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Abstract 

The presence of EV chargers in low voltage distribution grids increases through both public-use 

facilities and at-home installations. EV charger grid impact studies are commonly focused on 

larger installations such as fast-charging stations and charging pole arrays, or consider one or a 

few scenarios with respect to at-home EV charger amounts. In this study, a gradual increase in 

at-home EV chargers is instead examined. Their grid impact is assessed by viewing voltage 

levels, voltage imbalances, voltage harmonic content and current harmonic content as functions 

of the amount of EV chargers present in a grid. This is achieved by means of power flow and 

harmonic flow simulations with stochastic EV charger placements. Four different low voltage 

distribution grids in Västerås are investigated, and average and worst-case scenarios (as 

represented by 95% confidence intervals) are examined. This way, it is ascertained how the 

compounded grid impact of at-home EV chargers increases and at which point different power 

quality regulations may be violated. 

 

The results indicate that there is a large difference between grids in the amount of EV chargers 

that can be accommodated. Both voltage levels and voltage imbalances can be the limiting 

factor with respect to regulation violations, while harmonic content is of little concern. The grid 

impact of EV chargers is shown to depend on the power demand of the customers, and to differ 

greatly within the grid depending on its topology. 
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Populärvetenskaplig sammanfattning 
Fler och fler skaffar elbil i Sverige, det har förutspåtts att elbilar kommer 

utgöra hälften av Sveriges personbilsflotta år 2030. Att elbilar ersätter bensin- 

och dieselbilar ses främst som något positivt, eftersom det leder till minskade 

växthusgasutsläpp. För elnätsägare kan det dock leda till problem; elbilar 

belastar elnätet när de laddar. I takt med att elbilarna ökar i antal gör deras 

inverkan på elnätet det också. Ju fler elbilsladdare som används, desto större är 

risken att de bidrar till överbelastning i distributionsnät. 

 

Förekomsten av elbilsladdare i distributionsnät kan öka genom stora install-

ationer (exempelvis snabbladdningsstationer och laddstolpar på parkeringar) 

och små installationer som laddboxar i hushåll. Ofta kräver stora installationer 

noggrann analys och planering av elnätsägaren innan de genomförs, eftersom 

det inte är säkert att nätet kan hantera dem. För enskilda laddboxar i hushåll, 

däremot, görs inga analyser. Det går inte heller att planera deras tillväxt, 

eftersom elnätsägaren inte bestämmer när folk ska köpa elbil. 

 

Elbilsladdare drar mycket ström vilket betyder att de kan orsaka under-

spänning i nätet och överbelastning av ledningar och transformatorer. Det är 

dock inte det enda problemet; ofta använder elbilsladdare i hushåll bara en fas, 

vilket gör att de bidrar till obalans i spänningen mellan nätets tre faser. 

Dessutom ger elbilsladdare upphov till övertoner i nätet. 

 

Elnätsägare har krav på sig att upprätthålla en god spänningskvalitet, och det 

finns därför ett behov av att förstå hur näten påverkas av ökande mängder 

elbilsladdare. Det kan dock vara svårt att förutsäga hur elbilsladdares 

nätpåverkan kommer bete sig. När påverkan från elbilsladdare för hemmabruk 

undersöks med simuleringar görs det ofta genom att undersöka ett fåtal 

scenarier, t.ex. hur det blir om 50% eller 75% av hushållen har en elbil. I den 

här studien var istället den gradvisa ökningen i fokus. Alla möjliga fall, från 0% 

till 100%, undersöktes med hjälp av randomisering och statistiska verktyg. 

 

Fyra distributionsnät i Västerås modellerades, och simulerades först utan några 

elbilsladdare. Därefter placerades elbilsladdare ut en i taget, hos slumpmässigt 

utvalda hushåll, tills alla hushåll hade en elbilsladdare. På så vis kunde 

spänningsnivåer, obalanser och övertonshalter i näten undersökas som funk-
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tioner av antalet elbilsladdare. Simuleringarna repeterades tusen gånger, för att 

kunna beräkna pålitliga medelvärden som representerade snittscenarier och 

95%-värden som representerade bästa- och värstafallsscenarier. 

 

Det observerades hur spänningskvaliteten förändrades hos samtliga kunder och 

vid nätens transformatorer. Först och främst undersöktes hur många elbilar 

som behövde användas samtidigt i näten för att elkvalitetskraven inte längre 

skulle uppfyllas. Det visade sig vara stor skillnad mellan näten, som var väldigt 

olika till storlek och topologi. Det gjorde också stor skillnad huruvida 

kundernas effektuttag i nätet (annat än från elbilsladdarna) var stort eller litet. 

I vissa fall var spännings-nivån den begränsande faktorn, och i andra var det 

spänningsobalansen. Spännings- och strömövertonerna visade sig inte vara en 

begränsande faktor alls. Överlag sågs att i de mindre näten kunde en större 

andel av hushållen ladda elbilar samtidigt utan att problem uppstod; I det 

minsta nätet sågs 100% av hushållen förväntas kunna ladda elbilar samtidigt 

utan problem, och i vissa andra nät kunde problem i värsta fall uppstå redan 

vid 5%. De värsta fallen berodde dock även till stor del på nätens topologi: i 

två av näten fanns s.k. sydda serviser, där flera kunder var kopplade till nätet 

längs samma kabel. Dessa delar av näten var betydligt känsligare än resten, 

och det var alltid där problem uppstod först. Minst påverkan sågs vid 

transformatorerna som kopplade distributionsnäten till överliggande nät. Där 

kunde inga överträdelser upptäckas ens när andra delar av näten hade extrema 

underspänningar och obalanser. Det tyder på att mätningar vid transformatorn 

inte räcker för att elnätsägare ska vara säkra på att spänningskvaliteten är god. 

 

Ett annat syfte med studien var att undersöka om det fanns så pass tydliga 

trender i resultaten att det gick att förutsäga hur elbilsladdare skulle påverka 

andra distributionsnät. Det konstaterades att detta inte var aktuellt, eftersom 

skillnaderna var så stora mellan näten. 

 

Den här studien var väldigt teoretisk; fokus var att förstå den gradvisa 

ökningen av elbilsladdare, snarare än att uppskatta nätens värdkapacitet i 

praktiken. För att föra resultaten närmare verkligheten behövs simuleringar i 

tidsdomänen, med högupplösta data för kunders effektuttag samt statistiska 

modeller för användning av elbilsladdare. 
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Exekutiv sammanfattning 
I denna studie undersöktes hur spänningskvaliteten och övertonshalten i 

lågspännings (0,4 kV) distributionsnät påverkades av gradvis ökande antal 

elbilsladdare i hushåll. Fyra distributionsnät i Västerås undersöktes och 

spänningsnivåer, spänningsobalanser, spänningsövertoner samt strömövertoner 

kartlades som funktioner av antalet aktiva elbilsladdare i näten. Dessa 

jämfördes med motsvarande föreskrifter (EIFS2013:1, IEEE 519-2014). 

Resultaten indikerar följande: 

• Underspänningar och spänningsobalanser är begränsande faktorer (med 

avseende på föreskrifterna) för hur många elbilsladdare som kan 

användas samtidigt i näten. Övertonshalten är låg nog att vara 

irrelevant i denna kontext. 

• Vilken sorts överträdelse (underspänning, spänningsobalans) som sker 

först, och hur många hushåll som då använder elbilsladdare, beror 

kraftigt beroende på nätens storlek och topologi samt kundernas 

effektuttag i övrigt. Gränsen varierar från 5% av hushållen i vissa fall 

till 100% i andra. 

• Elbilsladdare har i snitt dubbelt så stor påverkan på spännings-

kvaliteten i sydda serviser, och det är alltid där problem uppstår först. 

Kunder långt ut i sydda serviser är värst drabbade. 

• Elkvalitetsmätningar vid transformatorn räcker inte för att upptäcka 

överträdelser hos kunderna; spänningskvaliteten vid transformatorn 

påverkas minimalt, även vid extrema underspänningar och obalanser 

längre ut i näten. 

• Spänningsobalansen ökar kraftigt i början, men långsammare ju fler 

elbilsladdare som läggs till. Det är dock tydligt att obalansen inte kan 

förväntas jämna ut sig. 

Resultaten är teoretiska i den mening att alla möjliga fall kartläggs men inte 

sannolikheten att de ska inträffa. För att översätta resultaten till verkliga 

gränser i hur många elbilsladdare som kan installeras i näten, krävs högupplöst 

kunddata och statistiska modeller för användning av elbilsladdare. 
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1 Introduction 

As the Swedish EV fleet grows, so does the impact it has on the electric grid. 

In addition to drawing large amounts of power [1]–[7], EV chargers inject 

current harmonics into the grid and can cause voltage imbalances [7]–[9]. By 

2030 EVs (BEVs, HEVs and PHEVs) are forecasted to constitute half of all 

private cars in Sweden [10], [11] and this development entails an increased risk 

of costs from the perspective of a DSO: lowered voltage quality can lead to 

fines [12], [13] and potentially to equipment damage, both at the customers and 

in the grids [14]. 

 

Large EV charger installations for public use, such as fast charging stations or 

charging pole arrays, have large impacts on low voltage distribution grids and 

may warrant analysis and careful planning by the DSO before being imple-

mented. At-home installations, however, are not planned by the DSO nor does 

any single one of them warrant analysis. Nevertheless, as EVs become more 

common there is a creeping increase in the impact household EV chargers have 

on distribution grids and in large numbers they can be problematic [1]–[9], [14]. 

 

The impact of household EV chargers on distribution grids is commonly 

assessed by considering one or a few scenarios with respect to the amount of 

EV chargers installed [15]–[21]. In this study a gradual increase in household 

EV chargers is instead emulated with stochastic simulations, which makes it 

possible to produce a comprehensive image of their grid impact. Four low 

voltage distribution grids, owned and operated by the DSO Mälarenergi Elnät, 

are examined and their sensitivity to household EV chargers is assessed with 

respect to several voltage quality parameters and current harmonic content. 

1.1 Aim, purpose and goal 

This study is carried out in order to gain a higher-level understanding of the 

impact individual household EV chargers have on low voltage grids. This can 

help DSOs in the identification of particularly vulnerable grids or grid sections, 

as well as inform their grid planning and approaches to maintaining a high 

voltage quality. 
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The main deliverable is an account on voltage levels, voltage imbalances, 

voltage harmonics and current harmonics as functions of the amount of EV 

chargers present in the selected grids. As such it effectively includes the grid 

impact of a single EV charger at any customer, as well as how that impact is 

affected by the presence of other EV chargers, grid topology and customers’ 

power demand. This is achieved through simulations of power flow and har-

monic flow, the results of which are compared with regulations on voltage 

quality and current harmonics. The aim is to make any observations with 

pertinence to the safe operation of the selected distribution grids, and assess 

their applicability to low voltage distribution grids in general. However, the 

following questions are to be investigated above all: 

 

• How many EV chargers can be operated simultaneously in the selected 

grids? What factors (among those studied) are most limiting to the 

hosting capacity? How are the limits influenced by the grid topology 

and connected customers? 

• Are there clear enough trends that the impact of household EV 

chargers can be predicted without simulations in other grids? That is, 

can tools be produced for easy estimation of EV charger grid impact 

(with respect to one or several of the examined power quality 

parameters)? 

 

The questions are to be answered quantitatively to the extent possible, but 

qualitative analysis is expected to be more useful in some cases. 

1.2 Delimitations 

The scope of the study is limited by the timeframe as well as the available data 

and computational power. 

 

Only isolated snapshots are used in the simulations instead of time series. That 

is, no power consumption time series are used to represent the customers. 

Instead, two scenarios are used. Furthermore, no usage patterns are used to 

determine EV charger activity: all possible amounts of EV chargers are 

considered, with locations determined stochastically. This is detailed in the 

Theory section. Consequently, voltage dips are not considered in the analysis. 
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While voltage imbalances and harmonic content is not caused solely by EV 

chargers, only their impact is considered i.e. other imbalanced loads and 

harmonic sources are neglected. Although a small number of PV systems can 

be found in the grids, they are not included in the models either. Thus, the 

impact of PV systems and their interaction with EV chargers is not considered. 

 

Lastly, fuses in the grid are not considered, meaning that the grids’ EV charger 

hosting capacity with respect to current magnitude is not investigated. 
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2 Theory 

2.1 Power quality demands 

The Swedish Energy Markets Inspectorate monitors the function of the  

Swedish electricity grid according to its code of statutes, part of which (EIFS 

2013:1) [12] contains regulations and advice regarding quality of electricity 

supply at the connection points of customers. All Swedish DSOs must adhere 

to these statutes which include, inter alia, requirements for continuity of  

supply and voltage quality specifications as measured according to the 

SS-EN 61000-4-30 standard by SEK Svensk Elstandard [22]. The specifications 

in EIFS 2013:1 relevant to this study are those concerning voltage levels, 

voltage imbalances and voltage harmonics in low voltage distribution grids. 

These specifications are all expressed as averages over ten minute periods. 

2.1.1 Voltage levels 

It is stated in EIFS 2013:1 that the RMS value of the voltage over any ten 

minute period should be kept within ten precent of the reference voltage at all 

customers’ connection points. More specifically, this refers to the line-to-neutral 

voltage for which the reference is normally 230 V. 

2.1.2 Voltage imbalances 

Regarding voltage imbalances, EIFS 2013:1 specifies that the average value 

over any ten minute period must not exceed two percent. Voltage imbalance 𝐾𝑣 

is defined in SS-EN 61000-4-30 as: 

 

𝐾𝑣 =
𝑉−
𝑉+
× 100% (1) 

 

Where 𝑉+ and 𝑉− are the positive- and negative-sequence voltages, computed 

from the complex phase voltages 𝑉𝑎, 𝑉𝑏 and 𝑉𝑐 as follows. 
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(2) 

 

The zero-sequence voltage, 𝑉0, is not considered in this definition of the voltage 

imbalance. 

2.1.3 Voltage harmonics 

As per EIFS 2013:1 each voltage harmonic, up to and including the 25:th, has a 

threshold which its average individual harmonic distortion over any ten minute 

period must not exceed. The individual harmonic distortion caused by a 

harmonic in a voltage profile 𝑉 is computed as such: 

 

𝐼𝐻𝐷𝑉,ℎ =
𝑉ℎ
𝑉1

(3) 

 

Here, 𝑉1 is the fundamental component of the voltage profile i.e. the 50 Hz 

component, and the index ℎ denotes the order of the harmonic. There is also a 

threshold for total harmonic distortion. Voltage THD is computed as follows: 

 

𝑇𝐻𝐷𝑉 =
√∑ 𝑉ℎ

2ℎ=𝐻
ℎ=2

𝑉1
(4)

 

 

𝐻 indicates the highest order of harmonic included in the computation, in this 

case it is 25. The thresholds for voltage THD, and IHDs from odd voltage 

harmonics, as specified in EIFS 2013:1, are shown in Table 1. 
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Table 1: Maximum allowed levels of voltage harmonic distortion. 

Voltage Harmonic 

(n) 

Harmonic distortion limit 

(%) 

3 5,0 

5 6,0 

7 5,0 

9 1,5 

11 3,5 

13 3,0 

15 0,5 

17 2,0 

19 1,5 

21 0,5 

23 1,5 

25 1,5 

THD 8,0 

2.1.4 Current harmonics 

There are no limitations on current harmonic content imposed by The Swedish 

Energy Markets Inspectorate, but relevant recommendations can be found in 

the IEEE 519-2014 [23] standard. The standard lists thresholds for the current 

harmonic content that any facility is allowed to give rise to at the connection 

points of customers. While IEEE 519-2014 is not in effect in Sweden it has 

previously been utilized for analysis by Mälarenergi Elnät [24]. The limits on 

harmonic content are specified in demand distortion as opposed to harmonic 

distortion; the current harmonics are quantified in relation to the peak current 

demand instead of the instantaneous current. The individual and total demand 

distortion of a current profile are computed as such: 

 

𝐼𝐷𝐷𝐼,ℎ =
𝐼ℎ
𝐼𝑝𝑒𝑎𝑘

(5) 
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𝑇𝐷𝐷𝐼 =
√∑ 𝐼ℎ

2ℎ=𝐻
ℎ=2

𝐼𝑝𝑒𝑎𝑘
(6)

 

 

As with voltage harmonic distortion, the index ℎ denotes the order of a 

harmonic and 𝐻 is the highest order of harmonic considered. 𝐼𝑝𝑒𝑎𝑘 is the peak 

current demand, which is computed as an average of the peak current observed 

during each of the last twelve months. The thresholds for current IDD and 

TDD, as specified in IEEE 519-2014, are shown in Table 2. 

 

Table 2: Maximum recommended levels of current demand distortion. 

Current harmonic 

(n) 

Demand distortion limit 

(%) 

3 4,0 

5 4,0 

7 4,0 

9 4,0 

11 2,0 

13 2,0 

15 2,0 

17 1,5 

19 1,5 

21 1,5 

23 0,6 

25 0,6 

TDD 5,0 

2.2 Random walks 

The random walk is a mathematical object (specifically a stochastic process) 

which can be used to model a variety of phenomena. It has applications in 

finance [25], biology [26], psychology [27], physics [28], et cetera. While random 

walks are not used in any way in this project, two processes occur which lend 



8 

 

themselves well to being modelled by random walks: the aggregation of current 

harmonics from many sources, and the random distribution of single-phase 

loads in a three-phase system. In this section, some theory on random walks is 

shown which provides a useful perspective when analysing the behaviour of 

current harmonics and voltage imbalances. The concept is only used for 

qualitative analysis. 

2.2.1 Continuous uniform distribution of angles and harmonic aggregation 

In the simplest two-dimensional random walk [29], a walker begins at the origin 

of a two-dimensional coordinate system (such as ℂ) and takes steps of length 𝛿 

in a random direction i.e. at a random angle 𝜃. After 𝑛 steps, the walker’s 

position 𝑃 is a sum of the steps taken thus far. 

 

𝑃 =∑𝛿𝑖∠

𝑛

𝑖=1

𝜃𝑖 (8) 

 

If the angle of each step is equally likely to be in any direction (i.e. the angle 

has a uniform probability distribution 𝜃~𝑈[0,2𝜋]), it follows that the walk is 

unbiased in the sense that 𝐸(𝛿𝑖∠𝜃𝑖) = 𝐸(𝑃) = 0. It can then be shown that 

 

𝐸(|𝑃|) = 𝐸(𝛿)√𝑛 (9) 

 

That is, the walker’s expected distance to the origin is equal to the expected 

step length, times the square root of the number of steps. 

 

This random walk is in many ways analogous to the aggregation of current 

harmonics, which is normally modelled as the summation of phasors repre-

senting their respective magnitudes and phase shifts. That is, the harmonic 

current 𝐼ℎ,𝑡𝑜𝑡 (of some order ℎ) resulting from the aggregation of 𝑛 current 

harmonic sources, is 

 

𝐼ℎ,𝑡𝑜𝑡 =∑𝐼ℎ,𝑖

𝑛

𝑖=1

, (10) 

 

where 𝐼ℎ,𝑖 = 𝑀ℎ,𝑖∠𝜃ℎ,𝑖 represents the magnitude 𝑀 and phase shift 𝜃 of the 

current harmonic coming from source 𝑖. Comparing this to the random walk, 
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we see that if the phase shifts are uniformly distributed (𝜃ℎ,𝑖~𝑈[0,2𝜋]), then 

the amplitude of 𝐼ℎ,𝑡𝑜𝑡 should also be proportional to 𝑛: 

 

𝐸(|𝐼ℎ,𝑡𝑜𝑡|) = 𝐸(|𝐼ℎ|)√𝑛 (11) 

 

That is, if all possible phase shifts are equally likely in the current harmonics, 

then the amplitude of the aggregated current harmonic can be expected to 

increase proportionally to the square root of the number of current harmonic 

sources. 

2.2.2 Drift and biased random walks 

In reality, the phase shifts of current harmonics produced by EV chargers are 

not uniformly distributed (as visualized in the next subsection). This means 

that as more current harmonic sources are aggregated the angle of 𝐼ℎ,𝑡𝑜𝑡 will 

eventually converge and its magnitude will grow steadily. Such a bias can be 

emulated in the random walk [30], by introducing a drift term. 

 

𝑃 =∑𝛼∠𝛽 + 𝛿𝑖∠𝜃𝑖

𝑛

𝑖=1

(12) 

 

Here, 𝛼∠𝛽 is a constant drift term and 𝛿𝑖∠𝜃𝑖 is unbiased. If the bias in the 

random walk is strong i.e., if there is a large imbalance, 𝛼 is large. For the two 

terms, we have after 𝑛 steps: 

 

{
 
 
 
 

 
 
 
 

 

𝐸 (|∑𝛼∠𝛽

𝑛

𝑖=1

|) = 𝑛𝛼        

 

𝐸 (|∑𝛿𝑖∠𝜃𝑖

𝑛

𝑖=1

|) = 𝐸(𝛿)√𝑛

 

(13) 

 

This means that the walker’s distance to the origin depends on two terms, one 

which is proportional to the square root of 𝑛 and one which is directly 

proportional to 𝑛. For small 𝑛 the sublinear term can influence the growth, but 

as 𝑛 becomes large the proportional term will dominate i.e. the growth will be 
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linear. The point at which this happens depends on the size of 𝛼, i.e., how 

biased the random walk is. 

 

Assuming that this biased random walk approximates the aggregation of 

current harmonics well, the same behaviour can be expected there. The magni-

tude of any current harmonic might initially grow proportionally to the square 

root of the number of sources, but as more sources are added the growth will 

be increasingly linear. 

2.2.3 Discrete uniform distribution of angles and voltage imbalances 

In the simulations, EV chargers are distributed one by one in the grids. They 

are connected randomly to one of the three phases (the process is explained in 

detail in the Simulations subsection). This distribution, and the resulting 

voltage imbalance, can (to some extent) be mimicked by a random walk. 

 

The angle of each step in a random walk can be selected from a discrete 

distribution  instead of a uniform one (𝜃~𝑈{𝜃1, 𝜃2,⋯ , 𝜃𝑛}). For instance, 𝜃 can 

be selected from {0, 120, 240}, namely the angles of the voltage phasors in a 

balanced three-phase system. In this way, the random walk can imitate random 

distribution of single-phase loads on the phases of a three-phase system: a step 

by the walker in any of the three directions parallels the addition of a single-

phase load to the corresponding phase. This random walk is unbiased in the 

same sense as previously described (𝐸(𝛿𝑖∠𝜃𝑖) = 𝐸(𝑃) = 0), and it can be 

shown [30] that Equation 9 applies for it: the walker’s expected distance to the 

origin is proportional to the square root of the number of taken steps. While 

this analogy is less precise (the voltage imbalance is affected differently by 

single-phase loads, and is indeed not quantified as a distance to some origin) it 

still serves as an explanation for sublinear proportionality between EV chargers 

and voltage imbalances (which is shown in the Results section). 

  



11 

 

3 Grids 

Four low voltage (0,4 kV) distribution grids were selected by Mälarenergi Elnät 

to be examined, all of which are located in Västerås and fed by the same 

medium voltage (10,8 kV) grid. They were determined to be of particular 

interest based on factors such as topology, historic voltage level issues, and 

proliferation of EV chargers (both present and expected in the future). In this 

report they are referred to as Grids 1 through 4. 

 

The distribution grids in the area are interconnected and meshed by 

construction, but are operated separately and radially under normal conditions. 

Some connections are only made to redirect the power flow in the event of 

faults. A prevalent feature in the grids is the presence of “sewn” feeder cables 

(sv. sydda serviser), where customers are connected to the grid along shared 

feeders. It follows that branching is minimal. This is illustrated in Figure 1. 

Sewn feeder cables are especially characteristic of Grid 1, but are also found in 

Grid 4. Grids 2 and 3 are more branched. The grids consist almost entirely of 

underground cables. 

3.1 Customers 

The grids differ in their size and in their location (from central to suburban), 

which is reflected in the amounts and types of customers they supply. The 

customers connected to each grid are shown in Table 3, as categorized accor-

ding to Mälarenergi Elnät’s definitions. The highlighted entries are households 

of different types. 

Individual feeder cables Sewn feeder cables 

Figure 1: Examples of networks with and without sewn feeder cables. 
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Table 3: Types and amounts of customers in each grid. 

Customer type Grid 1 Grid 2 Grid 3 Grid 4 

Warehouse – wholesaler - - - 1 

Specialty store - - 2 - 

Office space - - 9 26 

Office building - - 1 1 

Post office - 1 - - 

Pre-school – non-electric heating - - - 1 

Small industry – electric heating - 1 - - 

Small industry – non-electric heating - 3 - - 

Small industry – 2-shift 1 - 2 1 

Single-family detached home – non-electric heating 82 - 105 129 

Single-family detached home – electric heat pump - 29 10 6 

Summer cottages – inhabited - 12 - 1 

Apartment – non-electric heating - - 18 126 

Apartment – electric heating - - 4 - 

Total customers 83 49 151 292 

Total households 82 41 137 262 
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4 Method 

The project was carried out in three phases: modelling the grids and writing 

the simulation code, running the simulations, and processing the results. The 

steps taken are detailed in this section. 

4.1 Models 

The distribution grids were modelled in OpenDSS and the simulations were 

controlled in MATLAB via the Microsoft COM interface. All data (grid to-

pologies, cable and transformer properties, customer energy consumption data 

and so on) was provided by Mälarenergi Elnät, as measured in-house or 

provided by suppliers. The modelling was entirely informed by the available 

data; all aspects were modelled in as high detail as possible. 

4.1.1 Connections to medium-voltage grid 

As mentioned, all four grids are 0,4 kV and are fed by the same 10,8 kV grid. 

The properties of their respective transformers are shown in Table 4. As seen in 

the table, all four transformers are grounded. Apart from the data in Table 4, 

the transformer definitions included percentage reactances, and the ground con-

nections at the transformer neutrals were modelled as resistances. The medium 

voltage grid was represented as a voltage source with no harmonic spectrum, 

defined by its single- and three-phase short circuit current. 

 

Table 4: Transformer properties. 

Underlying grid Configuration Rated power 

(kVA) 

Nominal voltages 

(kV / kV) 

Grid 1 Δ / Yn 315 11,0 / 0,42 

Grid 2 Δ / Yn 500 11,0 / 0,42 

Grid 3 Δ / Yn 500 11,0 / 0,42 

Grid 4 Δ / Yn 500 10,5 / 0,40 
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4.1.2 Customers 

For each grid, two cases were considered with respect to the customers’ “base” 

power consumption i.e. not including EV chargers. Simulations were carried 

out both for a maximum load case and a minimum load case which would be 

roughly analogous to a winter evening and a summer night, respectively. The 

data available was each customer’s cumulative energy consumption over the 

last year, so their instantaneous maximum and minimum power demands had 

to be estimated. The estimation method employed was effectively the same as 

Velander’s formula [31] but with only a linear term (although Velander’s 

formula is only used for estimating maximum power demand). The estimations 

were based on a dataset of hourly energy consumption data collected over two 

years (2016-2017) from 8666 other, similar customers in Västerås, categorized 

with the same system as shown in Table 3. From this dataset, conversion 

constants were computed for each category which related yearly energy 

consumption to maximum and minimum (hourly) power demand. These 

constants were then used to estimate the power demand of each customer. For 

each category: 

1. The combined hourly power demand of all customers was calculated. 

2. The maximum combined hourly power demand was found. 

3. The combined yearly energy use of all customers was calculated. 

4. A conversion constant was computed as the maximum hourly power 

demand divided by the yearly energy use. 

5. Steps 2-4 were repeated for the minimum hourly power demand. 

 

This resulted in a set of constants 𝑘𝐶,ℎ𝑖𝑔ℎ , 𝑘𝐶,𝑙𝑜𝑤 [𝑘𝑊/𝑘𝑊ℎ] for each customer 

category 𝐶. The constants were then used to estimate the power demand of the 

customers in the studied grids, based on their yearly energy consumption: for a 

customer in category 𝐶 with a yearly energy consumption 𝑘𝑊ℎ𝑦𝑒𝑎𝑟, the 

maximum and minimum energy demand were computed as in Equation 14. By 

doing this for all customers in the grids, a high load case and a low load case 

were created. 

 

{
 
 

 
 𝑘𝑊ℎ𝑖𝑔ℎ = 𝑘𝐶,ℎ𝑖𝑔ℎ × 𝑘𝑊ℎ𝑦𝑒𝑎𝑟

𝑘𝑊𝑙𝑜𝑤 = 𝑘𝐶,𝑙𝑜𝑤 × 𝑘𝑊ℎ𝑦𝑒𝑎𝑟

(14) 
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Additionally, for each grid a list was created where every household was 

included as an available EV charger location. 

 

All customers were represented as balanced three-phase loads with no current 

harmonic injections. They were configured to have constant power demand 

while their voltage supply remained within 10% of the reference value, but to 

otherwise transition to having constant impedance (in such a way that the 

current would change continuously in the transition). This configuration can 

reduce the accuracy of the results when large voltage level deviations occur, but 

it is a common concession to ensure that the solution converges in the 

simulations even when voltages are very low [32]. 

 

The few PV modules installed at the customers in the grids were neglected due 

to lack of data on power production and voltage harmonics. 

4.1.3 Lines 

All cables and overhead lines were modelled by their: 

- Positive- and zero-sequence impedances (𝑅1, 𝑅0, 𝑋1, 𝑋0) [𝛺/𝑘𝑚]. 

- Operating capacitances [𝑛𝐹/𝑘𝑚/𝑝ℎ𝑎𝑠𝑒]. 

- Neutral conductor impedances (𝑅, 𝑋)  [𝛺/𝑘𝑚]. 

4.1.4 EV chargers 

For the EV charger load models in the simulations, a dataset of measurements 

from the charging of four EVs (produced by supervisor Georgios Foskolos [33]) 

was provided. The dataset contained power measurements and current har-

monic measurements up to the 25:th harmonic. It was recorded with a time 

resolution of 200 ms as the EVs were charged (on separate occations) over 

nearly the full range of SOC i.e. from nearly depleted to fully charged. 

 

In the models, the EV chargers were represented as single-phase loads with 

power demands and current harmonic spectra sampled from the provided 

dataset (as detailed in the Simulations subsection). They operated in the same 

way as the customer loads in that they would transition from constant power 

mode to constant impedance mode when the voltage deviated more than 10% 

from its reference value. 
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Some visualizations of the dataset are shown below. Fifty datapoints were 

sampled from the EV charger dataset and summed up cumulatively. This was 

repeated 1000 times, Figure 2 shows the results from one of the iterations and 

Figure 3 shows the average results. Each aggregated current harmonic is 

represented by a line. 

Figure 2: Mean current harmonic magnitudes and angles from aggregated EV charger measurement 

data. The third and fifth harmonic are indicated by labels. 

Figure 3: Current harmonic magnitudes and angles from aggregated EV charger measurement data. The third and 

fifth harmonic are indicated by labels. 
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From these figures it is clear that the phase shifts of the current harmonics 

produced by the EVs are not at all uniformly distributed. The angle converges 

quickly for most current harmonics as more datapoints are added. Notably, the 

angle converges very quickly for the 3rd current harmonic and its magnitude 

grows more or less linearly. The 5th current harmonic’s angle, on the other 

hand, takes the longest to converge, and its magnitude initially grows sub-

linearly. Similar behavior is seen in the higher negative sequence harmonics 

(11th, 17th, 23rd). As the number of datapoints becomes larger, however, angles 

converge and magnitudes exhibit an increasingly linear growth across the 

board. 

4.2 Simulations 

As there were two different load cases for each of the four grids, a total of eight 

simulations were carried out according to the following algorithm. 

 

1. The model was compiled, and the list of available EV charger locations 

(households) was readied. 

2. An initial power flow solution was computed, and the results were 

recorded. 

3. An EV charger was added to the grid, by randomly selecting: 

• One of the four EV types. 

• A point in the time series from the measurement data for that 

EV, to define power demand and current harmonic spectrum. 

• A location, from the list of available EV charger locations. 

• One of the three phases. 

The EV charger load, with the selected definitions, was added in 

parallel to preexisting loads. The chosen location was then marked as 

occupied in the list. 

4. A power flow solution and a harmonic flow solution were computed, 

and the results were recorded. 

5. Steps 3–4 were repeated until there were no more available EV charger 

locations, i.e. until an EV charger was connected at every single 

household. 

6. Steps 1–5 were repeated 1000 times for statistical tools to be applicable. 
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4.3 Processing 

After the simulations were completed, the power quality parameters in focus 

were computed as detailed in the Power quality demands subsection. This was 

done both at the connection points of the customers and at the transformer. 

Mean values and 95% confidence intervals for the 1000 iterations were then 

calculated.  

 

For the current demand distortion computations 𝐼𝑝𝑒𝑎𝑘 was based on the current 

rating of each transformer, for lack of available current measurement data. 
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5 Results 

The results are high-dimensional in the sense that there are many dependent 

variables e.g. voltage imbalance depends on voltage level, load case, amount of 

present EV chargers, grid topology and position in the grid. In total, the 

simulations and post-processing produced over 160 GB of data. Thus, many 

observations are qualitative, as conveying the results numerically would be 

impractical. To aid the interpretation of the results many visualizations were 

made, displaying the different power quality parameters as functions of the 

amount of EV chargers present. The bulk of these visualizations can be found 

in a separate document but some samples are included in this section. 

 

Each power quality parameter is addressed separately, and the most important 

observations are listed. The term penetration grade, expressed as a percentage, 

is used as a measure of how many households are actively operating EV 

chargers in a grid. That is, the EV charger penetration grade is 0% when there 

are no EV chargers operating, and 100% when an EV is being charged at every 

household. 

5.1 Voltages 

As per the Power quality demands subsection the voltage level is to be kept 

within 10% of its reference value. Table 5 shows the average penetration grade 

and number of EV chargers at which the first undervoltage occurs in each grid 

and for each load case. Note that any penetration grade percentage corresponds 

to different amounts of EVs in different grids. 
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Table 5: Average EV charger penetration grade at the first undervoltage. 

Grid, load case Penetration grade  EV chargers 

Grid 1, high loads  70% 57 

Grid 1, low loads - - 

Grid 2, high loads - - 

Grid 2, low loads - - 

Grid 3, high loads 55% 75 

Grid 3, low loads - - 

Grid 4, high loads 0% 0 

Grid 4, low loads 45% 118 

 

The following observations can be made: 

• The voltages are consistently higher in the low load cases. So much so, 

that no undervoltages occur in the low load cases for Grids 1, 2, or 3 

even at maximum penetration grade. 

• The impact the EV chargers have on the grid voltage largely depends 

on how many of them can fit in a grid. No undervoltages occur for 

either load case in Grid 2, which has the fewest households, while they 

occur early in the largest one, Grid 4. In fact, with the way customer 

power demand is estimated, extreme undervoltages occur in the high 

load case for Grid 4 before any EV chargers are even added. This is 

addressed in the Sources of error section. The lowest voltages in Grid 4 

are observed in a single sewn feeder cable supplying nine apartment 

buildings. The extreme overloading, in combination with the loads 

operating in constant impedance mode, makes the results less reliable. 

Such low voltages are unique for the high load case in Grid 4, though: 

undervoltages can otherwise only be observed at high penetration 

grades. 

• The impact individual EV chargers have on the voltage level varies. 

Each EV charger has a larger impact in the low load cases, but grid 

topology also matters: the average impact of each EV charger is similar 

in Grids 2, 3, and 4, but in Grid 1 (which has sewn feeders) the voltage 
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is affected almost twice as much. The sewn feeder in Grid 4 is also 

roughly twice as sensitive as the rest of the grid. 

• The deviation from the reference voltage varies between customers and 

is largely determined by grid topology and distance to the transformer. 

Despite the extreme undervoltages at the customers, the voltage at the 

transformer remains at an acceptable level. In fact, no undervoltages 

can be observed at the transformers in any of the simulations. 

 

The voltages at the customers and the transformer in the high load case for 

Grid 3 are shown in Figure 4. Each black line and corresponding shaded area 

represents the mean value and the 95% confidence interval of one customer’s 

supply voltage, as a function of the penetration grade. 

 

5.2 Voltage imbalances 

The allowed limit for voltage imbalance is 2%, as detailed in the Power quality 

demands section. The penetration grades at which this limit is, on average, first 

exceeded is shown in Table 6.  

Figure 4: Customer and transformer line-to-neutral voltages as functions of EV charger penetration grade in the 

high load case for Grid 3. 
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Table 6: Average EV charger penetration grade at which the first voltage 

imbalance regulation violation occurs, in each grid and load case. 

Grid, load case Penetration grade  EV chargers 

Grid 1, high loads  27% 22 

Grid 1, low loads 33% 27 

Grid 2, high loads - - 

Grid 2, low loads - - 

Grid 3, high loads - - 

Grid 3, low loads 85% 116 

Grid 4, high loads - - 

Grid 4, low loads 30% 79 

 

Figure 5 shows the voltage imbalance at the customers and transformer in the 

low load case for Grid 1. Each black line and shaded area represent the average 

and confidence interval, respectively, of the voltage imbalance at one customer. 

 

  

Figure 5: Customer and transformer voltage imbalances as functions of EV charger penetration grade in the 

low load case for Grid 1. 
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The following observations can be made: 

• The highest imbalances are observed in the low load case for Grid 1, 

where the first voltage imbalance violations typically occur at 27% 

penetration grade. This is the case shown in detail in Figure 5. 

• While the first violations occur, on average, at 27% penetration grade 

in Grid 1, they can occur as early as at 5% (which corresponds to 4 EV 

chargers in Grid 1). Voltage imbalance violations can be caused by very 

few EV chargers if they happen to be connected to the same phase in 

the same sewn feeder. 

• Figure 5 demonstrates that the voltage imbalance grows roughly 

proportionally to the square root of the number of EV chargers, as 

predicted in the Random walks section. The same behaviour can be 

observed for all grids and load cases. 

• The voltage imbalance can differ by an order of magnitude between 

customers in the same grid. This is mainly due to grid topology and 

distance to the transformer; customers at the ends of sewn feeders often 

experience imbalances several times larger than those closest to the 

transformer. On average, sewn feeders are roughly twice as sensitive to 

EV chargers as the rest of the grids with respect to voltage imbalance. 

That is, on average each EV charger has roughly the same impact on 

the voltage imbalance in Grid 2, Grid 3, and (most of) Grid 4, but has 

twice that impact in Grid 1 and in the sewn feeder in Grid 4. This 

means that voltage imbalance violations are very likely to first occur in 

sewn feeders. 

• Despite voltage imbalances occurring early on in sewn feeders, and 

everywhere at high penetration grades, the imbalances at the trans-

formers remain far below the 2% limit in all grids and load cases. 

5.3 Voltage Harmonics 

The limits for voltage harmonics content are found in Table 1 in the Power 

quality demands section. Table 7 below shows the penetration grade at which 

these limits are first exceeded, on average.  
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Table 7: Average EV charger penetration grade at which the first  

voltage harmonic violation occurs in each grid and load case. 

Grid, load case Penetration grade  EV chargers 

Grid 1, high loads  - - 

Grid 1, low loads - - 

Grid 2, high loads - - 

Grid 2, low loads - - 

Grid 3, high loads - - 

Grid 3, low loads - - 

Grid 4, high loads - - 

Grid 4, low loads 95% 249 

 

Figure 6 shows the voltage harmonic distortion at the transformer in the low 

load case for Grid 3. Table 8 shows how large each voltage harmonic is at 

maximum penetration grade, compared to its allowed limit (in percent). 

  

Figure 6: Individual and total voltage harmonic distortion at the transformer as functions of EV charger 

penetration grade for the low load case in Grid 3. 
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Table 8: Average amplitude of each voltage harmonic at maximum penetration 

grade, expressed as a percentage of the corresponding limit. 

 High loads Low loads 

Harmonic Grid 1 Grid 2 Grid 3 Grid 4 Grid 1 Grid 2 Grid 3 Grid 4 

THD 16 7 19 23 16 8 21 37 

3 15 7 16 17 15 7 17 32 

5 3 1 2 3 3 1 3 4 

7 6 3 8 12 6 3 9 16 

9 38 15 46 56 39 17 51 84 

11 6 3 7 9 6 3 8 13 

13 16 8 22 28 16 8 24 42 

15 55 23 71 84 58 25 80 123 

17 6 3 8 10 6 4 9 15 

19 12 7 17 21 12 7 19 32 

21 33 15 43 51 35 17 48 76 

23 20 11 29 34 21 12 30 52 

25 14 8 20 23 15 9 21 36 

 

The following observations can be made: 

• As seen in Table 7 the mean values for all voltage harmonics remain 

within the acceptable limits for all grids, load cases and penetration 

grades, with a single exception. The 15th voltage harmonic exceeds its 

limit at 95% penetration grade in the low load case for Grid 4. 

• As seen in Table 8, the 15th voltage harmonic reaches 123% of its 

allowed level at maximum penetration grade. This corresponds to an 

individual harmonic distortion of 0,74% (the limit is 0,6% as per Table 

1). A few other voltage harmonics come close to exceeding their limits, 

especially in the low load cases and in the larger grids that have more 

available EV charger locations. 

• At maximum penetration grade, there is more harmonic content in the 

larger grids as they house more EV chargers. 
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• The harmonic content is larger in the low load cases. The difference is 

bigger at high penetration grades and in the larger grids, likely due to 

the severe undervoltages in those scenarios. In Grids 1 and 2, the 

difference between load cases is small. 

• In all cases, the triplen harmonics are particularly high (in relation to 

their limits) while the negative sequence harmonics remain relatively 

low. 

• In general, the lower harmonics increase roughly linearly with the 

number of EV chargers while the higher harmonics increase more 

sublinearly. The exception is the 5th voltage harmonic which also grows 

sublinearly (similarly to what can be observed for the aggregated 

current harmonic measurements, visualized in Figure 2 and Figure 3). 

This is demonstrated in Figure 6 which shows the voltage harmonics at 

the transformer in the low load case for Grid 3. Each harmonic is 

represented by a line labelled by its order. 

• As with the voltage imbalances, the voltage harmonics can differ by an 

order of magnitude between customers and is mainly due to grid 

topology and difference in distance to the transformer. The voltage 

harmonic levels are least problematic at the transformer where they 

remain well within the limit for all grids and load cases. 

• In grids that have sewn feeders the voltage harmonic content is, by far, 

the highest there. 

5.4 Current harmonics 

Figure 7 shows the current demand distortion at the transformer for the low 

load case in Grid 1. Each current harmonic is represented by a line, labelled by 

its harmonic order. 
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Table 9 shows the average demand distortion of each harmonic at 100% 

penetration grade. The values are expressed as percentages of each current 

harmonic’s corresponding limit. 

  

Figure 7: Individual and total current demand distortion at the transformer as functions of EV charger penetration 

grade for the low load case in Grid 1. 



28 

 

Table 9: Average demand distortion of each current harmonic,  

expressed as a percentage of the corresponding limit. 

 High load Low load 

Harmonic Grid 1 Grid 2 Grid 3 Grid 4 Grid 1 Grid 2 Grid 3 Grid 4 

TDD 46 16 42 50 49 18 49 71 

3 46 15 42 50 49 17 48 69 

5 7 3 6 7 7 3 7 10 

7 16 6 16 19 17 6 17 28 

9 22 8 20 25 23 9 23 35 

11 13 5 11 13 13 6 13 19 

13 29 11 27 30 30 12 31 46 

15 14 6 13 16 15 7 16 23 

17 7 3 7 7 8 4 8 11 

19 10 4 10 11 11 5 11 16 

21 8 4 8 10 9 4 9 13 

23 34 17 33 36 36 19 39 52 

25 22 11 21 23 24 13 25 32 

 

The following observations can be made: 

• The average values for the current harmonic content do not exceed any 

limit, in any grid or load case. Even the upper bounds of the 95% 

confidence intervals remain below the limits.  

• The current harmonic content is marginally higher in the low load 

cases. 

• The 3rd, 13th, and 23rd harmonics come closest to their limits. At lower 

penetration grades (up to about 40–50 EV chargers) the 23rd current 

harmonic is larger than the 3rd, in comparison to their respective limits. 

However, as the 23rd harmonic grows more sublinearly than the 3rd, it is 

then “overtaken”. 

• At larger numbers of EV chargers, the 3rd current harmonic is the 

largest by far and gets the closest to its limit. In the low load case for 
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Grid 4, it reaches 69% of its limit on average (and the upper bound of 

the 95% confidence interval reaches 93% of the limit). 

• In general, lower current harmonics grow more linearly while higher 

(and the 5th) grow more sublinearly. Figure 7 shows the current 

demand distortion at the transformer for the low load case in Grid 1. 

Comparing Figure 7 to the direct aggregation of measurement data 

(Figure 2 and Figure 3 in the EV chargers subsection) reveals that the 

current harmonics increase slower and less linearly in the simulations. 

This is expected, as the impedances in the grids cause both losses 

(resulting in slower growth) and phase shifts which lead to increased 

cancellation (resulting in sublinear growth). 

• Each EV charger has roughly the same impact on current harmonic 

content in all grids. However, the impact on demand distortion is larger 

in Grid 1 as this is computed based on the transformer rating. 
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6 Discussion 

In this section, the results are interpreted. Their reliability is also addressed, 

and some suggestions for further research are presented. 

6.1 Observations 

Many of the observations made in the Results section are intuitive and 

expected. Nevertheless, the results vary greatly between grids and load cases so 

it is difficult to draw generalizable, quantitative conclusions. In particular, it 

would be very difficult to make any numerical predictions for other grids based 

on the results. Part of the aim of this study was to investigate whether it 

would be possible to produce tools based on the results, which could be used for 

easy estimation of the impact of EV chargers in other distribution grids 

(effectively avoiding modelling and simulations). The answer is that it is not 

considered possible; as the results show, such a tool would have to consider the 

topology and customers’ power demand in some way and for that to be reliable 

a much larger grid sample size would be necessary. 

 

While numerical predictions would be difficult to make based on the results, 

they make some strong indications with pertinence to understanding EV 

chargers’ grid impact and to distribution grid management in general. The 

most important are listed below. 

 

• It is not always the same power quality parameter which limits the 

amount of EV chargers that can be operated simultaneously in a grid. 

While the voltage level is usually the first to deviate from its allowed 

interval, the voltage imbalance can in some cases exceed its limit long 

before. This does not only depend on customer power demand, but the 

topology and electrical properties of the grid as well. 

• Harmonic content is of little concern this context. For current or 

voltage harmonic content to reach problematic levels in a grid, so many 

EV chargers are needed that they will inevitably cause much larger 

issues with voltage levels and imbalances. 

• Larger grids can handle larger amounts of EV chargers, but lower 

penetration grades. That is, in the large grids a smaller portion of the 

households can use EV chargers simultaneously. 
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• Different power quality parameters vary differently with the number of 

EV chargers. Voltage levels decrease approximately linearly. Some 

voltage and current harmonics increase nearly linearly while other 

harmonics initially increase more sublinearly. As the penetration grade 

increases, though, their growth becomes more linear. Most notably, the 

voltage imbalance is roughly proportional to the square root of the 

number of (single-phase) EV chargers. While many simplifications went 

into producing the results of this study (as is discussed in the Sources 

of error section below), the results strongly suggest that voltage 

imbalances should not be expected to even out as more and more 

single-phase loads are added to a grid. 

• Sewn feeders are particularly vulnerable to the strain added by EV 

chargers. On (a very rough) average, EV chargers have twice the im-

pact on the voltage quality in sewn feeders as they have in highly 

branched topologies. Customers further out in sewn feeders are affected 

the most. 

• The voltage quality and current harmonic content at the transformers 

is affected much less than at the customers. There are also large 

differences in voltage quality and current harmonic content between 

customers. This means that measurements taken at the transformer are 

not sufficient for estimating the voltage quality or current harmonic 

content at any of the customers. As shown in the Results section, 

severe undervoltages and imbalance violations can occur at the 

customers while the voltage quality at the transformer is barely affected 

at all. 

6.2 Sources of error 

As the availability of data and the scope of the project were limited, some 

simplifications and approximations were necessary (as detailed in the Method 

section). The most notable concessions are mentioned here. 

 

• The representations of the physical grids in the models are missing 

some details: the mutual inductance and capacitance between the 

neutral conductor and each phase conductor, the resistance of the 

transformer and the inductance of the ground connection. However, the 

models are well developed overall and the absence of these details is not 
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believed to have a large impact on the results compared to the 

following items. 

• The customers are crudely represented. They are assumed to be 

balanced and inject no current harmonics into the grid. Also, the 

estimations of their maximum and minimum power demand are based 

on yearly energy consumption and are very simple. Most importantly, 

the estimation method considers each customer category separately and 

so does not account for the temporal correlation between categories. In 

effect, the maximum (and minimum) power demand is thus assumed to 

coincide for customers of all categories. The effects of this are clear in 

the larger grids: there are customers from many categories so their 

combined peak power demand is overestimated. 

• 𝐼𝑃𝑒𝑎𝑘 having to be based on the transformer ratings instead of power 

demand (due to lack of data) in the TDD computations likely caused 

the current demand distortion to be slightly underestimated. 

• At low voltages the loads operated in constant impedance mode, which 

allowed the solutions to converge at the cost of reduced accuracy. At 

high penetration grades in the larger grids the voltage levels were 

extremely low, and those results should not be trusted blindly. 

• While a few PV modules were present in the grids, they were not 

included in the models. Since they act as sources of voltage and voltage 

harmonics, the results are further removed from reality by not 

including them. It could be argued, however, that they would not be 

operating at the moments that the two load cases loosely represent i.e. 

a winter evening and a summer night. 

6.3 Limitations in result usefulness 

Aside from the estimations and assumptions in the models, the methodology 

affects the applicability of the results. This study has a theoretical focus, so 

listed here are some important aspects to consider before generalizing any 

observations made here. 

 

• Although the EV charger data is of very high quality, the four EV 

chargers and the way they are charged are not representative of the EV 

fleet as a whole. Firstly, power consumption and current harmonic 

injection varies between makes. Secondly, not all EV chargers are 
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single-phase or connected to a random phase: this study did not 

consider three-phase EV chargers, EV chargers that automatically 

switch to the least loaded phase, EV chargers that adjust their charging 

speed to avoid tripping customers’ fuses, et cetera. By only considering 

single-phase EV chargers, this study effectively examined the worst case 

scenario in terms of EV chargers’ impact on voltage imbalance. 

• The studied grids differ in size, topology, and customer types, but there 

were only four of them. As the results differed a lot between them, it 

would be hard to make reliable predictions about other distribution 

grids. 

• The study combines data with different time resolutions: for the 

customers, yearly consumption data is used in combination with hourly 

data from other customers; the EV charger data has a resolution of 200 

ms; the results are compared with regulations which apply to 10 minute 

rms values. If all used data had the same 10 minute resolution, the 

customers’ maximum and minimum power demand would likely be 

more extreme and the EV charger data would be more evened out 

(resulting in lower harmonic content). 

• The plausibility of any scenario is not considered. The study considers, 

in a simplified way, all possible scenarios with respect to amounts and 

placements of EV chargers, but it does not in any way consider the 

likelihood of them happening. 

6.4 Further research 

There are several ways to build on this study. The pipeline itself can be 

bettered mainly by improving the model representations or the simulation 

method. However, the best way to build on the results is to study more grids. 

Increasing the size of the sample and making it more representative of the 

distribution grid population by considering a wider variety of distribution grids 

(with respect to location, customer types and so on) is the best way to make 

the results more reliable. That being said, the results of any future study can 

be more useful in practice if another simulation method is used. 

6.4.1 Improving the simulation method 

Ideally, new grids should be studied where high resolution data is available for 

customer power demand. The simulations could then be carried out in time 
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series instead of snapshots, and eliminate the need for any type of assumptions 

regarding power demand (which was most likely the greatest source of error in 

this study). It would also allow for assessing the likelihood of any regulations 

being violated. With high enough resolution, direct comparisons to the regula-

tions would be possible. 

 

In order to use time series, however, some assumptions would instead have to 

be made about the amounts and distribution of EV chargers. Trying to 

encompass all possible cases as was done in this study would be computation-

ally infeasible. A few different cases with respect to the number of EV owners 

could be chosen, and some probability distribution model for charger usage 

patterns would be necessary. 

6.4.2 Including PV modules 

Whether or not the simulation method is improved, the models could be 

improved by including PV modules. Any grid where high resolution data is 

available for customer power demand should likely have similar data for the 

PV modules. Depending on the available data, they could be included as plain 

voltage sources or also as voltage harmonic sources. 

 

Another dimension could be added to the study by not only modelling existing 

PV modules but also considering different scenarios, same as with EV chargers. 

However, this could make the study very convoluted as different combinations 

of PV and EV penetration grades would have to be considered. 

6.4.3 Other improvements 

While the largest improvements can be made by simulating with time series, 

there are several ways to improve the models as well. To some extent, the 

models could be improved if the mentioned missing electrical properties could 

be found in new grids or measured. 

 

An important aspect which was not considered in this study is the fuses 

present in the grids. They effectively represent a hard limit to the current that 

may pass through each element. By comparing the currents in the results to 

the fuse sizes, one could e.g. keep track of the transformer loading or see 
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whether the voltage imbalance in sewn feeders can actually rise to problematic 

levels before any fuses trip. 
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7 Conclusion 

In this study, the grid impact of gradually increasing amounts of household EV 

chargers was investigated through simulations. Four low voltage distribution 

grids were examined, and several power quality parameters were observed as 

functions of the amount of EV chargers. This approach yielded many useful 

insights on the grid impact of household EV chargers, as well as on distribution 

grid management in general. 

 

The posed questions were answered to satisfaction. It was determined how 

many EV chargers would be necessary for several power quality regulations to 

be violated, at maximum and at minimum power demand, both on average and 

in a worst case scenario. Due to the small sample size, and the large variety of 

factors which influence the power quality, creating any type of simplified 

estimation tool for the grid impact of EV chargers was deemed pointless. A 

much larger sample size would be needed to determine whether it could be 

done at all.  

 

The focus of this study was not the EV charger hosting capacity of the grids, 

but rather the compounding grid impact of household EV chargers. While the 

study provided many useful insights through its unique perspective, they are in 

a sense very theoretical. For the results to be more readily applicable in 

practice, time-domain simulations would be necessary. 
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