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A B S T R A C T   

This paper presents a probabilistic methodology to assess the power quality impact (harmonics and voltage 
unbalance levels) in low voltage residential networks with increased simultaneous integration of nonlinear loads 
and electric vehicles. The uncertain behavior of these loads is considered in the model by applying a probabilistic 
approach that accounts for their stochastic allocation and performance. In particular, different electric vehicle 
charging locations and modes of charge are assumed for the analysis of the electric car impact and weekly de-
mand profiles are considered for the nonlinear loads. A Monte Carlo simulation is performed in order to obtain a 
probabilistic assessment of power quality with penetration levels of disturbing loads estimated for year 2030 for 
different penetration levels of electric vehicles in the system and including the interaction with photovoltaic 
generation. The methodology proposed is applied to the IEEE European Low Voltage network and to a larger 471- 
buses residential network and results are compared to EN50160 standard limits as the reference framework for 
low voltage power quality indices.   

1. Introduction 

Electric vehicles (EVs) are increasingly adopted as part of the global 
strategy for transport decarbonization. This tendency towards replacing 
conventional fossil fuel vehicles by EVs is expected to keep growing in 
the near future. At the same time, nonlinear (NL) loads based on power 
electronics are becoming increasingly common in domestic environ-
ments. However, concerns have been raised about the impact on power 
quality (PQ) levels of the widespread connection to the grid of such 
types of loads [1–3]. New tools and procedures are required in order to 
analyze the potential effect of high penetration levels of EVs and NL 
devices and their mutual interaction in order to be prepared for the 
challenges that their integration into residential distribution networks 
implies [4]. 

This paper provides a probabilistic methodology to assess PQ impact 
of both, household power-electronics based loads and EVs, on distri-
bution residential sector by taking into account the uncertain parame-
ters associated to their connection (such as location, time of connection, 
inhabitants per residence, etc.). Among these uncertain parameters, the 
most influential ones have been identified and assessed under probabi-
listic basis considering a high number of simulated weeks. 

Very frequently, studies have assessed PQ impact of EVs in distri-
bution networks under deterministic basis considering one or various 
scenarios representative of all possible states [5–8]. However, these 
studies typically neither account for the stochastic behavior of house-
hold loads nor for the uncertainties associated with the EV (such as 
location, state of charge, charge duration, etc.) which have a significant 
influence on PQ levels. More recently, some probabilistic studies have 
assessed the impacts of EV in the network, however, they did not focus 
specifically on PQ impact [9–12]. In other studies [13,14] the PQ impact 
of the EV is assessed, but the simultaneous integration of NL residential 
loads (and their associated uncertainties) is not considered in order to 
assess the probability of non compliance with the established EN50160 
PQ limits [15]. In particular, in [13] Monte Carlo simulations were used 
for the assessment of unbalance caused by EVs in distribution network 
while in [14], the combined effect of simultaneous operation of photo-
voltaic generation and EVs is studied. However, these previous studies 
neglect the interaction between EVs and NL residential loads which has 
been proved to be influential and to produce an attenuation effect at 
certain harmonic orders. In order to consider the stochastic behaviour of 
domestic loads in compliance with PQ limits [15], simulations consid-
ering weekly demand profiles are required. 
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In this paper, the combined effects of NL loads and EVs on voltage 
harmonic distortion and voltage unbalance in the feeders of two urban 
residential areas are investigated, and a case study with photovoltaic 
(PV) distributed generation is included to analyse its interaction with EV 
and residential loads regarding PQ indices. The uncertainty of the loads 
is modelled based on measurements in real systems supplemented by the 
data found in the literature [9,16–18] and weekly residential demand 
profiles have been generated considering the stochastic behaviour of 
residential loads. Probabilistic models are also adopted to take into ac-
count the uncertainties related to charging modes and location of EVs 
[11,17,19]. The study presented here is focused on future scenario [1] 
with increased penetration of NL loads and is applied to a residential 
network with one feeder and 55 residential consumers [20] and to 
another larger network with 471 consumers [21]. The results indicate 
that the simultaneous connection of EVs and power electronics based 
loads can result in a potential decrease of the voltage harmonic content 
of certain harmonic orders while others can be increased. Unbalance 
levels can reach non tolerable values that are influenced by the charging 
mode and location of the EVs. 

The main contributions of the paper include: i) A methodology for 
the integrated probabilistic assessment of harmonics and unbalances in 
residential networks with EVs and NL household loads; ii) Assessment of 
the combined effect of EVs and NL domestic loads on PQ levels in resi-
dential networks considering their associated uncertainties iii) Deter-
mination of the probability of PQ weekly percentiles non-compliant with 
PQ limits iv) The analysis of the influence of different EV charging lo-
cations (distributed or concentrated in centralized car parks), charging 
strategies (with charging starting time controlled or uncontrolled), and 
EV penetration on PQ levels and v) The analysis of the interaction of PV 
generation on PQ indices in the considered scenarios. 

2. Probabilistic methodology for PQ assessment 

2.1. General overview of the probabilistic method 

Demand profiles of residential loads and EV show great variability 
along the week and from one week to another. Therefore, a deterministic 
approach to evaluate PQ based on the analysis of a single time step or a 
reduced number of them could hardly be representative of the stochastic 
behavior of PQ indices. In order to take into account this stochastic 
behavior it is necessary to approach the problem using a probabilistic 
method. In this work, a Monte Carlo method is applied for the analysis of 
PQ indices. Monte Carlo simulations are performed considering different 
probability distributions that model the uncertain aspects of devices (NL 
loads and EVs) connected to the network for a given period of obser-
vation. The output obtained from the set of simulations is statistically 
representative of the range of expected output values. Following this 
approach, harmonic propagation and unbalanced power flow in all the 
10-min intervals of a week are repeated a number of times until a reli-
able probability distribution of the output values is obtained. In this 
case, 160 simulations are performed according to the convergence 
studies described in Section 3.3. The outputs of the method are 3rd , 5th 

and 7th harmonic voltages, THD and unbalance at all system buses. 
A schematic overview of the proposed methodology is shown in 

Fig. 1, where the steps considered in the method are:  

1. Definition of the scenario (i.e., EV charging location and charging 
mode and penetration levels of EV, NL loads and PV generation).  

2. Active and reactive demand profiles are obtained for houses, EVs 
(according to the assumed charging mode) and PV generation, with a 
10-min time step. Harmonic emission levels of these loads are also 
established according to characteristic probability distributions.  

3. Random allocation of residential load profiles to system buses.  
4. Allocation of EV demand profiles and PV generation according to the 

selected charging location scenario.  
5. Unbalance and harmonic voltages are calculated using three phase 

power flow and corresponding harmonic injection. This process is 
performed for each 10-min interval of a week.  

6. PQ indices required for the analysis of the compliance with standard 
limits are calculated in a probabilistic manner by performing mul-
tiple simulations (i.e., multiple weeks).  

7. Statistical analysis of results to obtain PQ representative indices. 

All the previous steps and the details about their implementation are 
comprehensively described in the following sections. 

2.2. Modelling of EV 

EV demand profiles are strongly dependent on the values of several 
variables. One of these variables is the start time of the EV charging 
period. Different charging modes can be assumed which will determine 
the charging strategy and the start time of the charging period of the EV. 
As it will be explained in Section 2.6, in this work, four charging modes 
will be assumed and compared. 

Another important variable is charging duration (D) which is related 
to the battery state of charge (SOC) at the beginning and at the end of the 
charge period according to: 

D =
C × (SOCfinal − SOCinitial) × DOD

P × η (1)  

where C stands for battery capacity (kWh), DOD refers to the maximum 
discharge allowed (usually around 60%), P is charger rated power (kW) 
and η refers to charger efficiency [22]. In this study, final and initial SOC 
are stochastically determined by means of a Gaussian mixture model for 
both variables and for both weekends and weekdays as proposed by 
[17]. DOD has been assumed 60% [22] and η = 99%. 

Fig. 1. Flowchart of the proposed probabilistic harmonics assessment method.  

Fig. 2. Typical dwelling weekly active power demand, EV charging demand 
and PV generation. 
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The rest of parameters of EVs are randomly generated. In particular, 
battery sizes C are assumed with equiprobable values of 54, 24, and 16 
kWh [7]. Charger rated power P can be 1.44, 3.6, or 3 kW according to 
[9]. Power factor of EV chargers is extracted from the following prob-
ability distribution: 74.4% EVs have power factor 0.98, 16.7% have 
power factor 0.97, 4.2% have power factor 0.96, 2.8% with 0.95, 1.3% 
with 0.94 and 0.6% with 0.93 [17]. 

As an example, Fig. 2, shows the EV demand curve generated when 
the previous approach is applied for a random week and the “measured 
charging mode” (defined in Section 2.6) is considered for the start time 
of charge. 

In order to assess the harmonic voltages due to the harmonic emis-
sion of EVs, the harmonic current spectra of EV must be determined. EV 
harmonic injections are randomly obtained from normal distributions of 
phase angle and magnitude, obtained from measurements as explained 
in [18]. Measurements in [18] were taken for a set of EV chargers 
connected to single-phase low voltage (LV) network, registering current 
magnitudes and phases during charging time. Mean and standard de-
viation of the considered normal distributions are shown in Table 1. In 
this study, a sample is taken from these distributions for each 10-min 
interval of a week, i.e., 1008 samples per week and 160 weeks are 
considered (161280 samples are taken for harmonic injection for each 
bus load in the network). 

2.3. Modelling of PV generation 

In order to consider PV generation in the study, the stochastic gen-
eration profile must be simulated. To this aim, a daily sun irradiance 
model for each month of the year is used [23]. This model calculates 
irradiance based on latitude and time of day and applies a correction 
factor with a stochastic passing-cloud calculation. In the study proposed 
in this work latitude of Madrid, Spain is considered. 

Photovoltaic active power generation is calculated from the previ-
ously simulated sun irradiance by considering a efficiency between 
0.135 and 0.185 (with uniform probability) according to [24]. Panel 
sizes are randomly selected for each dwelling from 6.25, 9.38, 12.5, 
15.63, 18.75, 21.88 and 25 m2 with probabilities of 0.01, 0.08, 0.13, 
0.14, 0.14, 0.12, 0.38 respectively [9]. All PV inverters are considered to 
have power factor equal to 1. By considering these uncertain variables, 
the generated power profile of a residence can be calculated. An 
example is shown in Fig. 2. In case study #3 of this work, a 40% 
penetration of PV generation has been assumed as a forecast for 2030 
levels according to [25]. 

Finally, in order to consider the harmonic injections of PV genera-
tion, current harmonics from single-phase PV inverters are obtained 
from measurements extracted from PANDA database [26]. 

2.4. Modelling of residential NL loads 

Residential loads demand profile is characterized by the stochastic 
behavior of domestic consumers. This stochastic behavior is modelled by 
means of the tool proposed in [27], based on Markov chains [28]. In this 

study, the time step of demand profiles provided by [27] has been 
adapted to a resolution of 10 min intervals along a whole week, as 
required by standard [15]. 

The number of inhabitants per residence required by the model in 
order to generate domestic demand curves is extracted from Spanish 
statistics and forecasts for 2030 [29], with 28.4% of residences with 1 
inhabitant, 31% with 2, 19% with 3, 16% with 4 and the remaining 5.6% 
with four or more inhabitants. 

In order to randomize the process, a pool of 100 weekly load profiles 
have been generated for each of three occupancy levels (few, many and 
average number of inhabitants). In total, 300 weekly load profiles have 
been generated. These demand profiles have been calculated for winter 
period where demand is higher and PQ disturbances reach higher 
severity levels [30]. According to the simulated occupancy level, weekly 
load profiles are randomly selected from the appropriate pool. An 
example of a residential demand curve is shown in Fig. 2 for a randomly 
selected winter week of the pool with average number of occupants. 

Many of the loads that are included in this residential demand are 
NL. In the harmonic load flow calculations, the harmonic emission of 
these NL loads is modelled considering [16], based on real measure-
ments acquired according to IEC 61000–4-7 [31] with a RPM power 
recorder system with 5 min resolution at connection points of different 
customers. According to this approach, harmonic spectra of aggregated 
residential load profiles follows a distribution with two load types 
(namely, loads type a and loads type b). The participation of these two 
types of loads in the total load is obtained from a normal distribution 
with mean and typical standard deviation that vary depending on the 
time of the day as shown in Table 2. The harmonic magnitude and phase 
angle of both types of loads is distributed with a uniform probability 
distribution within the interval limit values indicated in Table 3. 

2.5. Assessment of PQ indices 

In order to obtain the voltage harmonic components, studies of 
harmonic propagation are performed for each 10-min interval along a 
week. In these studies, residential loads, PV and EV devices are modelled 
as constant P and Q demands for the fundamental frequency, and as 
ideal current sources for higher frequencies, as proposed in [32]. In this 
work, 3rd, 5th and 7th voltage harmonics and the THD are calculated at 
all system buses. 

Three phase power flows are also performed for each interval of 
study in order to calculate voltage unbalance levels. All the residential 
loads are single-phase and are allocated to the phase of the system 

Table 1 
Harmonic spectrum for EVs [18].  

Harmonic current spectrum for EVs 

Harmonic order μ  σ  

3rd  Mag [%] 31.3 2.65 

Phase [◦] − 52 1  

5th  Mag [%] 24.52 2.04 

Phase [◦] − 94 1  

7th  Mag [%] 16.98 1.45 

Phase [◦] − 67 1  

Table 2 
Weighted contribution of each of the harmonic type [16].  

Period (hrs) fa  fb   

μ  σ  μ  σ  

8:00–18:00 0.1 0.03 0.9 0.3 
18:00–8:00 0.6 0.2 0.4 0.12  

Table 3 
Harmonic spectrum for residential loads [16].  

Harmonic current spectrum for residential loads 

Harmonic order Type a Type b 

3rd  Mag [%] 10–20 50–70 

Phase [◦] 230–290 120–180  

5th  Mag [%] 5–10 40–60 

Phase [◦] 90–150 200–260  

7th  Mag [%] 2–4 30–40 

Phase [◦] 40 – (− 10) 200–260  
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indicated by the specification of the network model. 
According to standard [15], during 95% of the week, voltage dis-

turbances calculated in 10 min intervals should not exceed 2% limit for 
unbalance; 5%, 6% and 5% for 3rd, 5th and 7th harmonic voltage, 
respectively, and 8% for voltage THD. These harmonic voltage thresh-
olds have very similar values in standard IEEE Std.519 [33]. Application 
case studies of the proposed methodology are compared to limits 
established in EN50160 although the methodology is general and it 
could be applied to check compliance with any other standard limits. 

In each iteration or simulation of the Monte Carlo method a value for 
the 95th percentile of voltage disturbances (harmonics or unbalance) 
during the week is calculated. This value has been obtained from un-
certain inputs and, consequently, it is subjected to uncertainty. In order 
to assess statistically its probability, the simulation is rerun over a large 
number of iterations (in this study 160 weeks have been simulated) so 
that results obtained in the set of simulations can be representative of all 
possible PQ output values. 

2.6. Scenarios and stochastic inputs 

In this work (case study #1), the scenario of 2030 is analyzed, where 
the penetration level of EVs is estimated to be 20% according to [1] (i.e. 
20% of the houses will have an EV by 2030). Taking into account that 
penetration of electronic-based loads is increasing, this study also as-
sumes 60% residential loads will be power-electronic-based in 2030, 
according to estimations proposed in [1]. 

The scenarios analyzed with EVs consider three possible locations for 
charging the batteries:  

• Distributed charging location: each EV is charged at a different 
residence. EV demands are allocated randomly to buses in each 
simulation of the Monte Carlo analysis.  

• Concentrated charging location: all EV are charged in car parks, 
situated in a certain bus of the network. Under this hypothesis, three 
locations are considered: at the beginning of the feeder, in the mid-
dle, and at the end of the feeder.  

• Base Scenario: An additional scenario considering absence of EVs is 
added in order to assess the global influence of EVs on the PQ indices. 

In addition, the aforementioned charging locations are studied for 
different EV charging modes. Charging modes refer to the way the EV 
owner plans, or is forced to plan, the timing to charge the EV batteries. 
Four charging modes have been assumed:  

• Case A: Measurement charging. First charging mode consist on 
assigning stochastic charging start time and charging duration ac-
cording to statistics based on real demand profile measurements, 
presented in [17].  

• Case B: Uncontrolled charging. In this charging mode, most vehicles 
are supposed to start their charge when their owner comes back from 
work. Therefore, most EV start charging around 18:00 and 19:00. 
This charging mode is proposed and described by [22].  

• Case C: This charging strategy is also described in [22]. Controlled 
charging assumes that, once EV adoption reaches a certain level, it is 
likely that utilities would use either a pricing system or direct control 
methods to shift EV charging load to off-peak time to avoid the 
coincidence of EV charging with early evening system peak. A system 
pricing is used in many regions which encourages users to postpone 
charging after 9:00 p.m. in order to minimize their electricity bills. 
Controlled charging assumes that most EVs start their charge be-
tween 21:00 and 0:00.  

• Case D: Smart charging. Last option considered is smart charge. This 
strategy avoids peaks and helps smoothing the transformer load. 
Smart charge considers charging start time follows a normal distri-
bution, with mean at 01:00 [22]. 

In each simulation, weekly load profile curves generated as described 
in Sections 2.2 and 2.4 are randomly allocated to network buses. If 
distributed charging location is assumed, EV load profiles are also 
randomly allocated to buses. If concentrated car parks are assumed, the 
generated EV load profiles are allocated to the bus where the parking is 
considered. In order to make the results for different EV charging loca-
tions comparable, all the residential and EV demand profiles are kept 
constant for studies with different charging location and only the loca-
tion is modified. 

For worst charging location and charging modes, the assessment 
with different EV penetration level is conducted too (case study #2). 
This study is also extended considering a penetration level of PV gen-
eration of 40% (case study #3). 

3. Simulation framework 

3.1. Test networks 

For this study two different residential European LV networks are 
adopted. 

First of them is the IEEE European LV test feeder [20]. This is a low 
voltage radial test grid based on a distribution system with fundamental 
frequency of 50 Hz, that represents the typical configuration of Euro-
pean low voltage networks. The simplified single-line diagram of the 
feeder is shown in Fig. 3. This test feeder consists on 906 buses and 55 
residential loads each representing an individual domestic consumer. 
The feeder is connected to the medium voltage by a Dy 800 kVA 
transformer substation that steps down the voltage from 11 kV to 416 V. 
All the residential loads are single-phase and are allocated to the phase 
of the system indicated by the specification of the network model. 

In order to show the performance of the proposed method in a larger 
network, the methodology is also applied to the Representative Euro-
pean Network #7 [21]. This network is composed of seven radial feeders 
that connect 471 single-phase individual residential consumers. All the 
feeders are connected trough a 11/0.416 kV Dy 4 MVA transformer. 
System frequency is 50 Hz and all loads are allocated to the phase of the 
system indicated in the specification of the model. A single-line diagram 
of the network is shown in Fig. 4. 

3.2. Simulation characteristics 

For each scenario defined in Section 2.2, a Monte Carlo approach 
consisting on 160 simulations (one per week) has been applied. Har-
monics and unbalances are sampled every 10 min, therefore 144 har-
monic injections and three phase power flows are run per day, i.e. 1008 
per week, which means 161280 harmonic injections and power flows 
are performed within the observation period of 160 weeks. 

All simulations carried out in this study have been performed using 

Fig. 3. Single-line diagram of the IEEE LV European test feeder and location of 
the considered car parks. 
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OpenDSS software [34]. OpenDSS is a tool for distribution system 
analysis, including power flow and harmonic propagation analysis 
among others. The generation of random input data and the control of 
the iteration loop has been programmed through interaction of OpenDSS 
with Matlab by performing parallel computing with an Intel Core i7- 
7700 CPU @ 3.6 GHz with 32 GB RAM. When running one scenario 
considering odd harmonic orders up to 7th and 160 iterations (each one 
simulating a week with 1008 10-min intervals) the computation time is 
around 180 min for the IEEE European LV test feeder [20] and around 
12 hrs for the Representative European Network #7 [21]. 

3.3. Number of iterations 

In order to assess the influence of the number of simulated weeks in 
the Monte Carlo method in the achieved accuracy, the error in the fre-
quency of occurrence of 3rd harmonic voltages depending on the number 
of simulated weeks is shown in Fig. 5. The mean squared error (MSE) 
between the frequency of occurrence of 3rd harmonic voltages in a 
Monte Carlo with 1000 simulated weeks and the frequency of occur-
rence of 3rd harmonic voltages in a lower number of iterations (simu-
lated weeks) has been calculated for the IEEE European LV test feeder 
[20]. As shown in Fig. 5, this error has a strong elbow between 20 and 
100 iterations. This means increasing number of iterations from 100 to 
400 or 1000 does not decrease error proportionally, when time does. In 
this work, 160 weeks have been simulated using the Monte Carlo 
method in all the presented case studies as a good compromise between 
simulation time and accuracy. 

It is important to notice that EN50160 compares the 95th disturbance 
percentile with the disturbance threshold. Therefore, the most impor-

tant result in this study is the 95th percentile of the disturbance and not 
the whole statistical distribution. The sliding mean of the 95th percentile 
of 3rd harmonic at bus 52 of the IEEE European LV test feeder is 
computed considering from 1 to 1000 Monte Carlo iterations. In Fig. 6 it 
can be seen that the mean is very close to the convergence value for the 
number of iterations selected (160). 

4. Results 

This section includes results for the three case studies presented in 
this paper.  

• Case study 1, described in Section 4.1, includes results for different 
charging locations and EV charging methodologies in IEEE LV Eu-
ropean test feeder.  

• Case study 2, described in Section 4.2, shows the results for different 
penetration levels of EV in a larger network (the Representative 
European Network #7).  

• Case study 3, explained in Section 4.3, includes an analysis of the 
impact of PV distributed generation in PQ indices in a network with 
EVs and nonlinear residential loads. This is study is performed, 
again, in the Representative European Network #7. 

4.1. Case study 1: IEEE European LV test feeder 

In this section, results on the PQ studies carried out for different EV 
charging locations and charging modes are presented. 

Fig. 4. Single-line diagram of Representative European Network #7 with each feeder shown in a different color. Location of the assumed car parks is indicated in 
the diagram. 

Fig. 5. Mean-squared error of the frequency of occurrence of 3rd harmonic 
voltages with different number of Monte Carlo simulations. 

Fig. 6. Sliding mean of 95th percentile of 3rd harmonic values at bus 52 when 
considering different number of iterations. 
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4.1.1. Harmonic analysis for different EV charging locations 
In order to assess if EV charging location has any influence on the PQ 

indices of the system, the previously defined scenarios have been 
considered. These scenarios are: base scenario without EVs, distributed 
charging location, and concentrated charging locations in car parks. In 
this last case, three locations are studied for the car park: at the begin-
ning of the feeder (bus 3), in the middle (bus 20), and at the end of the 
feeder (bus 53). 

In order to make all these scenarios comparable, the same EV de-
mand profiles have been assumed for all of them and only the charging 
location has been modified. The charging demand profiles have been 
obtained for the charging mode called “measured charging” as described 
in Section 2.6. According to this procedure, the voltage THD has been 
calculated at each bus of the system and the probability of non- 
compliance PQ indices has been assessed. 

According to EN50160, the 95th percentile of THD values measured 
in 10 min periods over a week must be below 8%. Fig. 7(a) shows the 
boxplot of the percentage of clients that exceed this percentile limit in all 
the simulated weeks (160 weeks). The median in the boxplot is repre-
sented as a red line in Fig. 7(a) and and it indicates 50% of the simulated 
weeks (80 weeks). For instance, when no EV is present, by looking at the 
median it can be seen that around 51% of the clients experience viola-
tions of the 95th THD limit during at least 50% weeks. In this case, 

Fig. 7. Percentage of clients violating harmonic limits without EV and with EV 
and different charging location. 

Fig. 8. CDF for 95th percentile of THD at buses not complying with EN50160 
without EVs and with charging EVs at bus 53. 

Fig. 9. Harmonic current injection magnitudes and phases of residential loads and EVs in a typical residence in a week, for different harmonic orders. Each cross 
represents a 10 min interval value. 

Fig. 10. Probability of unbalance limit violations for different EV charging location and for uncontrolled charging mode.  
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voltage harmonic distortion is caused just by the presence of nonlinear 
loads. When 20% EV penetration is considered and charging location is 
assumed at bus 53, that percentage of clients with THD limit violations 
in 50% of the weeks is slightly reduced down to below 45%. This 
behavior is also observed in Fig. 11(b) regarding 3rd harmonic EN50160 
voltage limit. A reduction of the percentage of clients with limit viola-
tions is observed when the EVs are located at bus 53. 

In order to study the extent of exceedance over the limit established 
for the 95th THD percentile, Fig. 8 (see zoom in the right) shows the 
cumulative distribution function (CDF) for all the EN50160 limit vio-
lations occurred for any client or any week in the simulation period. It 
can be seen that the average 95th THD percentile in the exceedance 
situations (that is, when the percentile exceeds the 8% THD limit) is 
around 9.3% when no EV is present and 9.6% when car park is located at 
bus 53. In 10% of the violation situations the THD reaches a value over 
10.8% and it can be as high as 12%. 

This effect is primarily caused by harmonic attenuation resulting 
from the opposite phase angles of 3rd harmonics generated by EV and 
residential 3rd harmonic contribution, as shown in Fig. 9(a). In this 
figure, the distance to the center represents the magnitude and the po-
sition indicates the phase of the phasor of the injected harmonic current. 
As it can be seen, the 3rd harmonic current of the EV tends to attenuate 
residential contribution. 

Similarly Figs. 9(b) and (c) represent, the magnitude and phase of the 
5th and 7th harmonics, respectively, caused by EV and nonlinear loads 
although in this case, the phase compensation effect is not noticeable. 

4.1.2. Unbalance analysis for different EV charging locations 
Regarding unbalance problems, the existence of EVs has proved to 

have a major influence, as EV represents a significant single-phase load, 
added to the prevailing residential load. 

Unbalance limit violation is strongly dependent on the EV charging 
location. Fig. 10 shows the probability of voltage unbalance violation 
according to standard EN50160 limits for all the buses in the analyzed 
network for the different scenarios of charging location proposed. For 
this study, when EVs are charged at a residence, the charger is assumed 
to be connected to the network to the same phase as the house. For 
concentrated location of EVs at car parks, stochastic assignment of 
charging to one phase of the system is done, considering all the three 
phases have the same probability. Fig. 10 has been obtained assuming 
uncontrolled charging strategy which is the worst case regarding un-
balance levels. 

According to results of Section 4.1.1 it can be seen that distributed 
charging location at bus 53 is the most beneficial charging location 
regarding harmonic levels, while it is the worst regarding unbalances. 

4.1.3. Harmonic analysis for different EV charging modes 
In Section 2.6 four different EV charging modes were presented 

which determine the charging start time. All these modes have been 
simulated and the results have been compared. Simulations show very 
small difference in the voltage harmonic levels reached with the 
different EV charging modes. This means that the charging strategy 

(mainly influenced by charging start time) does not affect significantly 
the compliance with standard limits of voltage harmonic distortion 
levels. Fig. 11(b) shows the boxplot corresponding to the percentage of 
clients with a weekly 95th percentile exceeding the 3rd harmonic 
EN50160 limit in the simulated weeks for different charging strategies 
(distributed charging location has been assumed for these cases). In all 
the scenarios the median of the distribution is between 80% and 85%, 
which means that between 80% and 85% of the clients have a weekly 
95th percentile which exceed the 3rd harmonic limit in at least 50% of the 
weeks. A very slight effect of the charging strategy can be observed in 
this graph. The 3rd harmonic has been selected for this analysis because 
levels of 5th and 7th harmonics are much lower and, consequently, pre-
sent almost complete compliance with limits. 

4.1.4. Unbalance analysis for different EV charging Modes 
EN50160 establishes a limit of 2% for the 95th percentile of unbal-

ance during the week. Fig. 12 shows the boxplot of the 95th percentile 
obtained for each bus in all the simulations performed (160 weeks) 
compared to that limit. In these cases, charging location has been 
assumed at bus 53, which represents the worst case regarding unbalance 
problems, as shown in Fig. 10, and only charging mode has been 
modified. Fig. 12 shows that “measured charging mode” and “smart 
charging mode” (cases A and D) produce lower levels of unbalances with 
very little buses and weeks exceeding the established unbalance limit. 
On the contrary, “controlled” and “uncontrolled” charging modes (cases 
B and C) lead to a large number of buses and weeks with non compliant 
unbalance limits and this effect is more pronounced at buses far away 
from the main substation. As it was previously explained, these two 
charging modes are based on a coincident time for starting the charge of 
EVs, which implies higher unbalance levels. 

Previous conclusions can be also corroborated in Table 4 where the 
percentage of clients with 95th unbalance percentile over the standard 
threshold for a certain percentage of weeks are shown. For instance, 
25.45% of clients exceed the unbalance limit in more than 5% of the 

Fig. 11. Percentage of residential clients violating harmonic limits with 
different charging strategies. 

Fig. 12. Boxplot of the 95th percentile of unbalance in all the weeks for all the 
buses and for different charging mode, for EVs charging at bus 53. 

Table 4 
Results for clients violating unbalance standard EN50160.  

Scenario % of clients violating 
standard for more than: 

Average unbalance (%)  

5 % weeks 25 % weeks 

No EV 25.45 0 2.11 
A: measured charging 27.27 3.64 2.15 
B: uncontrolled charging 58.18 41.82 2.46 
C: controlled charging 58.18 23.64 2.42 
D: smart charging 27.27 3.64 2.19  
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weeks (8 weeks) when there are no EV. This percentage increases to 
58.18% with the EV penetration assumed for 2030 if the scenarios of 
uncontrolled or controlled charging are considered. Last column shows 
the average unbalance level of the 95th percentile for the clients and 
weeks which exceed the limit. 

4.1.5. Comparison of different cases and discussion 
In previous sections, the influence of different EV charging modes 

and charging locations has been assessed separately. In this section the 
interaction between these two aspects is analyzed by means of color 
maps indicating the probability of EN50160 limits violation for each 
combination of the considered scenarios. Sixteen scenarios haven been 
assessed by taking into account all the possible combinations for four 
possible charging locations and four charging modes. Each of these 
scenarios is represented by a square graph divided into 49 small boxes, 
each of them corresponding to a bus as indicated by the number 
included in Fig. 13. The upper left corner correspond to bus 7 and the 
lower right corner corresponds to bus 55. Therefore, the upper rows of 
each square are related to buses close to the transformer substation 
while lower rows correspond to buses located far away from the trans-
former. The color of each of these 49 boxes represent the probability of 
the bus to exceed the disturbance limit (unbalance or harmonic). For 
instance, Fig. 13 represents the probability of exceeding the EN50160 
limit for THD in a certain scenario of EV charging mode and EV location. 
Probability near 1 indicates that the THD limit is very likely to be 
exceeded according to the results obtained in the 160 simulated weeks. 

The 16 scenarios simulated are represented by the 4 x 4 square graph 

depicted in Fig. 14 which allow comparing different scenarios and 
different buses for the same scenario identifying the most critical ones. 
The interpretation of the graph shown in Fig. 13 can be extended to each 
of the 16 squared graphs contained in Fig. 14. 

From the observation of Fig. 14(a) referred to unbalance, it can be 
deduced that:  

• The most severe conditions regarding voltage unbalances are caused 
by uncontrolled and controlled EV charging modes.  

• It is clear that locating car parks at buses far away from substation 
will increase unbalance problems. Distributed charging all over the 
network leads to similar unbalance problems to locating a concen-
trated charging station close to the substation (i.e. bus 3).  

• Buses far away from the transformer in a radial network will suffer 
from more unbalance than those close to the substation. 

From the observation of Fig. 14(b) referred to THD, it can be deduced 
that:  

• In all the scenarios, THD values have higher probability to be 
exceeded at buses far away from the main transformer.  

• Charging mode affects very little the probability to exceed THD 
limits at the buses.  

• Charging location can affect the distribution of probability of 
exceeding THD at certain buses but, in general, the severity in the 
whole network is slightly affected. 

Finally, Fig. 14(c) shows a similar graph for the 3rd harmonic voltage 
limits violation and Fig. 14(d) for the 5th harmonic voltage. The com-
parison of these two figures shows very clearly the higher severity of 3rd 

harmonic levels compared to 5th harmonic levels. Fig. 14(c) also shows a 
slight reduction in the probability of exceeding the 3rdd harmonic 
voltage limits in the scenario of centralized car park at bus 53. This slight 
effect is observed mainly at buses close to the main transformer or in the 
middle of the feeder. On the contrary, Fig. 14(d) shows the opposite 
effect and an increase in the probability of limit exceedance can be 
observed for the centralized car park at buses 20 and 53. 

Results shown in this section are representative of the network with 
the main substation transformer specified by [20]. It must be noted that 
transformer loading level has a strong influence on PQ levels and limits 
compliance as shown in [35]. 

4.2. Case study 2: Representative European Network #7 

The proposed method has been additionally applied to the Repre-
sentative European Network #7 [21] in order to show its performance in 
a large network. The scenario with uncontrolled charging mode and 
concentrated charging locations at car parks has been selected as it is 
considered to be the most critical regarding PQ. The location of the car 
parks is shown in Fig. 4. Different levels of EV penetration (20%, 40% 
and 60%) have been considered for this scenario while the percentage of 
the rest of NL loads remained constant. 

Voltage THD was calculated at the 471 consumer buses along all the 

Fig. 13. Probability of exceeding the THD EN50160 limit at all buses.  

Fig. 14. Probability of exceeding EN50160 limits for different PQ disturbances 
at all buses with different EV charging mode and EV location. 

Fig. 15. Percentage of clients violating harmonic limits for different EV 
penetration levels. 
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10-min intervals of a week and the 95th percentile of THD was calculated 
and compared to the standard limit [15] in all the simulated weeks (160 
weeks) as in previous case. Fig. 15 shows the boxplot of the percentage 
of clients that exceed this percentile limit in all the simulated weeks 
(160 weeks). It can be observed that the median in the boxplot (repre-
sented as a red line) decreases from 67.3% clients without EVs (just NL 
loads) to 66.0% and 65.8% with 20% and 40% EVs, respectively, and it 
increases again to 66.2% for 60% EVs. The same effect is observed in the 
3rd harmonic values that are shown in the right graph of Fig. 15. This 
result is consistent with the compensation effect of the 3rd harmonic 
observed in the previous case study (European LV test feeder) and 
explained in Section 4.1.1. The 3rd harmonic attenuation is no longer 
observed when the EVs penetration increases over the 40%. 

Fig. 16 shows the boxplot of the percentage of clients whose 95th 

unbalance percentile exceeds the EN50160 unbalance limit in the 160 
simulated weeks. The median is 53.1% when no EV is connected to the 
network (just the NL loads), 52.7% with 20% EVs, and it increases to 
53.9% with 40% EVs and to 54.4% with 60% EVs. 

Fig. 17 shows the single-line diagram of the network with coloured 
spots representing the probability of exceeding THD limit (sub-figure a) 
and unbalance limit (sub-figure b) for 60% penetration of EVs in the 
network. 

4.3. Case study 3: Representative European Network #7 integrating PV 
distributed generation 

In previous sections, PQ indices were assessed with the combined 
presence of EV and NL residential loads in LV networks. In this case 
study, PV distributed generation is also integrated in the network in 

Fig. 16. Percentage of clients violating unbalance limits for different EV 
penetration levels. 

Fig. 17. Probability of THD and unbalance limit violations.  

Fig. 18. Percentage of clients violating harmonic limits for different EV 
penetration levels with PV generation. 

Fig. 19. Percentage of clients violating unbalance limits for different EV 
penetration levels with PV. 
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order to analyze its interaction with previous loads. A penetration level 
of 40% of PV generation is assumed, meaning that 40% of dwellings 
have PV generators [25] with the characteristics detailed in Section 2.3. 
Like in case study 2, different penetration levels of EV are considered 
varying from 0% to 60%. 

Percentage of clients with harmonic limits violations are shown in 
Fig. 18 for both THD and 3rd harmonic voltage. Compared to Fig. 15 (in 
Section 4.2) where there was no PV generation deployed, results show a 
slight decrease in the number of limits violations. 

A similar reduction regarding unbalance problems can be found 
when comparing Fig. 19 and Fig. 16. Table 5 shows numerical results for 
the median in order to ease the comparison of the results when the PV 
generation is integrated. 

The behaviour shown in Fig. 18 and Fig. 19 and in Table 5 is 
explained by a two-folded justification. Firstly, harmonic currents 
injected by PV inverters have very low magnitude and their phase is not 
aligned with the prevalent harmonic phase. Therefore, their summation 
effect has very little impact on the total harmonic currrent distortion. 
This can be observed in Fig. 20, where harmonic currents during a 
typical week are plotted with its magnitude and phase (each harmonic 
value for a 10-min interval is represented as a dot in the graph). In 
addition, the decrease of harmonic voltages and unbalances in the 
network is explained by the reduction of the transformer loading ratio 
that takes place when PV generates some of the power demanded by the 
LV consummers (as shown in Fig. 21). This reduction of the transformer 
loading ratio implies an increase in fundamental voltages and, namely, a 
reduction of PQ indices expressed as a percentage of fundamental 
voltage [35]. 

5. Conclusion 

This work has presented a probabilistic method to assess PQ impact 
of the simultaneous connection of NL residential loads and EVs on dis-
tribution networks and their interaction. The methodology has been 
applied on a range of realistic scenarios considering future increase of 
penetration of NL loads and EVs. 

The results have shown that, while 5th and 7th harmonics do not 
jeopardise the harmonic limit compliance of low voltage network with 

the standard EN50160, increasing amount of NL loads and EV may lead 
to voltage harmonic problems (both at individual harmonic level and 
THD) caused by the increased injection of the 3rd harmonic. It has been 
found that NL load penetration is crucial for harmonic distortion level, 
and phases of the injected harmonic currents are critical since a sum-
mation or attenuation effect can be produced by the concurring loads, 
which leads to different severity of the scenario. 

The location and mode of EV charging has been analyzed in this 
work. As a general conclusion, the modes of charging that involve 
simultaneous charging start time can lead to severe unbalance problems. 
Voltage harmonics, however, are only slightly influenced by this vari-
able. The EV charging location (distributed or concentrated) also has a 
stronger effect on voltage unbalance than on voltage harmonics. 
Concentrated charging of EVs far from the main substation transformer, 
increases unbalance in the network and results in a small attenuation of 
3rd harmonic. Impact of PV distributed generation together with EV and 
residential NL loads has been assessed and a reduction of harmonic and 
unbalance levels has been detected caused by the reduction of the 
transformer loading. 

The study proposed in this work compares results to EN50160. The 
same approach and methodology is also valid to compare the system 
performance to different standards, such as IEEE Std.519 or any other, 
and to establish non-compliance with the limits. 

The procedure proposed here can be easily extended to investigate 
the effect of other technologies on harmonic levels, as well as on other 
types of PQ phenomena and on other types of costumers too (such as 
commercial or industrial). 

6. Funding 

This work was supported by the Ministerio de Ciencia, Innovación y 
Universidades, Spain, under Project RTI2018-097424-B-I00. 

Table 5 
Comparison of average percentage of clients violating PQ standard with an 
without PV generation.    

THD (%) 3rd harmonic (%) Unbalance (%)   

No PV With PV No PV With PV No PV With PV 

EVs (%) 0% 67.78 63.48 64.24 62.00 53.33 51.38 
20% 65.97 61.99 63.09 60.51 52.76 51.70 
40% 65.81 61.99 63.04 60.72 53.79 52.23 
60% 66.22 62.42 63.12 60.61 54.52 53.50  

Fig. 20. Harmonic current injection magnitudes and phases of PV inverters in a week, for different harmonic orders. Each cross represents a 10 min interval value.  

Fig. 21. Average aggregated demanded power in different scenarios.  
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