The EV charger’s contribution to voltage unbalance ranges from 0.29 % to 0.90 %, 

depending on the network size and customer location. This result is in agreement with the 

results from the deterministic approach described in Section 7.3.1; 

 There is no risk that the voltage unbalance exceeds the limit of 2.0 %, even when 

considering 100 % penetration; 

 In the presence of EV charging and PV installation, the total unbalance of the installation 

does not decrease with the increase of PV penetration. As higher is the single-phase PV 

and EV penetration higher is the unbalance. 

This study considered only single-phase EV chargers with maximum 16 A. Using single-phase 

chargers with 32 A, which are also available on the market, would result in higher voltage 

unbalance levels. 
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 Discussion, findings and recommendations 

From the literature review and conducted study case in this chapter, the following conclusions 

can be stated 0n the impact of EV charging on voltage unbalance:  

 The main factors that define the impact of EV on voltage unbalance are: 

o the network impedance which depends mainly on the transformer and cable/lines 

characteristics; 

o the EV chargers rated power; 

o existing background unbalance in the network. 

 In general, 3.3 kW EV chargers does not increase significantly the unbalance. For instance, 

a recent study in a LV installation [4]  indicate 1.3 % unbalance considering the existing 

levels. The study case conducted in this chapter have shown that the contribution of EV is 

in the maximum 0.9 %. However, depending on the existing unbalance in the network the 

limit of 2 % might be exceed [6].  

 Considering high-power EV chargers, for instance higher than 4.6 kW, recent studies 

suggest that there is great chance (i.e., 34 % for 100 % penetration) that the unbalance will 

exceed the limit of 2 % for some customer locations. 

 At the MV level, a study [8] suggest that the impact is higher, under low levels of EV 

charging penetration (i.e., only 30% penetration). 

 The integration of PV installations doesn’t decrease the voltage unbalance, and therefore 

it cannot be used as mitigation solution without using some coordinated method to match 

the EV and PV connection at the same phases. 

7.6.1. Research gaps: 

A study has pointed out a higher impact of EV charging on unbalance at the MV level. Since 

there are few studies dealing with this issue, it is recommended to conduct more studies to confirm 

these impacts. Also, further study needs to be carried out to establish whether the EV and PV 

integration can mitigate the unbalance. Studies should concentrate on how to coordinate the single-

phase connections from both EV and PV installations.  
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8. HARMONICS 

The level of current harmonic emission from EV charging is dependent on charger circuit 

topology, on the supply voltage distortion (background distortion), and on the network impedance. 

The simplest diode rectifiers emit high level of current harmonics but thanks to improvement in 

their circuits and control techniques, new chargers have much less harmonic emission.  The total 

harmonic distortion of the current (THDi) is usually used to quantify the amount of current 

waveform distortion and it is used for EV charging as well.  First charger measurements from 1993 

were showing about 50% THDi. Measurements in 1994 and 1995 for commercial EV charging 

presented average THDi values of 20% and 7.5% [1]. Table 8-1 briefly shows the evolution of the 

chargers in terms of harmonic emission [2-7]. Based on individual harmonic limits in IEC 61000-

3-4 (for chargers with current more than 16A) the maximum allowed THDi can be calculated as 

17.3%. 

Table 8-1.  Comparison of EV chargers harmonic emission [1]. 

Charger front end type 

Expected current 

harmonic distortion  

THDi, % 

Year 

Single-phase rectifier, no PFC  [6] 173 ------- 

Three-phase rectifier, with shunt inductor, no PFC [7] 24 2011 

Measurement of commercial EV [1],[9] 20 1994 

Worst-case limits, according to IEC 61000-3-4 [5] 17.3 1998 

Measurement of commercial EV [2] 11.6 2013 

Measurement of commercial EV [8] 1.7 2016 

 

A complete charging cycle can be divided into two stages; constant current (CC) and constant 

voltage (CV). The CC is the main charging period and starts from zero to almost 80% SOC 

followed by CV until full charge [8]. EV chargers behave differently in each stage from harmonic 

point of view. During CC they have low harmonic distortion but during CV the current waveform 

is more distorted. (Fig. 10-2, Fig. 10-3). 

 

Figure 8-1. Current during a charging cycle [10]. 



63 

 

 

Figure 8-2. Current waveform during CC charging phase [11]. 

 

Figure 8-3. Current waveform during CV charging phase [11]. 

It is shown (by measurement) in [10] that because of variation in fundamental current during 

the charging cycle, THDi is not suitable for judging the emission from EV chargers. TDD can give 

a better view of the EV charging current distortion for studying the impact of EV charging on the 

grid. Fig. 8-4 illustrates the difference between THDi and TDD for a fast charger used for charging 

a VW model E-Up, with 18.7 kWh battery pack. TDD was calculated based on the maximum 

current demand of 97.5 A measured during the charging cycle. 

 

Figure 8-4. THDi and TDD comparison for the whole charging cycle period [10]. 

The high THDi at the end of the charging cycle does not mean that the harmonic currents are 

higher in magnitude, but their contributions in percentage of fundamental current (which is lower 

than the main stage current) are higher. The measurements presented in [10] also show that despite 

the fact that THDi and TDD comply with IEEE 519 and IEC-61000-3-12/2-4 , some individual 

current harmonics like 11th  and 13th harmonics are likely to exceed the limits.  It is also concluded 
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(from statistical distribution study and simulation) that the difference between same harmonic 

order phase angle are less than 90 degree which means less chance for cancelation and they will 

add for same type of charger.  

In [8] a more comprehensive survey was done and 18 different EVs (representing the majority 

of the types available on the European market in 2016) were tested in terms of harmonic emission. 

Table 8-2 shows the result for ideally sinusoidal AC supply voltage.  All EVs have level 2 on-

board charger and measurement has been performed in a laboratory during CC charging stage.  

The table shows that there are significant variations in THD (ranges from 1.7% to 11.9%) or THC 

(ranges from 0.2 to 2.9 A).  These measured values show that the majority of EV chargers have 

individual harmonics below 1 A (a few EV chargers have harmonic current up to 1.8). 

Despite the THDi being below standard limits, individual harmonic currents from some EVs 

are greater than the aggregation (vector sum) of other typical residential loads. This might cause 

noticeable changes in harmonic distortion levels in residential networks.   

Table 8-2. Summary data of measured data for 18 EVs in the European market [8]. 

No 

Charging Charactristics Distortion Harmonics magnitude (A) 

Tested 

phase 

P (kW) Max 

current (A) 

THDi 

(%) 

THC (A) Fundamental  𝟑𝒓𝒅 𝟓𝒕𝒉 7𝑡ℎ 

1 1 7.7 32 5.1 1.4 27.9 0.7 0.2 0.1 

2 1 7.4 32 4.4 1.4 31.0 0.9 0.4 0.5 

3 1 3.3 16 7.9 1.1 13.9 1 0.2 0.2 

4 1 3.3 16 2.9 0.5 15.1 0.2 0.1 0.1 

5 1 3.3 16 11.9 1.9 15.9 1.8 0.1 0.1 

6 1 3.3 16 5.4 0.8 15.5 0.5 0.3 0.2 

7 1 7.2 16 2.9 0.5 15.4 0.2 0.2 0.1 

8 1 3.3 16 3.1 0.3 9.6 0.3 0.0 0.0 

9 1 2.75 16 7.4 1 13.1 0.9 0.0 0.0 

10 1 3.3 16 3.2 0.5 15.3 0.4 0.1 0.1 

11 1 16.8 80 5.9 1.7 28.7 1.6 0.0 0.1 

12 1 3.3 16 7.2 1.1 14.7 0.9 0.5 0.3 

13 1 3.4 16 1.7 0.2 9.5 0.1 0.1 0.1 

14 1 3.5 16 5.7 0.5 9 0.3 0.2 0.1 

15 3 6.1 13 2.8 0.4 14.2 0.3 0.1 0.1 

16 3 7.4/22 32 9.4 2.9 30.7 0.1 1.8 0.6 

17 3 3.3/22 16/32 2.6 0.4 16.1 0.2 0.1 0.1 

18 3 10/20 40/80 5.3 1.4 25.8 0.7 0.6 0.5 

  Mean  5.3 1 19.2 0.8 0.5 0.3 

Range 1.7 to 

11.9 

0.2 to 2.9 9 to 31 0.1 

to 

1.8 

0.1 to 

1.8 

0.0 to 

0.6 

 



65 

 

The impact of supply voltage magnitude and distortion on individual harmonics in the charging 

current are also considered in reference [8]. It is shown that harmonic distortion is relatively 

independent from supply voltage magnitude. 

More measurement results are presented in [12] regarding harmonic cancellation. It is shown 

that the chance for cancellation because of charger diversity is less for 3rd harmonic while it is 

considerably higher for the 5th and 7th harmonic. For 3rd harmonic most of points are concentrated 

between 120 degree and 300 degree in polar plot while for 5th and 7th harmonics they are distributed 

in all quadrants in polar plot.  

The results of field measurements in a residential area in Dresden are presented in [12]. The 

measurements show both negative (3rd harmonic) and positive (5th harmonic) effects of adding 

EVs for different harmonic orders. The 3rd harmonics from EVs are located in the same quadrant 

(in 3rd quadrant between 180 and 210 degree) as prevailing household loads (for Germany and 

UK) and adding EVs to residential loads will increase the aggregated emission and the 3rd 

harmonic voltage. For 5th harmonic, because of difference between EVs phase angle (3rd quadrant) 

and household loads phase angle (4th quadrant), the total 5th harmonic current phase angle changed 

from fourth quadrant to third quadrant and it will cause slight cancellation between existing 

background harmonic voltage and produced harmonic voltage by loads, despite the increase in 5th 

harmonic current in the feeder.  

The dependency of harmonic emission of EVs on supply voltage distortion differs between 

EVs .The impact of a “flat top” supply voltage on three different EVs is investigated in [12]. For 

the 5th harmonic current all three EVs showed increase when they supplied from a flat top voltage 

while for 3rd and 7th some EVs had increase and some had decrease in their emission.  For some 

chargers the individual harmonic current only depends on the harmonic voltage of the same order. 

For some chargers cross-sensitivity is observed between harmonic voltages and currents from 

different orders. [13] 

There are different classes of EV chargers and each class has its own harmonic characteristics 

and phenomena. The following distinctions impact this. 

-Based on voltage and current 

 Level 1:  

 Level 2 

 Level 3 (fast charging) 

-Based on charger location 

 On-board 

 Off-board 

-Based on power flow direction 

 Unidirectional – grid to vehicle only 

 Bidirectional- both grid to vehicle and vehicle to grid 
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Table 3-1 in Chapter 3 has summarized different charging power levels. It should be mentioned 

that there is difference between “level” and “mode” regarding charging of EVs. Level is related to 

power level while mode is related to the way that EV connect to the grid. Different charging modes 

are shown in Table 3-6 in Chapter 3. 

To study the local impact of EV charging in terms of harmonic emission, the location of 

charger should be first determined. For level 1, which is mostly a household charger, the chargers 

are electrically and geographically distributed.   

For level 2, charging can  take place in both private (like houses) and public facilities, shopping 

centers, commercial buildings or apartment complexes where a cluster of chargers are located in 

one place and mostly they have a dedicated transformer. Because of lack of public charging 

infrastructure, the most probable location for EV charging is at home during night (level 1 or level 

2) and EVs connected to the grid through a single-phase outlet [1, 16, 14].  Level 2 charging in 

residential networks is the predominant charging method in the EU [8].  

Level 3 chargers are located in charging stations (with dedicated transformer) with high 

capacity that can supply a number of EVs with high power (50-100 kW) simultaneously. 

Several studies have been done to investigate the impact of EVs on power quality and different 

findings have been reported. Some showed high impact by adding EVs to the grid even for low 

penetration [17-21] while others stated that low penetration with level 1 and level 2 chargers cannot 

cause any serious increase in harmonic distortion, but with fast such an increase is possible [22-

27]. 

  Standard 

There is no specific standard for EVs regarding power quality. In terms of harmonic emission, 

based on the power of the charger, IEC-61000-3-2 (rated current ≤ 16 A ) and IEC-61000-3-4 

(rated current > 16 A ) set limits for harmonic current injected by chargers to the grid.   

  Hosting capacity – first estimation 

To get a first estimation of the hosting capacity, we consider the aggregation rules as proposed 

in IEC TR 61000-3-6. An aggregation exponent 𝛼 is used to define how the combined emission 

from multiple sources relates to the emission from the individual sources. 

Consider two sources with emission 𝐼1 and 𝐼2; the combined emission 𝐼 is obtained from the 

following expression: 

                                                       𝐼𝛼 = (𝐼1)𝛼 + (𝐼2)𝛼                                                     (8.1) 

The aggregation exponent varies between 1 and 2 for harmonics, according to the IEC 

recommendations, where the exponent is higher for higher frequencies. 

Consider a location with an existing voltage distortion (at a certain harmonic frequency) equal 

𝑈0 and a limit for that frequency equal to 𝑈1.  



67 

 

This leaves a margin for growth. Future growth may be electric vehicles, but also other new 

equipment. Using the same aggregation rule as above, but now for the voltage distortion from the 

different sources, results in the following expression: 

                                      (𝑈0)𝛼 + (𝑈𝐸𝑉)𝛼 + (𝑈𝑜𝑡ℎ𝑒𝑟)𝛼 = (𝑈1)𝛼                                     (8.2) 

The sharing the available margin between growth due to EV charging and growth due to other 

new sources of emission, is one of the difficult choices that has to be made in estimating the hosting 

capacity. Assume a factor 𝑘𝐸𝑉 between the margin available for other new sources of emission and 

the margin available for emission from EV charging. 

                                                      𝑈𝑜𝑡ℎ𝑒𝑟 = 𝑘𝐸𝑉 × 𝑈𝐸𝑉                                                   (8.3) 

The smaller the value of 𝑘𝐸𝑉 the more of the margin is made available for emission from EV 

charging. When 𝑘𝐸𝑉 = 0, the complete margin is made available. 

The above expression changes into 

                                          (𝑈0)𝛼 + (1 + 𝑘𝐸𝑉)(𝑈𝐸𝑉)𝛼 = (𝑈1)𝛼                                      (8.4) 

The contribution from EV charging to the voltage distortion is due to the emission from 𝑁 

chargers each injecting a harmonic current 𝐼ℎ into a harmonic impedance 𝑍ℎ. Here it is assumed 

that each charger injects the same harmonic current and in the same way (i.e. with the same 

impedance) impacts the harmonic voltage. 

The same aggregation law as before can be used, now for the aggregation from the individual 

chargers to the total part of the network. 

                                                      (𝑈𝐸𝑉)𝛼 = 𝑁 × (𝑍ℎ ⋅ 𝐼ℎ)𝛼                                                    (8.5) 

Combining the above expressions, gives an expression from which the hosting capacity 𝑁 can 

be calculated. 

                                     (𝑈0)𝛼 + (1 + 𝑘𝐸𝑉) ⋅ 𝑁 ⋅ (𝑍ℎ ⋅ 𝐼ℎ)𝛼 = (𝑈1)𝛼                              (8.6) 

This results in the following value for the hosting capacity: 

                                                        𝑁 =
(𝑈1)𝛼−(𝑈0)𝛼

(1+𝑘𝐸𝑉)(𝑍ℎ𝐼ℎ)𝛼                                                   (8.7) 

Example 1: a 400 kVA distribution transformer, 4% impedance: 𝑍ℎ = 0.08 Ω at harmonic 5. 

𝑈0 = 3.5% ; 𝑈1 = 6.0% ; 𝐼ℎ = 3 A ; 𝛼 = 1 ; 𝑘𝐸𝑉 = 1 . The latter means that the available 

margin is divided equally between EV charging and other future sources of emission. 

This results in 𝑁 = 11.  

This is a rather extreme case, with unity aggregation exponent (i.e. all emission is just added 

without any cancellation) and almost 20% fifth harmonic current (assuming a 16 A charger). The 

hosting capacity increases quickly with increasing aggregation exponent. For 1.1 and 1.2 as 

exponent, the hosting capacity is 19 and 30, respectively. 
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A transformer of this size will supply up to about 100 domestic customers. A large fraction of 

them can have domestic EV charging without the limit being exceeded. Note that the hosting 

capacity calculated the number of chargers that are in operation at the same time, not the total 

number of chargers that is installed. 

Example 2: a 130/10-kV transformer, 20 MVA, 20% impedance: 𝑍ℎ = 8 𝑚Ω at harmonic 5; 

all voltages, impedances and currents are assumed for low voltage in this example. 

𝑈0 = 3.5%; 𝑈1 = 5.0%; 𝐼ℎ = 3 A; 𝛼 = 1. 

The point of common coupling between all the chargers is at 10 kV, so that we need some 

additional margin for the fifth harmonic with the customer being higher than at 10 kV. Hence the 

value of 5.0% for the limit. The resulting hosting capacity, for different values of the aggregation 

exponent is shown in Table 8-3. 

Table 8-3. Change in harmonic hosting capacity for different exponent values 

Exponent Hosting capacity 

1.0 71 

1.1 144 

1.2 287 

1.3 566 

1.4 1112 

 

A transformer of this size supplies a large geographical area, with thousands of customers. The 

first hosting capacity (exponent 1.1) could rather quickly be exceeded; the one for exponent 1.4 

will not be so likely exceeded. 

The worst cases, lowest hosting capacity, will occur when the margin between existing 

distortion and limit is small. The above expression can be linearized around the limit 𝑈1, by using 

the following approximation 

                                             (𝑈1)𝛼 − (𝑈0)𝛼 ≈ 𝛼 (
𝑈1−𝑈0

𝑈0
) ⋅ (𝑈0)𝛼                                         (8.8) 

The expression for the hosting capacity becomes, under that approximation: 

                                                       𝑁 =
𝛼(

𝑈1−𝑈0
𝑈0

)

1+𝑘𝐸𝑉
× (

𝑈0

𝑍ℎ𝐼ℎ
)

𝛼

                                             (8.9) 

This expression clearly shows how the different parameters impact the hosting capacity.  

Based on this expression the changes in hosting capacity versus exponent value and 

background voltage are plotted for example (2) for 5th harmonic. (Fig. 8-5). The plot shows the 

number of EVs that can connected to each phase without exceeding the 5th harmonic standard limit. 

Based on data from [8] , the 5th harmonic current ranges from 0 to 1.8 A and applying the 

hosting capacity formula and information from example 2, the number of EVs that can connect , 

at the same time, to the network is plotted for exponent 1.4 and 1.2 for different levels of 

background voltage in Fig. 8-6. 
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Figure 8-5. Harmonic hosting capacity vs aggregation exponent and background voltage distortion. 

 

 

Figure 8-6. Harmonic hosting capacity vs harmonic current emission and background voltage distortion for fifth 

harmonic. 
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The hosting capacity increases exponentially with decrease in I_h. For example, for exponent 

1.4 and I_h= 1 A and U0=3 (which is a reasonable value for 5th harmonic voltage) 4800 EVs can 

connect to each phase of the network, it means 14400 EVs for the whole network. Based on table 

II the average power of EV chargers is almost 5kW (single-phase) and considering transformer 

rated power of this example (20 MVA)   and assuming that only the EVs are connected to this 

transformer, for each phase the maximum EVs can be calculated as follows, 

𝑁𝑚𝑎𝑥 =
20 𝑀𝑊

3 × 5𝑘𝑊
= 1333 

Based on this simple calculation the power limitation will be exceeded by EVs before harmonic 

limits for 5th harmonic. 

Figure 8-5 shows a zoomed part of Fig. 8-6 for I_h=1 to 1.7 A. It should be mentioned that 

from Table 8-2 the mean value for 5th harmonic voltage is 0.5 A and considering this value even 

for 4% background voltage, about 6700 EVs can be charged from each phase of network without 

exceeding the standard limit for 5th harmonic. 

 

Figure 8-5. Harmonic hosting capacity vs harmonic current emission and background voltage for exponent 

value=1.4. 

On one hand background distortion has short-term (hourly/daily), mid-term (seasonal) and 

long-term (several years) variations and on the other hand it has a wide variation based on the 

loads connected to LV or MV network and it is difficult to find any value as the mean value for 

background voltage for each harmonic order.  Fig. 8-8 shows two different boxplots presenting the 

existing levels of harmonic voltage in LV networks. Fig. 8-8 (top) shows LV harmonic levels for 

a part of network including 5 LV/MV substations with 31 MV/LV substations in the north of 

Sweden (measurements performed for 2 years and 95th  percentile is considered for each 

substation.). Fig. 8-8 (bottom) illustrates the result of LV measurements obtained at 163 locations 

with low-voltage customers in 17 countries. From these two plots, it can be seen that the levels of 
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harmonics are different for different locations but most of the values remain well below the limits. 

Because of the probabilistic nature of background distortion and charging process including 

diversity of chargers power and manufacturer, diversity of SOC of EVs, diversity of charging start 

time, the probabilistic methods can give better results than deterministic solutions. This has not 

been considered in this study. 

 

Figure 8-8. Box plot of the existing levels of harmonic voltage in LV networks, in a city in the north of Sweden 

(top) and at 163 locations in 17 countries (bottom) 

 Harmonic in Battery Swapping Stations (BBS) 

Short charging time and having charging/discharging control are two major challenges in using 

EVs effectively. The first one is from consumers point of view and the other is from power system 

point of view. To address these challenges a new strategy based on a battery swap station (BBS) 

has been introduced and received lots of attention during the last decade  [28-31]. In this strategy 

batteries are not a fixed part of the EVs, they are leased to EVs owner and they can be replaces at 

BBS by another fully charged battery. The discharged batteries can be charged during off-peak 

times in the station. The centralizing of charging in one place can add more flexibility to control 

the charging process and the grid owners can implement a smart charging method to avoid issues 
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caused by stochastic charging profile, which can significantly increase the peak load and other 

power system problem. Using slow charging method during night can also improve the battery life. 

Due to advantage of this method, a number of companies have launched BBS and integrated 

this technology into their EVs like, Tesla, Mitsubishi Heavy Industries and Better Place. China 

launched a pilot BSS project as the largest BSS in the world in Beijing, China, in 2012. Power 

Swap is a Swedish company that has developed a fully automatic battery swap platform for EVs. 

[32]. NIO company in China delivered its new EV with leased battery in 2018 and has installed 

18 swap stations in eastern china [33]. 

There are two types of BSS, in the first type the battery charging takes place in the same 

location as the battery swapping but in the second type, the charging take place elsewhere.  This 

type received increasing concerns from utilities because it has higher flexibility in BSS placement 

in residential area with high load density. The BBS can be located everywhere in the network 

without any concern about its power demand or power quality issues and the large-scale charging 

station can be located in a suitable location from power system point of view. 

Due to lack of standardization, different EV manufacturers have different batteries with 

different sizes and capacities and implementing a universal BBS for al EVs is not possible in the 

near future. Instead, each EV producer can develop its own battery swapping station until that time.  

From harmonic point of view, a BBS without charging station is preferred to a BBS with 

charging station because of flexibility of charging control and even the location of charging station. 

Because of high demand of a centralized charging station, it has its own dedicated transformer that 

can connect to 10 kV or even higher voltage level.  Due to lack of information about the 

implemented BBS and their variety in size, it is difficult to estimate the size of transformer that 

supplies energy to a charging station.  A battery swapping charging station can have slow charger 

or fast charger with rated power from 3 kW to 100 kW.  To find the optimal number of different 

chargers for a centralized battery charging station can be also a good research area. 

Different scenarios for charger types can be taken into account. The first scenario is that this 

station only utilizes fast chargers which can have a power between 43 kW and 100 kW (three-

phase). The second scenario is that it uses only slow chargers, which have an average power of 

5 kW (single-phase) and the last scenario is that the station can have a combination of fast chargers 

and slow chargers. In this section, first and second scenarios will be discussed with examples.  

Assuming a charging station with a dedicated 1500 kVA transformer (1o/0.4-kV) with 4% 

impedance: 𝑍ℎ = 0.021 Ω at harmonic 5. 𝑈1 = 5.0%; 𝐼ℎ = 15%  of fundamental (5th harmonic 

current is measured 10.8% of fundamental current in [10]);  𝑘𝐸𝑉 = 0  (which means that 

transformer only supplies this charging station and there is no other harmonic source). The 

charging stations usually utilize charger from one manufacturer that can decrease the variety and 

therefore less chance for cancellation. It means that exponent 𝛼  can be close to 1. For worst case 

scenario it is assumed that 𝛼 = 1.   
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For the first scenario, the hosting capacity (for 5th harmonic) of this charging station for 

different values for 𝛼 is plotted in Fig. 8-9 for different background voltages assuming having 

50kW fast charger and below value: 

𝐼ℎ = 15% of fundamental = 15% × 73.5 = 11 𝐴. 

 

Figure 8-9. Hosting capacity vs aggregation exponent value for different background voltage distortion level for 

fifth harmonic, utilizing 50kW fast chargers (first scenario) 

For 𝛼 = 1 and 4% background voltage for 5th harmonic , around 26 fast chargers (50kW) can 

be used in this charging station which consume 1.3 MVA and for higher values of 𝛼 and less values 

of background the hosting capacity is more than 30 which is the highest number of fast chargers 

(with 50kW) that can be supplied from a 1.5 MVA transformer (
1500 𝑘𝑉𝐴

50 𝑘𝑉𝐴
= 30).  It means that 

using the whole capacity of transformer for fast chargers, 5th harmonic voltage standard limit will 

not likely be exceeded and the power limit will be exceeded first. 

For 3rd harmonic the situation is better. The 3rd harmonic background voltage is almost zero 

and there no other loads connected to this transformer. 

It is shown in [10] that 11th and 13th harmonics are likely to exceed standard limits for current 

distortion for measured fast charger. The hosting capacity for EV considering 13th and 11th 

harmonic voltage are also plotted in Fig. 8-10. These figures are plotted based on standard limits 

for 11th and 13th harmonics voltage in LV network as 3.5% and 3%, respectively and considering 

15% for 11th harmonic current and 7% of fundamental for 13th harmonic order (more than values 

from [10]). From Fig. 8-10 it can be seen that 11th harmonic limit will be exceeded before 5th and 

3rd harmonics. Hosting capacity for 11th harmonic voltage with background voltage equal to zero, 

is almost 15 EVs. 
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Figure 8-8. Harmonic hosting capacity, 11th (left) and 13th (right) harmonic order 

For 13th harmonic, the hosting capacity is more than for 11th harmonic order but it is still lower 

than for  5th order. This hosting capacity is calculated based on harmonic current from [10] and 

because of high diversity of fast chargers with different harmonic current values, the results cannot 

be generalized.   

The second scenario is that when only slow chargers are utilized for charging in this charging 

station. The reason behind this can be the battery life improvement or more flexibility in smart 

charging and peak shaving or any other reasons. For this example a slow battery charger with 

3.16kW (single-phase) with maximum charging current of 14.5 A considered. The harmonic 

current spectra for low order odd harmonics are measured in [34] and illustrated in Fig. 8-11. This 

is an on-board charger but since there is not any harmonic information available for off-board slow 

charger, it is assume that there isn’t any significant difference between on-board and off-board 

chargers. 
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Figure 10-11. Slow charger harmonic emission 

Hosting capacity is plotted for different harmonic orders in Fig. 8-12 – Fig. 8-15.  

 

 

Figure 8-12. Harmonic hosting capacity for 3rd  and 5th  harmonic orders; slow charger. 
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For all harmonic orders for this example that the power limit be exceeded before any harmonic 

limit is exceeded, except for 15th harmonic. For some values of background voltage and exponent 𝛼, 

the harmonic limit will be exceeded before the power limit is exceeded. It shows that higher 

harmonic orders with less standard limits are more likely to limit the harmonic hosting capacity 

than low order harmonics. Higher harmonic orders have lower standard limits and therefore less 

margin to these limits. 

It should be mentioned that in this calculation the individual harmonic currents values are 

measured for clean supply voltage but in reality the emission is dependent on background voltage 

and this dependency is not considered for this hosting capacity calculation. 

 

Figure 8-13. Harmonic hosting capacity for 7th and 9th harmonic orders; slow charger. 
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Figure 8-14. Harmonic hosting capacity for 11th and 13th harmonic orders; slow charger 

 

Figure 8-15. Harmonic hosting capacity for 15th harmonic orders; slow charger 
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 EV Impact on Harmonic Resonance  

The input impedance (or equivalent impedance characteristics) seen from the EV chargers’ 

terminals, plays an essential role in defining the impact of harmonic resonances on waveform 

distortion in the power system. However, defining the exact EV chargers input impedance without 

knowing the circuit detail is difficult due to the circuit complexity and dynamic operation. It is 

often only possible obtaining it by specific impedance measurement. The complexity of this circuit 

can be reduced to an equivalent circuit model considering of only the key elements that have a 

predominant impact in the harmonic range.  

8.4.1. EV charger input impedance 

A typical unidirectional EV charger designed to operate in slow charging mode uses a diode 

bridge in conjunction with an EMI filter, power factor correction and DC/DC converter circuits 

[34], [35]. The circuit blocks located in the AC side, have the greatest impacts on the harmonic 

range, as was verified through measurements in [36]. 

EV charger EMI filter 

At a front end to the power system is the EMI filter, which is typically a combination of 

single- or multi-stage passive π-filters with one CM choke. This filter ensures that the EV charger 

will meet the conducted emission limits prescribed by IEC 61851-21 [37] or SAE J-J1113 [38] 

standards. As a drawback, it plays a crucial role in defining harmonic resonances in combination 

with the rest of the grid [39].  

For the sake of analysis, the circuit illustrated in Figure 8-66 show a typical second-order 

EMI π-filter that attenuates by 40 dB both common-mode (CM) and differential-mode (DM) 

noises. 

 

Figure 8-6.  Simplified EV charger single-stage EMI filter. 

Since the interest is only in the driving impedance given by the single-phase connection, 

the circuit can be simplified to an equivalent circuit for differential mode signals as illustrated in 

Figure 8-7. 
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Figure 8-7.  EMI Filter DM equivalent circuit. 

To determine the resonances, the importance relies on determining the equivalent 𝐶𝑋1, 𝐶𝑋2’ 

capacitances and 𝐿𝐷𝑀 inductance, and eventually establish a link with different EV chargers.  

These values are particularly dependent on the EV charger design characteristics (e.g., 

switching frequency, rated power, circuit complexity, etc.) and, for instance, the values do not 

always have a direct relation to the EV charger rated power. The determination of these values is 

considered difficult, and there is no widely accepted design practice - different authors give 

different procedures (e.g., [40]–[42]). Even using theoretical models for the design, post-

adjustments are often needed to cope with the higher frequency limits.  

Although the components range can vary for different designs, capacitors and inductors 

should have practical values. For instance, a simple 5.0 µF line-voltage filter capacitor, or even a 

20 mH/10A inductor is too bulky and impractical for EV applications. Ultimately, the choice of 

𝐶𝑋 capacitor and 𝐿𝐷𝑀 inductance is a design trade-off and fine-tuning of the filter performance. 

Considering as reference charging modes 1 and 2 and rated currents of 10 A, 16 A, and 

32 A, a survey from filter manufacturers [43]–[45] reveals that practical 𝐶𝑋, 𝐶𝑌 and 𝐿𝐷𝑀  ranges 

are as listed in Table 8-3. 

 

Table 8-3.  Typical inductance and capacitance values for EMI filters in the range between 10 A and 32 A. 

Filter element Minimum Maximum 

LDM 0.7 mH 8.0 mH 

CX 0.1 F 1.0 F 

CY 1.0 nF 4.7 nF 

 

The choice within the ranges will depend on the required filter volume and weight, and 

attenuation level, as well the number of filter stages.  

8.4.2. Resonances due multiple EV connections 

To analyze the impact of 𝐶𝑋, 𝐶𝑌 and 𝐿𝐷𝑀 in creating resonances, consider the simplified 

system illustrated in Figure 8-8, where a number of EV chargers, represented by single-stage EMI 

filters, are connected to a point of common coupling (PCC) into the grid. 
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Figure 8-8.  Simplified schema of several EV chargers connected to a common coupling point in the grid. 

In the circuit, the equivalent grid resistance, 𝑅𝐺 , and inductance, 𝐿𝐺 , is mainly attributed to 

the LV cable and the short circuit impedance of the transformer. 𝐶𝐺 is the simplified representation 

of the equivalent capacitance seen by the loads at PCC, while the equivalent resistance of the EV 

charger, 𝑅𝑒𝑞, is dependent on the rated power and battery charging state [46]. The equivalent 

resistance seen by the loads is neglected because this analysis does not aim to estimate the 

attenuation. Possible inductances are not considered because the equivalent inductance is usually 

in the order of tens of mH, creating resonances at very low frequencies. 

A simple analysis from the circuit reveals the possible emergence of various resonances at 

the PCC. For instance, in a system with 𝑁 different EV chargers, each one with an 𝑛-stage EMI 

filter, the resulting number of resonances can be approximated by:  

 𝑵𝒓𝒆𝒔 = 𝟏 + ∑ 𝟐𝒏𝒊

𝑵

𝒊=𝟏

 (8.10) 

The first and most important is the series resonance created by the combination of the grid 

equivalent inductance, 𝐿𝐺 , and capacitance, 𝐶𝐺 , and the sum of the capacitors 𝐶𝑋1  from the 

individual chargers. The simplified expression yields to: 

 
𝒇𝒓𝒆𝒔𝟏 =

𝟏

𝟐𝝅√𝑳𝑮(𝑪𝑮 + ∑ 𝑪𝑿𝟏𝒏
𝑵
𝒏=𝟏 )

 
(8.11) 

The other resonances have less dependence on the grid inductance and can vary from 

charger to charger. One is a series resonance created by the combination of 𝐿𝐷𝑀 and 𝐶𝑋2′ branch, 

and the other is the parallel resonance created by the loop 𝐿𝐷𝑀, (𝐶𝐺+𝐶𝑋1), and 𝐶𝑋2′. Both resonances 

will range from 1.8 kHz up to 19 kHz using the listed values in [47], being the last, slightly 

impacted by the equivalented grid capacitance, 𝐶𝐺. The simplified expressions of these resonance 

frequencies are given by: 

 𝒇𝒓𝒆𝒔𝟐 =
𝟏

𝟐𝝅√𝑳𝑫𝑴𝑪𝑿𝟐′

 (8.12) 

 
𝒇𝒓𝒆𝒔𝟑 =

𝟏

𝟐𝝅√𝑳𝑫𝑴
(𝑪𝑮 + 𝑪𝑿𝟏)𝑪𝑿𝟐′

𝑪𝑮 + 𝑪𝑿𝟏 + 𝑪𝑿𝟐′

 
(8.13) 
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Compared to 𝑓𝑟𝑒𝑠1, the resonances 𝑓𝑟𝑒𝑠2 and 𝑓𝑟𝑒𝑠3 present a sharp attenuation given by the 

equivalent impedance from the rest of the charger. Resonances 𝑓𝑟𝑒𝑠2, 𝑓𝑟𝑒𝑠3, are attenuated 800 to 

5000 times more than 𝑓𝑟𝑒𝑠1, depending mainly on the relation between transformer and cables 

resistance, and EV charger equivalent resistance. 

Figure 8-9 shows the resulting source impedance at PCC considering a hypothetical system 

with three equal EV chargers with rated power 3.3 kW, 𝐿𝐷𝑀 and 𝐶𝑋 equal to 1.0 mH and 1.0 F, 

respectively, connected to a distribution network supplied by a 500 kVA transformer with 𝐶𝐺 equal 

to 140 F. The top and bottom graphs show the source impedance when the charger is operating 

at 100 % and 1% of the rated power.  

 

Figure 8-9.  Source impedance when the EV chargers operate at 100 % (top graph) and 1 % (bottom graph) of the 

rated power, respectively. 

At 100% power (top graph) the resulting resonances frequencies 𝐟𝐫𝐞𝐬𝟏, 𝐟𝐫𝐞𝐬𝟐, and 𝐟𝐫𝐞𝐬𝟑, are 

approximately 1.8 kHz, 5.0 kHz and 5.1 kHz. However, only 𝐟𝐫𝐞𝐬𝟏 has significant magnitude, 

while 𝐟𝐫𝐞𝐬𝟐, and 𝐟𝐫𝐞𝐬𝟑 are very close to each other and they can only be noticed in an eventual drop 

of the equivalent resistance of EV charger, which in theory can happen, especially when the battery 

is close to full charge, represented here by the operating point at 1 % power (bottom graph). 

 

8.4.3. Resonances in an existing network (Stochastic Approach) 

In a real scenario customers are prone to connect different types of EV chargers randomly over 

the three phases in different locations and time. As an example, Figure 8- shows the source 
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impedance magnitude between phase-a and neutral at one customer end considering different 

levels of EV penetration in an existing network.  

The graph shows the 95th percentile of the impedance, result of a Monte Carlo simulation 

of 250 samples in an existing network. The method is essentially the same as that used in [36], 

considering the 28-customer network, with some modifications in order to include single-phase 

EV chargers into the scope. More specifically, the EV chargers are randomly connected to the 

customers end, being the capacitances defined by a continuous distribution probability function 

from 0.1 F up to 1.0 F. 

 

Figure 8-20.  Source impedance for customer 1, phase a-n under different levels of EV charger’s penetration. 

From Figure 8-20, it can be observed that the dominant resonance is at 1.68 kHz with 

magnitude of about 4.6 . However, this resonance is mainly created by the combination of the 

equivalent customer capacitances (beyond EV chargers) and the transformer inductance. The 

impact of the EV chargers on the resonance is smaller due to the lower shunt capacitance compared 

to rest of the system. The EV charger penetration in the range 0-100% slightly shifts the main 

resonance to a lower frequency band in about 80 Hz and attenuates it by only 0.06 .  

 Conclusion 

Evolution of EV chargers in last decade shows that current EVs have less harmonic emission 

than old models and individual harmonic currents are well below the standard limits. However, 

the EV penetration has an upward trend and more EVs will be connected to the grid in the near 

future. It means; increase in number of harmonic sources and decrease in harmonic emission from 

each source, which can cause power quality issues for grid and therefore needs more research.  

Diversity of chargers can have positive impact on aggregation and more chance for harmonic 

cancellation while background voltage distortion can have both negative and positive impacts on 

aggregation and it varies between different harmonic orders and the phenomena is not well known 

yet and more studies should be done. Based on previous studies and simple harmonic hosting 

calculation in this study, high order harmonics such as 11th, 13th  and even 15 are more likely to 

exceed the limits than low order harmonics like 3rd, 5th and 7th harmonics.   

Because of the probabilistic nature of background distortion and charging process including 

diversity of chargers power and manufacturer, diversity of SOC of EVs and diversity of charging 

start time, the probabilistic methods can give better results than deterministic solutions. This has 

not been considered in this study. 
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Finally, the impact of EV charging on harmonic resonance is small. A single-phase EV charger 

adds to the grid a capacitance in the range 0.1-1.0 F. 

 Reference 

[1]. Kütt, Lauri, Eero Saarijärvi, Matti Lehtonen, Heigo Mõlder, and Jaan Niitsoo. "A review of 

the harmonic and unbalance effects in electrical distribution networks due to EV charging." 

In 2013 12th International Conference on Environment and Electrical Engineering, pp. 556-

561. IEEE, 2013. 

[2].  M. Zamri, C. Wanik, M. Fadzil, M. Siam, A. Ayob, S. Yanto, M. Azah, A. H. Azit, S. 

Sulaiman, M. Azrin, M. Ali, Z. F. Hussein, A. Kamil, M. Hussin, Harmonic “Measurement 

and Analysis during Electric Vehicle Charging”, Engineering, 2013, Vol. 5, No. 1B, pp. 215 

– 220. 

[3]. N. Melo, F. Mira, A. de Almeida, J. Delgado, Integration of PEV in Portuguese Distribution 

Grid. Analysis of harmonic current emissions in charging points. Electrical Power Quality 

and Utilisation (EPQU) 2011, 6 p. 

[4]. C. Wenge, M. Stotzer, T. Winkler, P. Komarnicki, Power quality measurements of electric 

vehicles in the low voltage power grid, Electrical Power Quality and Utilisation (EPQU), 

2011, 5 p. 

[5]. R. Bass, R. Harley, F. Lambert, V. Rajasekaran, J. Pierce, Residential Harmonic Loads and 

EV Charging, IEEE Power Engineering Society Winter Meeting, 2001, Vol. 2, pp. 803 – 

808. 

[6]. A.J. Collin, S.Z. Djokic, H.F. Thomas, J. Meyer, Modelling of Electric Vehicle Chargers for 

Power System Analysis, Electrical Power Quality and Utilisation (EPQU), 2011, 6 p. 

[7]. P.S. Moses, M.A.S. Masoum, K.M. Smedley, Harmonic Losses and Stresses of Nonlinear 

Three-Phase Distribution Transformers Serving Plug-In Electric Vehicle Charging Stations, 

IEEE PES Innovative Smart Grid Technologies (ISGT), 2011, 6 p. 

[8]. Collin, A. J., Xiao Xu, S. Z. Djokic, F. Moeller, J. Meyer, L. Kutt, and M. Lehtonen. "Survey 

of harmonic emission of electrical vehicle chargers in the European market." In 2016 

International Symposium on Power Electronics, Electrical Drives, Automation and Motion 

(SPEEDAM), pp. 1208-1213. IEEE, 2016. 

[9]. S. H. Berisha, G. G. Karady, R. Ahmad, R. Hobbs and D. Karner, "Current harmonics 

generated by electric vehicle battery chargers," Proceedings of International Conference on 

Power Electronics, Drives and Energy Systems for Industrial Growth, New Delhi, India, 

1996, pp. 584-589 vol.1. doi: 10.1109/PEDES.1996.539678 

[10]. Lucas, Alexandre, Fausto Bonavitacola, Evangelos Kotsakis, and Gianluca Fulli. "Grid 

harmonic impact of multiple electric vehicle fast charging." Electric Power Systems 

Research 127 (2015): 13-21. 



84 

 

[11]. Lorenzo, Kevin. "Harmonics propagation and impact of Electric Vehicles on the electrical 

grid." (2014). 

[12]. Meyer, J., S. Mueller, S. Ungethuem, X. Xiao, A. Collin, and S. Djokic. "Harmonic and 

supraharmonic emission of on-board electric vehicle chargers." In 2016 IEEE PES 

Transmission & Distribution Conference and Exposition-Latin America (PES T&D-LA), pp. 

1-7. IEEE, 2016. 

[13]. Müller, S., J. Meyer, P. Schegner, and S. Djokic. "Harmonic modeling of electric vehicle 

chargers in frequency domain." In International Conference on Renewable energies and 

Power Quality (ICREPQ), pp. 1-6. 2015. 

[14]. Yilmaz, Murat, and Philip T. Krein. "Review of battery charger topologies, charging power 

levels, and infrastructure for plug-in electric and hybrid vehicles." IEEE transactions on 

Power Electronics 28, no. 5 (2012): 2151-2169. 

[15]. https://thedriven.io/2018/08/28/faq9-ev-charging-speeds-explained/ 

[16]. Zhao, L., S. Prousch, M. Hübner, and A. Moser. "Simulation methods for assessing electric 

vehicle impact on distribution grids." In IEEE PES T&D 2010, pp. 1-7. IEEE, 2010. 

[17]. Lucas, Alexandre, Fausto Bonavitacola, Evangelos Kotsakis, and Gianluca Fulli. "Grid 

harmonic impact of multiple electric vehicle fast charging." Electric Power Systems 

Research 127 (2015): 13-21. 

[18]. P. Richardson, D. Flynn, A. Keane, Impact assessment of varying penetrationsof electric 

vehicles on low voltage distribution systems, in: IEEE PES GeneralMeeting, 2010, pp. 1–6. 

[19]. V. Tikka, J. Lassila, J. Haakana, J. Partanen, Case study of the effects of electricvehicle 

charging on grid loads in an urban area, in: Second IEEE PES Interna-tional Conference and 

Exhibition on Innovative Smart Grid Technologies, 2011,pp. 1–7. 

[20]. F. Musavi, M. Edington, W. Eberle, W.G. Dunford, S. Member, Evaluation andefficiency 

comparison of front end AC–DC plug-in hybrid charger topologies,IEEE Trans. Smart Grid 

4 (1) (2012) 413–421. 

[21]. F. Lambert, A. Georgia, L.B. Suggs, G. Power, C. John, B. Sisco, E. Morales, V.P.Company, 

Residential harmonic loads and EV charging, in: Power EngineeringSociety Winter Meeting. 

2 (C), 2001, pp. 803–808. 

[22]. M. Basu, K. Gaughan, E. Coyle, Harmonic distortion caused by EV battery charg-ers in the 

distribution systems network and its remedy harmonic distortioncaused by EV battery 

chargers in the distribution, in: 39th Int. UniversitiesPower Engineering Conferences, 2004, 

pp. 869–873. 

[23]. E. Lo, D. Sustanto, C.C. Fok, Harmonic load flow study for electric vehicle charg-ers, in: 

Int. Conference on Power Electronics and Drive Systems, PEDS’99, July,1999, 1999, pp. 

495–500. 

https://thedriven.io/2018/08/28/faq9-ev-charging-speeds-explained/


85 

 

[24]. N. Zimmerman, R. Bass, Impacts of electric vehicle charging on electric powerdistribution 

systems, in: OTREC-SS-731, September, 2013, Portland, OR, 2013,pp. 1–53. 

[25]. N. Melo, F. Mira, A. de Almeida, J. Delgado, Integration of PEV in Portuguesedistribution 

grid: analysis of harmonic current emissions in charging points,in: 11th International 

Conference on Electrical Power Quality and Utilisation,2011, pp. 1–6. 

[26]. K. Kim, C.S. Song, G. Byeon, H. Jung, H. Kim, G. Jang, Power demand and total har-monic 

distortion analysis for an EV charging station concept utilizing a batteryenergy storage 

system, J. Electr. Eng. Technol. 8 (5) (2013) 1234–1242. 

[27]. A.H. Foosnæs, A.N. Jensen, N.C. Nordentoft, Report: Case Studies of Grid Impactsof Fast 

Charging, Edison Consortium, D 4.4.3 & D 4.4.4 Copenhagen, September,2011, pp. 1–62. 

[28]. Zheng, Yu, Zhao Yang Dong, Yan Xu, Ke Meng, Jun Hua Zhao, and Jing Qiu. "Electric 

vehicle battery charging/swap stations in distribution systems: comparison study and optimal 

planning." IEEE Transactions on Power Systems 29, no. 1 (2013): 221-229. 

[29].  F. Q. Zhou, Z. W. Lian, X. L. Wan, X. H. Yang, and Y. S. Xu, “Discussion on operation 

mode to the electric vehicle charging station,” Power Syst. Protection and Control, vol. 1, 

no. 1, pp. 65–72, Jun. 2010.  

[30]. Y. X. Liu, F. H. Hui, R. L. Xu, T. Chen, X. Xu, and J. Li, “Investigation on the construction 

mode of charging and battery-exchange station,” in Proc. Power Energy Eng. Conf, Mar. 

2011, pp. 1–2. 

[31]. P. Lombardi, M. Heuer, and Z. Styczynski, “Battery switch station as storage system in an 

autonomous power system: optimization issue,” in Proc. IEEE PES General Meeting, Jul. 

2010, pp. 1–6. 

[32]. http://powerswap.se/concept/ 

[33]. https://www.sae.org/news/2019/01/nio-ev-battery-swapping 

[34]. Müller, Sascha, Friedemann Möller, Jan Meyer, Adam J. Collin, and Sasa Z. Djokic. 

"Characterisation of harmonic interactions between electric vehicle battery chargers and PV 

inverters." In 2014 16th International Conference on Harmonics and Quality of Power 

(ICHQP), pp. 645-649. IEEE, 2014. 

[35]. M. Yilmaz and P. T. Krein, “Review of battery charger topologies, charging power levels, 

and infrastructure for plug-in electric and hybrid vehicles,” IEEE Trans. Power Electron., 

vol. 28, no. 5, pp. 2151–2169, 2013. 

[36]. L. Rubino, C. Capasso, and O. Veneri, “Review on plug-in electric vehicle charging 

architectures integrated with distributed energy sources for sustainable mobility,” Appl. 

Energy, vol. 207, pp. 438–464, 2017. 

http://powerswap.se/concept/
https://www.sae.org/news/2019/01/nio-ev-battery-swapping


86 

 

[37]. T. Busatto, V. Ravindran, A. Larsson, and M. H. J. Bollen, “Estimation of the consumer 

electronics capacitance for harmonic resonance studies by a non-invasive measurement 

method,” Proc. Int. Conf. Harmon. Qual. Power, ICHQP, vol. 2018-May, pp. 1–6, 2018. 

[38]. IEC 61851-1, “Electric vehicle conductive charging system - Part 1: General requirements.” 

IEC, 2017. 

[39]. SAE J-1113, “Electromagnetic Compatibility Measurement Procedures and Limits for 

Components of Vehicles, Boats (up to 15 m), and Machines (Except Aircraft) (16.6 Hz to 

18 GHz).” 2013. 

[40]. A.Di Napoli and A. Ndokaj, “EMC and safety in vehicle drives,” Proc. 2011 14th  Eur. Conf. 

Power Electron. Appl. EPE 2011, pp. 1–8, 2011. 

[41]. R. L. Ozenbaugh, EMI Filter Desin. Marcel Dekker, Inc, 1995. 

[42]. F. Y. Shih, D. Y. Chen, Y. P. Wu, and Y. T. Chen, “A procedure for designing EMI filters 

for AC line applications,” IEEE Trans. Power Electron., vol. 11, no. 1, pp. 170–181, 1996. 

[43]. K. Kostov, V. Tuomainen, J. Kyyrä, and T. Suntio, “Designing power line filters for DC-

DC converters,” in 11th International Power Electronics and Motion Control Conference 

(EPE-PEMC 2004), 2004, no. September, p. 6. 

[44]. Würth Elektronik, “WE-CLFS Line Filter.” [Online]. Available: https://katalog.we-

online.com. [Accessed: 12-Oct-2019]. 

[45]. Schaffner, “Single-phase, single stage AC/DC EMI Filters.” [Online]. Available: 

https://www.schaffner.com/products/emcemi/. [Accessed: 12-Oct-2019]. 

[46]. Delta Electronics Inc, “EMI Filters.” [Online]. Available: https://www.deltaww.com. 

[Accessed: 12-Oct-2019]. 

[47]. Y. Liu, Y. Li, J. Ren, S. Wang, and L. Li, “A Data-driven Harmonic Modeling Method for 

Electric Vehicle Charging Station,” in 25th International Conference on Electricity 

Distribution CIRED, 2019, no. June, pp. 3–6. 

 

  



87 

 

9. EVEN HARMONICS 

  Some relevant standards 

EN 50160 gives the main voltage parameters and their permissible deviation ranges at the 

customer’s point of connection in public low voltage (LV) and medium voltage (MV) electricity 

distribution systems, under normal operating conditions.   

Table 9-1 gives the voltage harmonic standards for a distribution system. 

Table 9-1.  Harmonic Voltage Standards [1]. 

Parameter Supply voltage 

characteristics according to 

EN 50160 

Low voltage characteristics according to EMC 

standard EN 61000 

EN 61000-2-2 Other parts 

Harmonic voltage Odd harmonics 

Not multiples of 3 

6%-5th, 5%-7th, 3.5% -11th, 

3%-13th ,2%-17th, 1.5%-

19th ,23rd ,25th.  

Multiples of 3 

5%-3rd , 1.5%-9th, 0.5%- 15th 

and 21st  

Even harmonics 

2%- 2nd , 1%- 4th and 0.5%- 

6th to 24th 

6%-5th, 5%-7th, 3.5%-

11th, 3%-13th,  

THD <8% 

5% 3rd, 6% 5th, 5% 7th, 

1.5% 9th, 3.5% 11th, 3% 

13th, 0.3% 15th, 2% 17th 

(EN 61000-3-2) 

Interharmonic 

voltage 

LV, MV: under consideration 0.2%  

 

  Electric vehicle measurement data 

Figure 9-1 shows the even voltage harmonic distortion of a measurement at an EV charging 

station. Even voltage distortion above 10th order is less than 0.02 V. The 6th order harmonic voltage 

is in the range of 0.09 V.  

The 4th order harmonics current is 0.15 A which is 0.3% of the 47 A peak current. Though not 

very high, it cannot be neglected either. If there are lots of chargers connected to the same PCC, 

the aggregation could result in unacceptable levels of harmonic current. These current harmonics 

have much stronger effect on power quality by causing a high voltage drop on a weak grid.  

The end of charging is part of the measurement period. This makes it possible to estimate 

which harmonics in current have a noticeable impact on the harmonic voltages. For the even 

harmonics, only with harmonic 4 is there a noticeable change. The charging current results in about 

a doubling of the fourth harmonic voltage. 
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Figure 9-1.  Even Voltage Harmonic Distortion of EV Charging 

 

Figure 9-2.  Even Current Harmonic Distortion of EV Charging. 

 



89 

 

Figure 9-3 and Figure 9-4 show the odd voltage harmonics distortion and odd current 

harmonics distortion of EV charging voltage and current signatures obtained from the same EV 

charger as in the previous figures. 

 

Figure 9-3.  Odd Voltage Harmonic Distortion of EV Charging. 

 

Figure 9-4.  Odd Current Harmonic Distortion of EV Charging. 
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From Figure 9-3  it is observed that the 5th and 11th voltage harmonics magnitudes increase 

once the vehicle stops charging. This means that the charging current results in a reduction in 

harmonic voltage at these harmonic orders. For harmonic 13, the charging current results in an 

increase in harmonic voltage. For the other odd voltage harmonics, the impact is small or not 

visible.  

Figure 9-5 and Figure 9-6 shows the triplen voltage and current harmonics distortion. The 3rd 

and 9th harmonics are around 0.375V for both during the charging and non-charging cycles. When 

charging stopped, there is no change in 3rd harmonics and a drop in 9th harmonics. There is some 

impact for some of the higher-order triplen harmonics. 

 

Figure 9-5.  Triplen Voltage Harmonic Distortion of EV Charging. 

 

Figure 9-6.  Triplen Current Harmonic Distortion of EV Charging. 
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Harmonic voltages are present even when no vehicles are charging. These harmonics are due 

to all the other loads of the considered LV grid, and they are varying in relatively large proportions. 

This background distortion makes that it is difficult to identify the impact of the harmonic currents 

from EV charging on the harmonic voltages. The source impedance can for example not just be 

estimate as the ratio between harmonic voltage and current. The interpretation of the results gets 

even more complicated because only the magnitude (and not the phase angle) are available of the 

harmonic voltages and currents. 

To get at least an impression of the way in which the harmonic currents have an impact on the 

harmonic voltages, scatter plots of voltage against currents have been used. The scatter plot results 

for 5th, 7th, 11th, 13th and 17th order harmonics are shown in Figure 9-7. Here it should be pointed 

out that the slope of the VI curve is not related to the source impedance at that harmonic order.  

 

 
(a)  

(b) 

 
(c)  

(d) 

 
(e) 

Figure 9-7.  Separate Scatter Plots of (a) 5th , (b) 7th , (c) 11th , (d) 13th  and (e) 17th  Harmonics. 
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Figure 9-8.  Combined Scatter Plot of 5th , 7th , 11th , 13th  and 17th  Harmonics. 

The impact of EVs on the power quality actually strongly depends on the upstream impedance 

at the point of connection. The lower it is, the lower are the harmonic voltages caused by EVs. 

More studies are required to determine the accurate source impedances for harmonic frequencies 

in low-voltage networks.  

Wenge et al. in [2] developed three standardized harmonic EV models based on the 

measurement data. The model was used to perform  a case study on high market penetration of 

EVs in the year 2030 for Germany. The harmonic current injection source 𝑖𝑠(𝑡) was represented 

as a fourier series. 

                            𝑖𝑠(𝑡) =  
1

2
𝐴0 + ∑ 𝐴𝑛

𝑁
𝑛=1 cos(𝑛𝜔𝑡) + 𝐵𝑛 sin(𝑛𝜔𝑡)                              (9.1) 

Where, 𝜔 = 2𝜋𝑓 ⋅ 𝑁 is the frequency corresponding with the highest harmonic order. 

The parameters of harmonic load model was estimated using least square optimization method. 

The study concluded that the Type A charger introduce high harmonic penetration compared to 

Type B and Type C. With Type A charger, the limits of 3th, 5th, 7th, 9th, 11th, 13th, 15th, 17th 

harmonics are violated. On the other hand, Type B and Type C chargers showed odd order 

harmonics of voltage well within limits.   

Lorenzo in [3] performed simulations and measurements in laboratory and onsite of EV 

charging station and concludes that no practical problems appear to occur with the use of the 10-

electric-car park studied and found the harmonics within limit. On the other hand, the laboratory 

test with multiple cars connected simultaneously measured disturbing harmonics on local weak 

grid. Thus, the study recommends precautions for the charging stations far from the MV 

substations. Also, the study suggests more investigations in the supraharmonics range [2-150 kHz] 

as the sensitive equipment connected to the grid will be affected and no standard is currently 

available to limit emissions or absorptions. More investigations are also required to determine the 

maximum hosting capacity of the weak grid. 
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Yanxia and Jiuchun in [4] identified EV chargers as a potential problem of excessive harmonic 

current and poor power factor due to their highly non-linear characteristics. The real and imaginary 

term of harmonic currents were obtained from real time measurements. Gaussian distribution of 

EV charging power was used to determine the probability density function of net harmonic current 

as different charger charge at different instants. Harmonic current injection by a cluster of EV 

chargers was obtained using the central limit theorem and large number law of statistical analysis. 

The limitation of this study is the consideration of Gaussian distribution for EV charging power. 

In the present study though from real time measurements it is found that all individual even, 

odd and triplen harmonics magnitudes are within the harmonic limits as per IEEE 519 and EN 

50160 standards. However, it was also found that there is serious impact on some of the harmonics. 

The aggregation on these harmonics may result in large voltage drops in a weak grid. More studies 

are required to determine the harmonic orders which really impact the grid when large number of 

EVs are randomly connected to the grid. Different parameters such as SOC, magnitude and phase 

of the harmonics, the transfer impedance, impact of secondary emission (aggregation) on the 

primary emission need to be studied.   
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10. INTERHARMONICS 

There is very little known about the existence, propagation and generation mechanisms of 

interharmonics due to EV charging. The interconnected operation of AC-DC and DC-DC 

converters has resulted in the generation of interharmonics in several systems like PV [1], Wind 

turbines [2] (both are power generation sources) due to a number of reasons like asynchronous 

operation, specific feedback control system operations, etc. The same could be expected with EV 

charging (even if they are loads), as the charging system of EV’s also consists of an interconnection 

of different converters with associated control systems. 

An example for interharmonics generation at PCC due to EV charging is reported in [3].  

 

 
Figure 10-1.  Interharmonic frequency components in Voltage (a) and their magnitudes (b) resulted from EV 

charging [3]. 
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A 1-hour voltage sample sequence of 0.4-kV side acquired from one electrical vehicle (EV) 

charging station is analysed in [3]. The load in the EV charging station consists entirely of 

regulated DC charging equipment of large power. Three interharmonics components below 1 kHz 

and one interharmonic component above 8 kHz are detected, as shown in Figure 10-1(a), (b). A 

pair of interharmonics with frequency of  50 Hz ± 𝑓  , where  𝑓 ≈ 22 𝐻𝑧  , is detected. The 

magnitude of the one above 8 kHz is the highest. These interharmonics are caused by the DC 

charging equipment in this station. The rectifier’s AC side is modulated by the DC ripple, and 

interharmonics could be produced. The two interharmonic frequencies around 50 Hz are likely due 

to a 22 Hz ripple on the DC voltage; the 8-kHz supraharmonic is caused by the switching 

frequency; the origin of the 227-Hz component is unclear [3].  

  Aggregation of interharmonics at point of common coupling 

A simple calculation exercise was carried out to foresee how the interharmonic frequency 

components gets aggregated in the PCC if one EV is charging and if 2 EV’s are charging with 

same phase angles assumed (Case: 1) and with random phase angles assumed (Case: 2). The results 

are presented in Figure 10-2 and Figure 10-3. 

Case: 1- One EV charging, injecting the same interharmonic frequencies as in Figure 10-1 

with same phase angle assumed at time zero and two EV’s charging at the same time, injecting the 

same interharmonic frequencies as in Figure 10-1, again with same phase angle assumed for both 

installations at time zero. 

 

 
Figure 10-2.  Aggregation of interharmonic frequency components with 1 EV and with 2 EVs, same phase angle 

assumed. 
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Case: 2- One EV charging, injecting the same interharmonic frequencies as in Figure 10-1, 

with random phase angle assumed at time zero and two EV’s charging at the same time injecting 

the same interharmonic frequencies as in Figure 10-1, with random phase angle assumed for both 

installations. 

 

 
Figure 10-3.  Aggregation of interharmonic frequency components with 1 EV and with 2 EV, random phase 

angle assumed. 

The inference from the above exercise is that the aggregation of interharmonic frequency 

components at PCC is dependent on their phase angle with respect to the fundamental. So 

situations of amplifications as in Figure 10-2 and situations of attenuation as in Figure 10-3 can 

happen when multiple EV’s are charging. 

Case: 3- Aggregation at PCC when multiple EVs are charging, where 10 random pairs each 

10 Hz apart are considered between 28 Hz and 282 Hz with random phase angles and magnitudes 

approximately as described in [3]. 

 

Figure 10-4.  Caption needed here. 

A third case with assumption where emission from multiples vehicles charging at the same 

instances, having the same stochastical properties as before but with independent frequencies and 
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amplitudes varying randomly with time was considered. One of the worst cases where the 

emissions get aggregated is shown in Figure 10-4. This indicates a potential risk to instability of 

control systems. 

  Results of an Experimental study  

A laboratory experiment was conducted in the Pehr Högström laboratory at Luleå University 

of Technology in Skellefteå, to understand about interharmonics in a low voltage system – a home 

with EV, PV and microwave operating electrically close to each other. Five different types of EV’s 

were tested. The research questions to be addressed are summarized as: 

Are interharmonics generated due to EV charging and do they propagate to the grid? 

Can interharmonics if already present in the grid due to PV or microwave operating 

adjacent to the EV propagate to the EV? 

The inferences presented below are based on this experimental study. 

Case: 1 (a) Are EV’s sources of interharmonics? 

It is shown that EV charging can generate interharmonics at instances of sudden changes in 

charging levels/ charging currents; this  is also seen in the grid current. With constant charging 

current, interharmonics are not generated as marked in Figure 10-5. 

 

  
Figure 10-5.  EV charging current and its STFT spectrum. 

Case: 2 (a) Can interharmonics generated by PV operating electrically close to EV, propagate 

to EV side or propagate to grid side?  

It depends on how strong is the grid but during the laboratory measurements, interharmonics 

from PV propagated to the grid and were not seen in the EV current.  
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Figure 10-6.  PV current (top) and Grid current (bottom) with its STFT spectrum once EV is operating together with 

PV. 

Case: 2 (b) Can interharmonics generated due to microwave operation propagate to EV side? 

Yes, for EV5 and not for EV2, which were the only cases where the microwave was connected 

and tested. The result for EV5 is presented in Figure 10-7. The change in current levels in the grid 

current is due to microwave operation and the sudden transient due to microwave operation 

affecting EV charging is marked. 

  

 
 

Figure 10-7.  Grid current (top) and EV current (bottom) with its STFT spectrum once EV5 is operating together 

with microwave. 
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11. SUPRAHARMONICS 

This chapter presents the state-of-the art of the knowledge about supraharmonic emission by 

electric vehicles (EV).  The importance of supraharmonics for low-voltage grids with EV 

penetration is presented first. The status of standardizing measures regarding supraharmonics is 

mentioned next. A list of relevant publications on supraharmonics and electric vehicles, as well as 

a short description of their contributions to the field, shows the advancements on the topic over 

the past four years. The results of the measurement of the supraharmonic emission of a number of 

EVs while charging are presented next for demonstrative purposes. Then, a list of cases where 

electromagnetic interference was possibly caused by the supraharmonic emission of charging EVs 

is presented as well as a summary of consequences of the propagation of supraharmonic distortion 

to the low-voltage (LV) network. Future trends in the development of EV and expected 

characteristics of their supraharmonic emission are stated afterwards. The chapter ends with 

concluding remarks and a list of references for further reading. 

  Supraharmonic generation in EV 

EV chargers are constituted by the power-electronics-based switching circuits, which have 

been introduced in Chapter 2. The charger circuits are unidirectional or bidirectional in nature, 

which means EVs can be used in grid-to-vehicle or vehicle-to-grid operation. Electromagnetic 

interferences caused by EV in the supraharmonics range are one of the major issues reported by 

the users [1].  Various converters in the EV use mainly MOSFETs and IGBTs as switches. These 

switches are typically switched at frequencies below 200 kHz (IGBTs</=100 kHz; MOSFETS 

<200 kHz). Thus, the converters become a source of supraharmonics when EV is operating in grid-

to-vehicle mode or vehicle-to-grid mode. 

To observe the supraharmonic distortion emitted by EVs, a number of battery operated electric 

vehicles (BEVs) were tested with controlled voltage source and with grid voltage. Their switching 

frequency and the observed frequency-domain characteristics of their supraharmonic emission are 

listed in Table 11-1 [2, 3].   

Table 11-1. Summary of EV supraharmonic emission characteristics [2, 3] 

Vehicle Bandwidth Frequency behaviour Switching frequency 

BEV 1 Narrow Constant 10.03 kHz 

BEV 2 Narrow Variable  12 kHz, 28 kHz 

BEV 3 Wide Variable  6.55 kHz, 5.2 kHz 

BEV 4 Narrow Constant 11 kHz 

BEV 5 Narrow Constant 45 kHz and its multiples 

BEV 6 Narrow Constant 10 kHz and its multiples 

BEV 7 Wide Unknown Possibly 15 kHz or 30 kHz but 

highest emission centered at 60 kHz 

BEV 8 Narrow Constant 16 kHz 
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The parameters of the EV supraharmonic emission, summarized in Table 11-1, vary with the 

PWM technique used. The impact of these emissions on other phases and their aggregation in the 

neutral conductor is also different and is dependent on the type of grounding system used. 

Supraharmonics also increase the voltage between protective earth and neutral (PE-to-N), as they 

superimpose on the fundamental and third harmonic components. Thus, it is important to 

understand the consequences of supraharmonics emitted by EVs as well as the impact of 

supraharmonics on the EVs performance. The relevant standards for supraharmonics are listed in 

the next section. 

  Standards 

A list of standards regarding supraharmonics is presented next. 

- Compatibility levels for supraharmonic voltages are available in the standard IEC 61000-

2-2, amendments 1 and 2. 

- Standardized recommended testing and measurement methods for supraharmonics can be 

found in IEC 61000-4-7 and 61000-4-30. 

- IEC 61000-4-19 proposes immunity levels for equipment connected to low-voltage 

networks and exposed to supraharmonics. 

- For supraharmonics, no limits for emission exist yet but they are under development. The 

IEC-61000-3-XX series states harmonic emission limits with which equipment 

manufacturers have the responsibility to comply. Electric vehicles are classified as Class 

A in this standard.  
 

  Literature review 

A list of relevant literature that summarizes the advances of the research on supraharmonics 

and EVs is presented in this section. 

11.3.1. Results of measurements of EV supraharmonic emission 

Abid, Busatto, Rönnberg, Bollen, 2016 [4] 

Intermodulation between the emission of an EV and a photovoltaic inverter (PVI) has been 

demonstrated. This intermodulation leads to the appearance of supraharmonic components at 

frequencies other than the switching frequencies of the equipment and their multiples. 

Intermodulation up to the fourth order is observed. The amplitude of the intermodulation 

components decreases with increasing order of the intermodulation. The supraharmonic 

components created by intermodulation are referred to in the literature as beat frequencies. 

Slangen, 2018 [3] 

Results of the measurement of current supraharmonic emission of different battery electric 

vehicles (BEV) available in the Netherland’s market are presented. Nine BEV models were 

selected for the test, covering 92% of the total number of BEVs, excluding plug-in hybrid EVs, 

registered in the Netherlands. The measurements were performed to characterize the emission of 

the BEVs during charging, where the switching components were the focus of the study. The 

results showed switching frequencies in the range 10 kHz to 60 kHz and peak magnitudes of the 

switching frequencies between 27 mA and 1 A. 
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For one of the BEVs, a supraharmonic component at 10 kHz with a magnitude of 1 A, 

corresponding to 5 % of the fundamental current, is reported. The severity of the current distortion 

leads the author of [3] to investigate the spectrum of the voltage. The supraharmonic components 

were clearly visible also in the voltage, where the highest supraharmonic component had a 

magnitude of 1.24 V at 10 kHz. Components at multiples of 10 kHz, i.e., 20, 30, 40 kHz were also 

visible in the voltage. Furthermore, it is reported that the charging of this EV causes the 

interruption of the charging of electric vehicles connected in its vicinity. The cause of this 

interference is unknown but it is not excluded that it is related to high levels of supraharmonics. 

Klatt et al., 2019 [5] 

Measurements of the supraharmonic propagation in a residential and a commercial low-voltage 

network in Germany are presented. Resonance at frequencies between 2 and 20 kHz are reported 

to occur in downstream direction (towards the load). In the network feeding the commercial area, 

significant amplification of supraharmonic voltages along a cable feeding a fast charging station 

have been reported by the distribution system operator (DSO). The amplification was observed 

during the charging of an electric vehicle with a switching frequency of 10 kHz. The study shows 

that the presence and severity of resonances depend on the load conditions (e.g. 

disconnected/connected chargers, charging/idle modes of chargers) and thus they might not always 

appear. The resonances are caused by the interaction of the line impedance and the connected 

device impedance, the last one being of capacitive character in battery electric vehicle chargers. It 

is concluded that devices with capacitive input impedance increase the risk of these resonances to 

appear, and that the risk is higher the more devices are connected simultaneously and the closer 

they are to the power source. 

Lodetti, Bruna, Sanz, Melero, 2019 [6] 

The authors of this document show another intermodulation example. The supraharmonic 

emission from an electric bus using inductive (wireless) charging is studied here. The 

intermodulation phenomenon happens between the switching frequencies of the power electronics 

converters of the charging platform. Some beat frequencies surpass the compatibility levels 

proposed in IEC 61000-2-2. It is concluded that the intermodulation phenomenon might result in 

non-negligible emission in the supraharmonic range. The magnitude of these components does not 

decrease with frequency, contrary to what was reported in [4], which indicates that intermodulation 

has the potential of creating components at frequencies even beyond the supraharmonic range. 

11.3.2. Modelling of EV supraharmonic emission 

Cassano, Silvestro, De Jaeger, Leroi, 2019 [7] 

This paper proposes a model of an EV battery charger emitting supraharmonics and subsequent 

quantification of this distortion. According to the simulations, the grid resistance plays an 

important role in how the supraharmonic emission from individual EV chargers interacts with each 

other. The weaker the grid, the higher the levels of supraharmonics flowing between individual 

devices. A stronger grid implies higher levels of supraharmonics flowing into the grid. The higher 

the switching frequencies of the EV chargers, the higher the probability of exciting a local 

resonance. 
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Klatt, Stiegler, Meyer, Schegner, 2019 [8] 

This paper proposes a measurements-based black-box model for the prediction of the 

supraharmonic emission of an electric vehicle charger at its point of connection to the grid. The 

authors observed a strong dependency of the supraharmonic emission’s voltage and frequency on 

the state-of-charge of the BEV. Up to date, this contribution represents the state-of-the art related 

to models available in the literature for electric vehicle supraharmonic emission. 

11.3.3. Data handling of EV supraharmonic emission 

Streubel, 2019 [9] 

This paper presents a method to identify supraharmonic anomalies. The objective of the 

proposed method is to describe the supraharmonic emission of an EV charging station by 

identifying irregular patterns in the supraharmonic spectrum. These irregular patterns are called 

supraharmonic anomalies and, once they have been detected, they are grouped according to their 

characteristics.  

The method is based in specifying a threshold, which is adaptive both in frequency and in time 

domain. This threshold is specified by analyzing an existing set of data. If the threshold is 

surpassed, then the event is labelled as a supraharmonic anomaly. The supraharmonic anomalies 

are clustered considering their frequencies and their amplitudes. 

11.3.4. EV charging interruption due to supraharmonics present in the grid 

Kirkeby, 2019 [1] 

In Norway, where IT-grounding is used, a reported issue is fuse tripping at charging stations, 

even when EV is not charging [1]. This may be due to leakage current through impedances 

connected between phase and earth. The case has not been deeply studied and it has not been 

demonstrated that the problem is due to supraharmonics. However, it has been shown in [18] how 

supraharmonic currents flow through EMI filters of appliances, which contributes to earth leakage. 

Kirkeby, Lillebo, 2020 [17] 

In Norway, a ventilation fan in a parking garage caused high common-mode voltage in the 

supraharmonic range, which caused the contactors to switch in and out, thereby interrupting the 

EV chargers [10, 17]. Another well-known case in Norway was from Stange Energi, where the 

charging of a Tesla EV was interrupted when the smart meters sent measurement data over PLC. 

The problem was solved by changing how often measurement data was sent from the meters [12, 

17]. 

  Experiments at Luleå University of Technology 

This section presents the results of the measurement of supraharmonic emission during the 

charging of four EV of different brands. The measurements were performed in the laboratory of 

Luleå University of Technology (LTU) at Campus Skellefteå, Sweden. 
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11.4.1. Experiment results 

The experimental sessions were carried out individually for every vehicle and were done by 

connection of the EV to the 230 V grid. During every charging session, three quantities were 

measured: voltage at the point of connection of the EV (PCC voltage), input current of EV, and 

neutral-to-protective earth (N-to-PE) voltage at the point of connection of the EV. Waveforms and 

spectral representation in the supraharmonic range are shown below. Time, frequency (DFT) and 

time-frequency (STFT) domain representations are presented. There is a background distortion at 

100 kHz present in the supply voltage for all the measurements, which causes intermodulation 

with the emission from the EV in every case. 

EV01 

EV01 is a full-electric vehicle with 80 kW rated power. The battery has 30 kWh capacity, 

which gives an autonomy of 172 km. The battery charger is rated 11 kW.  

   

   

  
 

Figure 11-1. Waveforms, spectra and spectrograms corresponding to the variables measured for EV01. Rows 

from first to third: PCC voltage, EV current, N-to-PE voltage. 

The results of the test performed with EV01 are shown in Figure 11-1. The EV has a narrow 

band switching at 6 kHz as seen in the supply current. It can be deduced from the STFT that the 

EV has zero crossing distortion.The intermodulation with 100 kHz distortion which is coming 
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from upstream can be clearly seen in the STFT and DFT plots of the supply voltage. A waveform 

with 2 Vp-p can be seen in the PE-N voltage. 

EV02 

EV02 is a full-electric vehicle with 300 kW rated power. The battery has 95 kWh capacity, 

which gives an autonomy of 328 km. The battery charger is rated 11 kW. The results of the test 

performed with EV02 are shown in Figure 11-2. 

  
 

  
 

 
  

Figure 11-2. Waveforms, spectra and spectrograms corresponding to the variables measured for EV02. Rows 

from first to third: PCC voltage, EV current, N-to-PE voltage. 

The EV has suspected switching frequency of around 5 kHz. A variable broadband frequency 

emission from 20 to 30 kHz is also seen. The supply voltage has components caused by 

intermodulation between the EV broadband emission and the background distortion. This EV 

causes very high and distorted voltage between N and PE, with the instantaneous peaks reaching 

8 V sometimes. 

EV03 

EV03 is a plug-in hybrid electric vehicle with 85 kW rated power. The battery has 9.9 kWh 

capacity, which gives an autonomy of 50 km. The battery charger is rated 3.6 kW. 
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In this experiment, a single-phase PV inverter was connected at the grid’s point of common 

coupling in parallel with the EV. Both PV and EV were connected in the same phase. The PV 

inverter is rated 2.5 kW. The results of the test performed with EV03 are shown in Figure 11-3. 

  
 

 
  

  
 

Figure 11-3. Waveforms, spectra and spectrograms corresponding to the variables measured for EV03. Rows 

from first to third: PCC voltage, EV current, N to PE voltage. 

The measurement in this EV is done in the presence of the solar Inverter. It can be seen that 

emission from solar inverter (at 16 kHz) propagates to the EV.  

EV04 

EV04 is a plug-in hybrid electric vehicle with 88 kW rated power. The battery has 28 kWh 

capacity, which gives an autonomy of 195 km. The battery charger is rated 6.6 kW. The user of 

this vehicle has complained about light flicker happening during the charging of the EV. The 

results of the test performed with EV04 are shown in Figure 11-4. 
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Figure 11-4. Waveforms, spectra and spectrograms corresponding to the variables measured for EV03. Rows 

from first to third: PCC voltage, EV current, N to PE voltage. 

The EV has broadband switching between 43 to 50 kHz. The supply voltage has a very high 

distortion caused by the EV. The N-PE voltage has 1.2 V peak in the foresaid frequency range and 

can lead to interferences with the other devices. Intermodulation is seen in the supply voltage; the 

behavior of the intermodulation component when seen in the STFT plot seems to be phase-shifted 

180 ̊ referred to the EV switching frequency. 

11.4.2. Voltage supraharmonic distortion and compatibility levels  

The supraharmonic distortion of the voltage during the charging of every tested EV has been 

compared against the compatibility levels stated in IEC 61000-2-2, amendment 1 and 2. The results 

are shown in Figure 10-5. Voltage supraharmonic distortion that surpasses the compatibility levels 

is found during the charging of EV04: the intermodulation components of the EV switching 

frequencies with the background distortion, observable around 100 kHz. Intermodulation 

components during the charging of EV02 are close to the compatibility levels at approximately 

130 kHz. The same observation holds for the intermodulation components created by the 

interaction of the PVI switching frequency and the background distortion (100 kHz). It is seen 

however that the supraharmonic emission from EV03 is not problematic itself. The supraharmonic 

distortion of the PCC voltage during the charging of EV01 is well below the compatibility levels. 
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Figure 11-5. Comparison of the voltage supraharmonic distortion during the charging of different EV against 

the compatibility levels stated in IEC 61000-2-2. 

  Interferences due to supraharmonics from EV charging around the world 

Supraharmonics from the EV charger can interact with other equipment in the grid. 

Interference is more likely to occur with equipment connected electrically close to the source of 

the supraharmonics. Hence, for the electromagnetic interference, it is important to understand the 

location where the EV is connected. There have been complains and reported interferences due to 

EV charging in Japan, USA and Norway.  

11.5.1. Interference with communication 

In Japan, an increase of malfunction of telecommunication equipment due to EV switching 

distortion in the supraharmonic range was observed [11]. In the case study, ADSL link is lost when 

the EV starts charging. Before the ADSL line is lost, broadband emission (above 10 kHz up to 1 

MHz) is measured with levels exceeding 12 Vp-p. According to [11], 60% of the investigated 

cases show malfunction due to frequencies up to 150 kHz as shown in Fig 11.6. This shows the 

disturbances caused by EV in communication. 

 

Figure 11-6. Percentage of equipment malfunction with respect to frequency range [11]. 

dc-150kHz 0.15-1MHz 1MHz>
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11.5.2. Interference with lighting 

In Boston, there is a customer that complains light flicker of LED lamps while the EV is 

charging in the house. It is a 2016 Tesla model-3 [19]. There is another Tesla user in West Virginia 

about the same issue that claims that the house power is flickered during the beginning and end of 

the charging [20]. There is no information what could cause these issues, since the data is taken 

from a forum website where people complaint. In another case, Charging of Nissan leaf results in 

LED lamps’ flicker in the kitchen of the house [1].  

In Skellefteå, Sweden, there is also at least one customer complaining about light flicker in 

association with EV charging.  

Since EVs emit supraharmonics, the impact from EVs to the grid or other devices is the subject 

of electromagnetic compatibility. Interference to equipment due to supraharmonics can be 

considered as an impact from EVs. In this context, studies done by the LTU power engineering 

group show how supraharmonics affect LED lamps and AC-DC drive circuits [13]. It was shown 

that light intensity- modulation depth drops in LED lamps exposed to supraharmonics due to 

earlier conduction, later blocking and intermittent conduction (Figure 11-7) of the diodes. There 

are other factors that impact the modulation depth, e.g., the reverse-recovery current of the diodes. 

 

 

  
Figure 11-7. Light intensity and LED input current. Left: supply voltage superimposed with 3 V 

supraharmonics at 12.5 kHz. Right supply voltage superimposed with 7V supraharmonics at 12.5 kHz [13] 

11.5.3. Audible noise 

In Norway, a customer complained about beeping in electrical appliances in his house during 

the charging of an electric car. The customer measured the frequency of the beeping with an app. 

The frequency matched the onboard charger’s switching frequency, which was 10 kHz. The 

current of the EV while charging was measured afterwards. Spectral analysis showed a component 

at 10 kHz of about 600 mA. According to the authors of the report [17], there have been more 

customers complaining about the same problem with EVs of the same brand as the one referred 

above. 

https://teslamotorsclub.com/tmc/threads/lights-in-house-flicker-while-charging-new-model-3.149841/
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11.5.4. Affectation to the quality of the voltage 

A study conducted for a 3 kW charger with different upstream impedances concluded that the 

inductance of the grid and the EMI filter capacitor have a high impact on the distortion of the 

voltage supplied to the charger. The authors reported a resonance frequency of 3.4 kHz, which is 

in the supraharmonics frequency range [14].  

In [17], the case of an electric vehicle in a residential area that caused high levels of voltage 

supraharmonics, around 5 – 6 kHz, is reported. The suspected cause of the high supraharmonic 

levels is resonance excited by the switching frequency of the EV. The high peak voltage caused 

that varistors in another appliance began to conduct and burned out over time. 

  Future trends in EV development 

Using higher switching frequencies reduces the size of the filter components and the overall 

size of the converter. Since space is an important constraint in an EV, it is important to reduce the 

size of the converter. Hence, a lot of research to use Silicon carbide (SiC) and Gallium nitride 

(GaN) switches, which have a better power handling capacity, is being conducted in the context 

of EV manufacturing. Moreover, SiC and GaN switches have very low switching and conduction 

losses, and produce less heat. Thus, when they are switched at the same frequency as MOSFETs, 

the size of converter is reduced. An EV charger of 2.8 kW developed using SiC MOSFET is 

reported to have an efficiency of 97 % and size 12 cm×23 cm×4 cm [15]. Some other EV chargers 

using SiC MOSFETS are reported in [16] having switching frequencies ranging up to 250 kHz. It 

is expected that these future converters will lead to further EMI problems even in the radiated 

range.  

  Conclusions 

 Electric vehicles emit supraharmonics at various frequencies and levels, since they are 

designed with different switching frequencies and filtering techniques. This results in a 

wide spectrum where supraharmonic distortion is emitted. 

 Typical switching frequencies are around 5 kHz but frequencies can be found up to 60 kHz. 

 Both narrowband and broadband emissions are present. 

 The supraharmonic emission from the EV might change depending on the state-of-charge 

of the EV [8]. 

 The possibility of intermodulation with other equipment’s supraharmonic emission has 

been clearly demonstrated. Intermodulation components do not always decrease with the 

order of intermodulation [6]. 

 The potential differences in the supraharmonic range appear between neutral and protective 

earth as well. The consequences of this phenomenon are not clearly understood yet and 

further research should be done on this matter. Users of EV in Sweden have reported some 

problems when high levels of supraharmonics on the neutral-to-protective earth voltage are 

present. The problems involve interruptions in the EV charging process but these have not 

been studied deeply and the fact has not been published. A link to this case might be the 

case in Norway [1], where earth leakage protective devices’ sensitivity provokes the 

interruption of EVs charging under non-dangerous conditions. 
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 Interruptions on the charging of EVs, when certain model is charging near other EVs, have 

been reported and are published in [3]. The origin of the problem has not been precisely 

identified. 

 Light flicker has been reported in Norway [1, 17], Sweden (EV04 in this chapter) and USA 

during the charging of an electric vehicle connected to a residential network. Studies done 

by the power engineering group at LTU shows how supraharmonics impact the light 

intensity output of LED lamps. 

 Audible noise have been reported in Norway [17] during the charging of EV. The audible 

noise’s frequency was found to be in the supraharmonic range. 

 Connection of EVs might lead to the shift of resonances to lower frequencies. These 

resonances might be subsequently excited by the supraharmonic emission from other 

devices or from the EV themselves. 

 Countries where we know research on supraharmonics and EV integration is ongoing are 

Belgium, Germany, Italy, Japan, Netherlands, Norway, Spain and Sweden. 

 There are still gaps in knowledge about how supraharmonics, in general, affect the 

components of the distribution network. It is recommended to investigate further the 

propagation of supraharmonics and their behavior in cases of high density of electric 

vehicles to avoid a decrease in grid performance and to support the development of 

standardizing measures. 
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12. DISCUSSION, FINDINGS AND RECOMMENDATIONS 

The purpose of this this study was to develop a synthesis of knowledge of the impact that 

electromobility can have on the power grid and to map the knowledge gaps. Several aspects in 

service and power quality at the MV and LV-networks were investigated from the point of view 

of TSO, DSO, utilities and customers. From this, the impacts and challenges were summarized in 

different chapters. 

  Findings 

Returning to the question posed at the beginning of this report, it is possible to state that the 

Swedish power system, in general, poses no significant obstacles to the electrification of the 

transport sector. There are, however, evidences that the electromobility can create different impact 

levels on the power system.  

12.1.1. Overloading 

Most of the reported issues created by EV charging on the distribution grid are related to the 

high-power demand required at peak time. Not only the transformer and cables/lines can be 

overloaded, but also the tripping rate of the protection system can increase, causing serious 

problems for both customers and distribution network operators.  

A probabilistic approach has been used to find the probability of overloading using historical 

load profile and electricity prices of a city in northern Sweden. Considering realistic approximation 

of the number of EVs there is a higher chance of overloading at transmission and subtransmission 

level. It is recommended to evaluate this approach with actual number of EVs with specific power 

ratings. In that case, the aggregated EV load profile might increase the probability of overloading 

the network. 

12.1.2. Undervoltage 

Regarding undervoltage it was found that high penetration of electric vehicles is likely to cause 

undervoltage. The risk of undervoltage depends on the charging type (fast or standard), charging 

power, driving cycles, when the charging occurs and the other power demand on the distribution 

network at that time. The distribution network power demand is increased with the addition of 

electric vehicles. The stochastic approach for electric vehicles require the use of probability 

distribution functions and possibilistic functions for the input parameters. The input parameters 

require measurements or obtaining data to characterise the uncertainties that are applied to the 

method. The interaction of electric vehicles and solar PV with the effects on the distribution 

network follows the technology that is adopted first and the times when both are influencing the 

network. The charging is likely to occur when there is small or no production from the solar PV 

units. Alternatively, the peak power production from residential solar units will occur when few 

electric vehicles are connected and charging. When they both occur, the impact could be either 

increasing the hosting capacity of solar PV or that of electric vehicles. Finally, not many research 

is directed at hosting capacity considering both plug-in electric vehicles and electrified roads. 

Electrified roads application are on the increase. These will cause a permanent power demand on 

the distribution network as compared to intermittent demand with more extended time spaces for 
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electric vehicles (plug-in). The presence of both could increase the power demand higher than with 

electric vehicles (plug-in). This increases the likelihood of the risk of an undervoltage and could 

occur faster in a given distribution network [Enock]. 

12.1.3. Unbalance 

As pointed out in Chapter 9, the higher the power of single-phase connections to the grid, the 

higher will be the resulting voltage unbalance.  

The network impedance, the rated power of the single-phase EV chargers, and existing 

background unbalance in the network are the main factors that determine the impact of EV on the 

voltage unbalance. In general, EV chargers with rated power below 3.3 kW do not increase 

significantly the unbalance [4]. However, depending on the existing unbalance, the limit of 2 % 

might be exceeded [6] in some locations of the network.  

Considering high-power EV chargers (i.e., higher than 4.6 kW), studies suggest that there is 

great chance (i.e., 34 % for 100 % penetration) that the unbalance will exceed the limit of 2 % for 

some customer locations. At the MV level, studies suggest that the impact can be even higher, 

under low levels of EV charging penetration (i.e., only 30% penetration) [8].  

Even considering PV penetration, there is no evidence that the unbalance will decrease. The 

integration of PV installations doesn’t decrease the voltage unbalance, and therefore it cannot be 

used as mitigation solution without using some coordinated method to match the EV and PV 

connection to the same phases. 

12.1.4. Harmonics 

The evaluation of harmonics of EV charging has been investigated in Chapter 10, where 

estimations show that the harmonic compatibility levels might be exceeded for high EV 

penetration.  

In general, harmonic currents from individual EV chargers are well below the standard limits. 

However, the EV penetration has an upward trend meaning that we will have an increase in number 

of harmonic sources, which can cause power quality issues for grid. Diversity of chargers can have 

positive impact on aggregation. Evidences from our studies show that, high order harmonics such 

as 11th, 13th and even 15 are more likely to exceed the limits than low order harmonics like 3rd, 

5th and 7th harmonics. It was also shown that the impact of EV charging on harmonic resonance 

frequencies is small.  

12.1.5. Interharmonics 

Interharmonic emissions due to EV charging on the grid is a less explored area. From our 

experience, it was inferred that one of the reasons for their origin is whenever there is a transient 

change in the charging level of the battery or whenever a feedback control system check the state 

of charge of the battery usually in milliseconds time (voltage spikes observed then). Therefore, to 

understand this in detail, a complete charging cycle of different EV chargers in a controlled 

environment is to be studied. It was also inferred that the operation of other sources of 

interharmonics electrically close to EV can interfere with their operation.  
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12.1.6. Supraharmonics 

As highlighted in Chapter 13, there are several reported problems having as source the 

supraharmonic emissions from EV chargers. Different from the overloading and harmonic 

problems, supraharmonics problems are, in most of cases, a local issue and the magnitude of the 

impacts are not always dependent on the power level. The source is generally attributed to the 

design of the control strategies and power electronics of EV chargers, as well, on the connection 

of other appliances connected in the vicinity of the EV charger. Interaction between different 

appliances plays an important role in the propagation of supraharmonics. 

On the impact of supraharmonics emitted by EVs connected to grid, we have learned that, in 

most cases, the primary emission is not extremely high. However, resonances, secondary emission 

from other equipment and intermodulation could result in high levels and sometimes the 

compatibility levels are exceeded. Moreover, interferences due to the propagation of 

supraharmonics have been observed when the emitter is an EV as well as when an EV is the 

affected device. 

Regarding the characteristics of supraharmonics emitted by EV, it is reasonable to affirm that 

every EV is different. The frequencies of the emitted distortion are spread along a broad range in 

the frequency domain (5 to 60 kHz). This distortion might be broadband or narrowband, and the 

behavior in the time-frequency domain is dependent on the device’s topology.  

12.1.7. Fast voltage fluctuation and light flicker 

At the initial phase of research the challenges of fast voltage fluctuation due to charging of 

electric vehicle had been discussed. Fast voltage fluctuation due to the changing load current can 

cause repetitive change in the light intensity that humans can perceive.  

The probability of voltage fluctuation increases as the size of the changing load becomes larger 

with respect to the prospective short-circuit current available at the point of common coupling 

(PCC) between a lamp and the EV charger. A stochastic approach has been used to obtain 

probability of multiple individual rapid voltage changes. Results show that the voltage fluctuations 

will become unacceptable somewhere between 5 and 10 electric vehicles, assuming that the LED 

lamps used are sensitive to individual rapid voltage changes originating from those vehicles. 

12.1.8. Even Harmonics  

Even harmonics causes waveform asymmetry.  Waveform asymmetries have a harmful impact 

on the loads sensitive to voltage or current peaks. To study the presence of even harmonics 

distortion in EV charging cycle, the real time measurement at an EV charging station was analyzed. 

The 4th order harmonics current measured 0.15 A which is 0.3% of the 47 A peak current. Though 

not very high, it cannot be neglected either. If there are lots of chargers connected to the same PCC, 

the aggregation could result in unacceptable levels of harmonic current. These current harmonics 

have much stronger effect on power quality by causing a high voltage drop on a weak grid.  
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  Mitigation Solutions 

A step further on the spread of EV charging is the development of mitigation solutions to 

reduce future impacts on the power grid. Some mitigations solutions found in the literature are 

described in the following. The classical solutions, adding more cables, lines and/or transformers, 

are not discussed here. The reader should not conclude from this that those solutions should be 

forgotten. 

12.2.1. Overload and undervoltage 

To mitigate this impact, utility companies could indirectly persuade the EV owners to charge 

the EVs during off-peak hours using time-of-use (TOU) tariffs, reducing significantly the peak 

load demand at peak time.  

Several mitigation solutions based on TOU are suggested in the literature [1] [2] [3]. The study 

conducted in [3], for example, suggests that the best time to begin off-peak rates is between 11 P.M. 

and 12 A.M. (midnight). In the study, all 24-kWh EVs with an initial SOC of 20% would be fully 

charged by 7 A.M, when most of the EV owners need the car. However, the study highlights that 

scheduling off-peak rates at later hours is a trade-off between avoiding overload on power system 

and customer satisfaction. 

Another possible solution is the utilities’ direct control of EV charging rates and charging start 

time using smart charging algorithms [4] [5] [6] [7]. Using this approach, the utility can maximize 

benefits by shifting EV charging to off-peak load hours, and additionally, maximize customer 

benefits by optimally charging EVs aiming to decrease the total electricity cost in a real-time 

electricity market. But still, this approach has some customer inconvenience, not to mention that 

many utilities do not use real-time electricity pricing for their residential customers, making the 

method inapplicable. 

Finally, there are discussions going on, on how to use the old batteries cells from EVs for 

different applications in the power system. A possible application could the use of local battery 

storages to mitigate temporary overload and undervoltage problems at the charging stations.  

12.2.2. Harmonics 

Similarly, to the overload problems, part of the current harmonic distortion can be reduced by 

the coordination of the EVs connected to the grid. For instance, this solution was proposed by 

Deilami et al. [8], however, this solution face also the trade-off between the interests of network 

operator and customers. 

To avoid any customer inconvenience posed by the utility fees and schedule, promising 

harmonic mitigation approaches goes towards the use of active filters in smart appliances, such as 

PV inverters. The use of PV installation can offer the double benefit of charge the EV and filter 

the harmonics. A study conducted by Nguyen et al. [9], for example, has shown that when 

considering an installation with PV inverters with harmonics active-filter, the voltage THD can 

decrease by about 50%. The study case considered an LV-Network supplied by 250 kVA 

transformer, with five EV fast charger stations, with a total power of 215 kW, and a 50 kW PV 
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installation. In that scenario, the use of the active filter, decreased the voltage THD from 11.4% to 

5.6%, keeping the THD below the standard limit of 8%.  

12.2.3. Supraharmonics 

In the literature, there is a general lack of proposals for supraharmonics mitigation solutions. 

The reason is because the current researches are still mainly on mapping the sources and impacts 

of supraharmonics. The sources of supraharmonics are relatively well known, and because of this 

practical mitigation solutions are on the hands of the manufacturer, which can design home 

appliances, including EV chargers, with low supraharmonic emissions. 

12.2.4. Unbalance 

One of the possible mitigation solutions passes through the coordination of EV chargers’ 

connections over the different phases. In this sense utilities could directly control EV charging by 

coordinating the single-phase connections in public charging stations. However, this solution has 

limits on implementation, since most of the owners charge their EVs at home or at workplace. In 

this case, a residential solution combining charging coordination and balancing would be more 

effective. For instance, a work conducted by Weckx and Driesen [10] has shown that using 

classical charging coordination together with PV inverters in a balanced way can reduce the local 

unbalance up to 29 %. In the study, three-phase inverter capable of balancing the power injected 

in each phase in order to mitigate the single-phase EV loads was considered. 

A straightforward way of mitigating unbalance, would be the use of three-phase connections. 

With dedicated charging installations and the common availability of a three-phase grid (as is the 

case in Sweden) this is possible. In fact, almost all new three-phase solar-power installations being 

connected in Sweden are three-phase. With charging from a regular wall outlet this is not a feasible 

solution. 

In other countries, the three-phase network does not reach all end users; other solutions are 

needed here. 

  Recommendations 

12.3.1. Research needs 

General issues 

Most of the research on impacts of EV charging on the grid concerns relatively small domestic 

charging, but in large numbers. There appears a lack of attention for the impact of fast charging 

and electrified roads. 

Guidance is needed to network operators on when to take preventive action to avoid either 

overloading or unacceptable levels of power quality. 

Differences in LV and MV networks between countries should be mapped. This allows for 

results from studies in other countries to be easier interpreted. 
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Overload and undervoltage 

It was mention in the previous section that classical solutions should not be forgotten. The 

emphasis in the research field is however on advanced (“smart”, “non-classical”) solutions. 

Research should be initiated that results in guidance to network operators on when to use classical 

solutions and when to go for advanced solutions.  

Several of the advanced solutions to avoid overload and undervoltage offer economic 

incentives. Research is needed to obtain a quantitative understanding of the price elasticity for 

different types of EV charging. 

Work is needed toward applying thermal rating methods to allow more EV charging to be 

connected to distribution networks. The emphasis in the research is after methods for dynamic 

rating of overhead lines. In distribution networks, the main interest is in dynamic rating of cables 

and transformers.  

A distinction should also be made between two essentially different types of overloading: 

actual thermal overloading; and lack of reserve. The latter becomes more common for higher 

voltage levels, where spare capacity is typically available either through manual switching 

(“normally-open points”) or through parallel operation. Dynamic rating and overloading should 

be considered differently for the different types of overloading and reserve.  

Harmonics 

One of the main challenges in harmonic studies concerns the aggregation of individual 

harmonic sources. It is important to make a distinction between two distinctively different types 

of studies. 

i) Aggregation of emission form existing sources in existing installations. This is where 

measurements and detailed modelling are in theory possible, but often not practical. 

ii) Aggregation for planning purposes, like allocation of emission to new and future 

instalments. This is where the lack of knowledge (e.g. about the emission of the future 

equipment) makes that very general assumptions and approximations are needed. 

Guidelines are given by IEC/TR 61000-3-7, but it is unclear to which extent these 

guidelines remain applicable to modern equipment like EV charging. 

Supraharmonics 

Further studies and data collection are needed in order to understand the morphology of the 

interferences due to supraharmonics. Spreading this knowledge among engineers in the industry 

is necessary to raise awareness on the link between interference issues and supraharmonics. The 

more industry engineers are aware of this link the higher the probability of discovering more real-

life interference cases that can be studied. Building this knowledge will contribute to develop 

measures to counteract interferences due to supraharmonics. 

There is a general need for further research related to supraharmonics. EV charging is not the 

only source of supraharmonics, but there are good reasons to give them special attention. Next to 

PV inverters, EV charging forms the biggest (in terms of active power) devices emitting 
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supraharmonics. There is not always a direct relation between active power and level of 

supraharmonics, but it can still be expected that bigger devices generally inject more 

supraharmonics. Larger EV charging installations will be connected to the MV distribution grid, 

injecting supraharmonics directly into the MV grid. All this gives a new urgency on research on 

supraharmonics, especially on propagation of supraharmonics. 

Unbalance 

A study has pointed out a higher impact of EV charging on unbalance at the MV level. Since 

there are few studies dealing with this issue, it is recommended to conduct more studies to confirm 

these impacts. Also, further study needs to be carried out to establish whether the EV and PV 

integration can mitigate the unbalance. Studies should concentrate on how to coordinate the single-

phase connections from both EV and PV installations.  

Interharmonics 

More studies are needed after emission of interharmonics from EV charging. The interaction, 

at interharmonic frequencies, between EV charging and other equipment, requires especially 

attention. Aggregation of interharmonic emissions due to multiple EV charging at the same time 

can result in worst case instability issues of the control system. More studies are needed to verify 

this too. 

Modelling studies are needed to explain the origin and interaction of interharmonics. 

12.3.2. Data needs 

 More data on EV charging at different weather conditions is needed to understand the 

real impact of EV on the power grid under different temperature scenarios. 

 Dataset measurements on fast charging station, especially above 50 kW are need to 

understand the impact of EV charging especially on overloading and harmonic issues. 

 Data on the input impedance of EV chargers is not available in literature. Measurements 

in this directions are needed to obtain better models to examine the impacts on harmonics 

and supraharmonics. 

 To be able to perform hosting capacity studies, there is a general need for data on existing 

levels. Two specific lacks are: existing levels of rms voltage with LV customers; existing 

unbalance in LV networks. Next to the magnitude of the unbalance, also information on 

its phase angle is needed. 

12.3.3. Educational needs 

The methods developed for estimating the hosting capacity with PV installations, can 

generally also be applied for EV charging installations. There is a general need for education 

towards network operators to spread knowledge on such methods. 

Several network operators in Sweden reported a general lack of knowledge on electric power 

systems. The network operators have difficulties in recruiting capable personnel. This was reported 

as a serious barrier against further electrification. Knowledge sharing workshops in collaboration 

with EV manufactures and educational institutes have to be set up to spread knowledge between 
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different stakeholders. On-line resources can form a different source of knowledge spreading as 

well. 

If is also necessary to equip researchers with knowledge, skill and motivation to address 

complex research problems related to power distribution networks. 
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