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A B S T R A C T   

The harmonic emission from an electric vehicle fast charger depends on factors like charger topology, EV type, 
initial state of charge of EV battery, as well as supply voltage and background distortion. This paper presents the 
results from harmonic current measurement of a fast charger for a period of one month in Sweden that has 
charged a variety of EVs from different brands under different state of charge and background distortion. Besides 
the common harmonic emission pattern, a high level of variation in emission is observed that can affect the 
aggregation of the emission from multiple chargers. To include such uncertainties, the harmonic hosting capacity 
is obtained for a fast EV charging station in a stochastic way. A new method, based on Bayesian statistics and the 
correlation between harmonic magnitude and fundamental magnitude, is proposed for the generation of sto-
chastic samples. It is shown that the proposed method, to a high extent, can model the stochastic behavior of 
harmonic emission from a fast charger. Furthermore, the results show that neglecting the correlation between 
harmonic magnitude and fundamental magnitude can underestimate the harmonic hosting capacity.   

1. Introduction 

About 14% of the total greenhouse gas emission in the world is 
attributed to the transport sector and this value is about 27% for Europe 
[1,2]. According to the European Commission, the transport related 
greenhouse gas emission by 2050 should be reduced to 60% of the 1990 
level [3]. Replacing conventional combustion engine vehicles with 
electric vehicles (EVs) is considered as a promising way to meet this 
target. The more EVs on the road, the higher demand for EV battery 
charging. This is expected to have significant impacts on the power 
network including on power quality [4]. Among other power quality 
issues, harmonic emission from EV chargers has received lots of atten-
tion during the last decade [5–11]. 

Several factors and uncertainties can affect the harmonic emission 
from an EV charger. This emission depends on charger circuit topology, 
the EV model, the supply voltage distortion (background distortion), 
and the state-of-charge (SOC) of the battery. As experimentally shown in 
[11], EV diversity and the state of charge of the batteries can highly 
affect the harmonic emission during a charging cycle. Different vehicles 
give different emission, even for the same charger. This influence is 
commonly neglected in EV harmonic studies such as [12,13]. It is also 
shown that the variation in supply voltage distortion can change the 

harmonic current emission from any non-linear device including EV 
chargers [5,6,14–16]. Background distortion varies on time-scales from 
a few cycles through a few years. This adds additional uncertainty. Apart 
from the before mentioned uncertainties, the harmonic emission during 
a charging period is not constant and has its own variation, which results 
in another source of uncertainty. All these uncertainties result in an 
uncertainty of the harmonic emission from an EV charging installation. 
This in turn results in uncertainty in the aggregated emission from a 
number of installations. 

Initially, the term “hosting capacity” has been defined as “the 
maximum penetration of distributed energy resources (DER) for which 
the power system operates satisfactorily” [17]; later it has been 
extended to the load context and reformulated as the maximum number 
of DERs or loads that can be connected to the grid at a specific point 
before exceeding certain performance limits. In the power quality 
context, hosting capacity can be obtained, among others, based on 
overvoltage [18], voltage unbalance [19], and harmonic distortion [20]. 
Individual harmonic distortion (IHD) and total harmonic distortion 
(THD) are two performance indices used in harmonic hosting capacity 
studies [20–24]. 

Concerning harmonic hosting capacity for an EV charging station, 
there are different types of uncertainty that should be treated 
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differently. The number of EVs charging at the same time is a stochastic 
variable. The charging power and the duration of charging also show 
stochastic behavior. Finally, the harmonic emission of each EV being 
charged has a high level of uncertainty. While the other uncertainties 
have already been addressed in several other studies [25–28], the latter 
one is considered in this study. 

Several stochastic approaches have been proposed to obtain the 
aggregated harmonic emission from multiple harmonic sources [29–32]. 
The generation of harmonic magnitude and phase angle has been done 
mainly based on the minimum and maximum values and using a 
Gaussian or uniform distribution. The correlation between fundamental 
and magnitude and phase angle has not been considered. Several 
deterministic and stochastic methods have been proposed concerning 
the aggregation of EV chargers. The deterministic method, in [6], is 
based on laboratory measurements of 19 different EVs. The magnitudes 
and phase angles have been measured but only for the operating state 
when the EVs draw the maximum current; the variation of harmonic 
magnitude and phase angle during the charging cycle is neglected. It is 
assumed in [6] that all EVs take maximum power at the same time, 
which is not likely to happen. In the work presented in [8], the emission 
from different types of EV chargers is obtained based on their electric 
circuit configuration and the diversity is simulated by varying the 
characteristic of the EV chargers such as duty cycle or PWM converter 
frequency. Further contributions were made by Gatta et al. [33,34] in a 
stochastic manner. In [33], based on the result from a measurement 
campaign, the Gaussian probability function is suggested for harmonic 
current magnitude and phase angle of different EVs for all harmonic 
orders up to 25th. Next, the median values of the magnitude and phase 
angle are used in a deterministic way for the harmonic analysis of an MV 
distribution network. An alternative approach is presented in [34] 
where the real and imaginary components of the harmonic currents are 
approximated as a polynomial function of the active power and it is 
assumed that the charging power has a Gaussian distribution. The 
probability distribution functions of the real and imaginary parts are 
obtained and, using stochastic methods, the probability distribution of 
total harmonic emission from a group of multiple chargers is calculated. 
It is assumed in this study that all EVs have the same charging pattern, 
which is not the case in the real world. Additionally, the uncertainty 
caused by variation in the initial SOC of the EVs can influence the active 
power values, which is not considered in [34] either. The aggregation 
method proposed in [29] is used in [35] for stochastic harmonic analysis 
of EV impact in a microgrid. The samples are generated based on active 
power and harmonics maximum and minimum values, assuming 
Gaussian and uniform distribution for harmonic magnitude and phase 
angle. The measurements have been performed under laboratory con-
ditions and the impact of SOC and background voltage is not considered. 
Furthermore, the stochastic behavior of all harmonic orders is modelled 
by a Gaussian distribution function. 

There are several works that show the usefulness of the correlation 
concept for harmonic analysis. Autocorrelation and cross-correlation of 
the measured data is used in [36] for estimating the network harmonic 
impedance. The harmonic correlation matrix is used in [37] as a tool for 
harmonic propagation studies. Other studies show that correlation 
analysis can be utilized for harmonic contribution assessment and har-
monic source identification [38,39]. In [40], a method is proposed for 
estimation of variable-speed drive power based on the correlations be-
tween fundamental current and higher harmonic currents. 

This paper presents the impact of uncertainties in harmonic emission 
from a fast charger observed from a field measurement campaign and 
proposes a new method for including such uncertainties in harmonic 
hosting capacity calculation of an EV fast charging station. The Bayesian 
statistic is utilized for harmonic sample generation considering the 
correlation between fundamental and harmonic magnitude. The method 
is benchmarked against two other stochastic methods. It is shown that 
neglecting the correlation between harmonic magnitude and funda-
mental magnitude can lead to underestimation of the harmonic hosting 

capacity. This underestimation is more significant when THD is 
considered as a performance index. The extracted probability density 
functions (PDF) for individual harmonic orders can be utilized as an 
input to stochastic models and Monte Carlo simulation-based studies. 

Section 2 of this paper presents the results from field measurements, 
emphasizing statistical and probabilistic aspects. Section 3 describes the 
harmonic hosting capacity method used in this study. Uncertainty 
modeling and the application of the proposed method for hosting ca-
pacity calculation are explained in Section 4 and 5, respectively. Finally, 
Section 6 and 7 contains the limitations and the area for future work and 
the conclusions. 

2. Field measurement and results 

The measurements were performed for one month utilizing a class A 
power quality monitor (Dranetz PowerVisa) connected to a 150 kW fast 
EV charger of a winter car testing center in the north of Sweden. The 
population of cars consisted of a range of different models from different 
manufacturers, new models, and even models not yet on the market. 
Besides the continuous measurement of electrical parameters (aggre-
gation of 2-min interval), current and voltage waveform snapshots (200 
ms with 12.8 kHz sampling frequency) were saved every 2 min. Har-
monic magnitude and phase angle were obtained by applying the 
discrete Fourier transform (DFT) to these 200 ms signals. During the 
measurement period, a variety of EVs (anonymously) with different 
SOC, different charging powers (from 25 kW to 150 kW), and different 
charging periods (from 6 to 200 min), were charged by this charger. The 
95th percentiles of harmonic current emission for all harmonic orders up 
to the 40th order are shown in Fig. 1. As expected for a three-phase 
rectifier, dominating harmonics are 5, 7, 11, 13, 17, 19, 23, and 25. 
For 17th, 23rd and 25th harmonics, the 95th percentiles exceed the IEC 
61000-3-4 limits. The limits are obtained for the point of connection 
with short-circuit ratio equal to or higher than 33, which is the extreme 
case in this standard. 

The fundamental current for a period of two days is shown in Fig. 2. 
The diversity in fundamental current patterns is the first observation. 
Diversity can be seen in the charging period, current magnitude, and 
charging pattern. Some EVs have a sharp increase up to maximum fol-
lowed by a decreasing trend. Some have a step increase during the 
charging period and there are cases with almost constant current during 
the charging period. 

Histogram plots of some dominating individual orders are shown in 
Fig. 3. To reveal the underlying shape of the distribution, the automatic 
binning algorithm that returns bins with a uniform width is considered. 
It is found that each individual harmonic has its own probability dis-
tribution function. Another observation is that, for most harmonic or-
ders, the lower values are more likely to occur than the higher values, e. 
g. for 5th and 7th harmonic orders, the emission rarely exceeds 3 A and 
for most of the samples it is less than 2 A. In other words, the distribution 
skewness is positive and the median value is less than the mean value. 

Fig. 1. Boxplot of harmonic current emission, compared with emission limits.  
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Furthermore, it is observed that each individual harmonic order has its 
own distribution function that also varies between different charging 
cycles (Fig. 4). Because of observed non-similarity of the histograms of 
emission from individual harmonics among different EVs, using a single 
PDF for harmonic sample generation might lead to unrealistic results. 

The Two-Sample Kolmogorov-Smirnov test method with the signif-
icance level α=0.05, has been used to investigate the similarity of the 
histograms between different charging cycles. As an example, for 7th 

harmonic order, the results of performing Kolmogorov-Smirnov test for 
each possible pair from the twelve charging cycles shown in Fig. 4, are 

plotted as a matrix (Fig. 5). The filled elements show the similarity of 
distribution of samples between two charging cycles while white ele-
ments indicate no similarity. Moreover, as shown in Fig. 4, the range of 
harmonic emission (between highest and lowest value) is not the same 
for different charging cycles. Therefore, using a single PDF for each 
harmonic order does not represent the stochastic behavior of the har-
monic emission. 

It is also observed that the emission at some harmonic orders (e.g. 5 
and 7) follows the fundamental current, whereas the patterns are rather 
different for other harmonic orders. Furthermore, variations in funda-
mental and harmonic current are not the same for different charging 
cycles. To illustrate this, Fig. 6 depicts fundamental and harmonic cur-
rent during a charging cycle where the fundamental has a downward 
trend. Even though most low order harmonics have a decreasing trend, 
23rd and 25th harmonics deviate from the fundamental current pattern. 
For this case, harmonics 4, 5, 7, 10, 11, 17 are highly correlated with the 
fundamental current while others show different behavior. 

The harmonic complex values, for some harmonic orders, are pre-
sented in polar coordinates in Fig. 7. The phase angle of the harmonic 
voltages is defined in this work as the angle under the sine convention of 
the harmonic at the instant of upward zero-crossing of the fundamental 
voltage. There is no correlation between harmonic magnitudes and 

Fig. 2. Different fundamental current patterns drawn by different EVs.  

Fig. 3. Harmonic current emission histogram for dominating harmonic orders.  

Fig. 4. Histogram of 7th order harmonic for different charging cycles.  
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harmonic phase angles; harmonic magnitude can have any value 
regardless of the harmonic phase angles. 

The Pearson correlation coefficient between fundamental magnitude 
and harmonics phase angles and harmonics magnitudes are shown as a 
color plot in Fig. 8. Dark red indicates the highest correlation and dark 
blue indicates a small negative correlation. A high correlation in har-
monic magnitude is found for harmonic orders up to 20, with the 
exception of orders 2, 3, 6, 9, 13, and 15. The correlation with phase 
angle is small. The highest value (0.6) is found for order 11, for all other 
orders the correlation coefficient is 0.4 or less. 

3. Harmonic hosting capacity calculation 

The aggregated emission from a group of EV chargers in a charging 
station can be expressed as (1). 

IEV =
∑k

N=1
IEVN (1)  

where IEVN is the current vector of harmonic emission from Nth EV, IEV is 
the vector sum of all emissions and k is the number of EVs in the 
charging station. Consequently, the change in harmonic voltage VEV can 
be obtained by (2). 

VEV = abs (Z⋅IEV) (2)  

where Z is the network harmonic impedance vector seen from the 

charging station point of connection. 
For a certain harmonic frequency, considering a location with 

existing background harmonic voltage, V0 and maximum-permissible 
harmonic voltage Vlimit, leaves a margin for new loads such as EVs 
(VEV). Considering the IEC TR 61000-3-6 aggregation rules and expo-
nent value α, results in the following expression: 

(V0)
α
+ (VEV )

α
≤ (Vlimit)

α (3) 

Here, it is assumed that the whole margin is available for EVs. When 
part of the margin needs to be kept for future emitting consumption or 
production, similar expressions can be used. In this study, the IEC 
61000-2-2 limits are considered for harmonic voltage limits Vlimit . 

Combining (1) to (3), the maximum number of EVs in a charging 
station without exceeding the harmonic voltage limits can be obtained 
for each individual harmonic order. The minimum over all harmonic 
orders is the harmonic hosting capacity. For this study, the harmonic 
network impedance is considered as Z = 0.0029+ j 0.018 Ω, which is 
the network impedance at the low voltage side of an 800 kVA trans-
former for an existing network in Sweden. It is also assumed that the 
reactance part of network impedance is linearly proportional to the 
harmonic order. The 95th percentile values from field measurement of 
multiple LV locations in an urban area in Sweden are considered for 
background voltage as shown in Fig. 9 [37]. 

4. Uncertainty modeling 

4.1. Method 

Results from field measurements have been used to develop a sto-
chastic model for harmonic emission from a fast EV charger. This sto-
chastic model has been used, together with a Monte-Carlo-based 
simulation model to generate random samples of the emission. Monte 
Carlo-based simulations are commonly used for addressing un-
certainties. The key point in these methods is how close the PDF of the 
generated samples is to the PDF of the actual data. In this section, a new 
method based on the Bayesian statistics theorem, is proposed for 
generating probability distribution functions for individual harmonics. 

It is observed from the field measurements that the magnitude of 
some harmonic orders is strongly correlated with the magnitude of the 
fundamental current (Fig. 8). Therefore, the stochastic behavior of the 
magnitude of individual harmonic orders should be modeled based on 
the stochastic behavior of the fundamental magnitude. Furthermore, it is 
also observed that there is only a small correlation between the 
magnitude and phase angle of harmonics and that these two sources of 

Fig. 5. Kolmogorov-Smirnov test result for 12 charging cycles, sev-
enth harmonic. 

Fig. 6. Time variation of individual harmonic orders during one charging cycle with decreasing trend for the fundamental.  
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uncertainty can be modeled separately. 
The concept of Bayes’ theorem is utilized in this study to model the 

stochastic behavior of harmonic magnitude and phase angle. The Bayes’ 
theorem is a method for modeling uncertainty sources with a stochastic 
behavior based on prior knowledge or events [41]. 

The Bayesian concept and the procedure used for generating har-
monic values are shown in Fig. 10. The method used for generating 
complex values for each harmonic consists of two parts; generating 
phase angle and generating magnitude. The generated value of the 
harmonic magnitude depends on the fundamental magnitude. The his-
togram of the fundamental magnitude is obtained from historical data 
and a PDF is assigned utilizing a curve fitting approach. A recently 
introduced method [42] is used for PDF curve fitting. A representative 
PDF is obtained by utilizing different combinations of several functions 
including Beta, Normal, and uniform distribution with different pa-
rameters and finding the combined function that fits best to the 
observation. 

The PDF of the harmonic magnitude is not the same for all values of 
the fundamental magnitude; instead, the range of variation of funda-
mental magnitude is divided into seven sections. The K-means clustering 
method is used for obtaining the number of sections. To reveal the un-
derlying shape of harmonics PDFs, different number of clusters have 
been tested and seven clusters showed proper results. By classifying into 
less than seven sections, the actual stochastic behavior of fundamental 
cannot be presented while more than seven sections results in insuffi-
cient samples in each class for finding a representative PDF. The histo-
gram and the resulting PDF for fundamental magnitude and the K-means 
clusters are shown in Fig. 11. Performing the stochastic analysis without 
this classification might have limited impact for the worst case but it 
matters concerning the aggregation and is necessary for an accurate 
stochastic analysis. 

For each harmonic order, the harmonic magnitudes are classified, 
according to their fundamental magnitudes, into seven sections. The 
histogram and PDF of harmonic magnitude are obtained for each section 
separately. The phase angle is generated based on the PDF that is ob-
tained from the histogram of all historical data without any classifica-
tion, and is independent from the fundamental magnitude. As an 
example, the histogram and fitted PDF curve for the 29th harmonic phase 
angle are shown in Fig. 12. Four samples of obtained histograms and 
PDFs for the 29th harmonic magnitude are shown in Fig. 13. For this 
example, according to the value of the fundamental magnitude, the 
harmonic magnitude has different histograms. Generating random 
values for harmonic magnitude without considering the fundamental 
magnitude may lead to deviation from the actual stochastic behavior of 
harmonic magnitude. This is further addressed in the next section. 

4.2. Method benchmark 

The proposed method is benchmarked against two other stochastic 
modeling methods. For the first such method, the harmonic magnitudes 
and phase angles are generated based on the MATLAB “distribution 
fitter” app without considering the correlation between fundamental 
and harmonics magnitude. This tool fits the most appropriate PDF to the 
input data. The type of function can be chosen from a list of predefined 
functions but is limited to only one parametric function for each data set. 
For the second benchmarking case, the recently proposed curve fitting 
method [42] is used for harmonic phase angle and magnitude genera-
tion, but the correlation between fundamental and harmonics magni-
tude is neglected. 

The normalized histogram of generated phase angle and magnitude 
are compared for the three methods. It is observed that for most har-
monic orders, the proposed method can generate data that are closer to 
actual data than the two other methods. As an example, histograms of 
magnitude and phase angle for the 7th harmonic for all cases are shown 
in Fig. 14 and Fig. 15, respectively. The Pearson correlation concept is 
utilized to investigate which method can generate a data set closest to 
the actual data. The frequency of the samples is normalized, the range of 
variation of samples is almost the same for all methods and the number 
of bins is also the same. Thus, the Pearson correlation coefficient value 
between two histograms can express their similarity. The correlation 
coefficient values between different methods and actual data for both 

Fig. 7. Polar plots of emission from some harmonic orders; there is no clear 
correlation between magnitude and phase angle. 

Fig. 8. Correlation matrix showing correlation coefficient between funda-
mental value and harmonic phase angle and magnitude. 

Fig. 9. Harmonic background voltage level.  
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magnitude and phase angle are presented in Table 1. The results confirm 
that the proposed method is more accurate in generating magnitude 
samples while for the phase angle the proposed method and method II 
have the same correlation with actual data. 

Bivariate histogram (or 3D histogram) plot is used as an additional 
tool to evaluate the accuracy of the method in stochastic data genera-
tion. The bivariate histogram shows the histogram for two sets of data in 
one graph and quantifies the relation between different bins of those 
data sets. As an example, the 2D presentation of the bivariate histogram 
showing the relation between 7th harmonic magnitude and fundamental 
magnitude is shown in Fig. 16. Each element of the matrix (whose nu-
merical value is expressed as a color scale) indicates the number of 

samples that belong to the common bins for both 7th harmonic and 
fundamental. For example, the marked element in the matrix for the 
proposed method shows that there are around 1500 samples with a 
fundamental value between 59 A and 81 A and a 7th harmonic magni-
tude between 0.94 A and 1.4 A. The proposed method, to a high extent, 
can generate data that is close to the actual data and can maintain the 
correlation between harmonic magnitude and fundamental values. 
Similar results were observed for all the harmonic orders showing a high 
correlation in Fig. 8. Comparing the results from Fig. 14, Fig. 15, and 
Fig. 16, shows that method II cannot keep the relation between har-
monic magnitude and fundamental value. 

Fig. 10. The procedure of generating random values for complex harmonic current.  

Fig. 11. Histogram and assigned PDF for fundamental magnitude (left) and k-means clustering results (right).  
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5. Application of the proposed method for hosting capacity 
calculation 

From the complex values of harmonic currents, it is possible to 
calculate the hosting capacity in a stochastic way utilizing the method 
presented in Section 3. The hosting capacity is defined, in this paper, as 
the number of fast chargers that can be utilized simultaneously in that 
station without exceeding a pre-defined probability that the harmonic 
voltage limits are exceeded. The probability of exceeding the limits is 
obtained (based on a Monte Carlo simulation with 100,000 iterations), 
as a function of the number of EVs charging simultaneously, up to 20 
EVs. Harmonic orders up to 40 are considered for obtaining hosting 
capacity. 

The procedure for obtaining the hosting capacity is shown in Fig. 17. 
It consists of two loops. The number of EVs is changing in the external 
loop and for each number of EVs the Monte Carlo simulation is run for 
100,000 iterations in the inner loop. During each iteration, samples are 

generated for the fundamental and individual harmonic magnitude and 
phase angle based on the proposed method. This is repeated for each 
selected number of EVs. The aggregated emission is multiplied by the 
network harmonic impedance and the resulted voltage is compared with 
the available margin to determine the limit violations. The probability of 
exceeding the limits for this specific number of EVs is obtained by 
dividing the total number of limit violations by the number of iterations. 

Results based on the proposed method, method I, and method II are 
shown in Fig. 18. The horizontal axis is a discrete variable but for better 
understanding, results are presented in a continuous curve. The solid 
lines indicate the harmonic hosting capacity obtained based on the 
limits for individual harmonic orders and dashed lines show hosting 
capacity when only THD is taken into account. Fig. 18 shows that if there 
are 20 fast chargers in one EV charging station, the individual harmonic 
voltage will exceed the limits with close to 100% confidence; for five fast 
chargers the probability of violating the limits is 13%. 

In general, the hosting capacity strongly depends on the amount of 
risk that is acceptable. When the limit shall not be exceeded at all, only 
two cars can be charged simultaneously; accepting a risk of 20%, makes 
it possible to charge six cars. It should be noted that these hosting ca-
pacity values depend on grid impedance and harmonic background 
voltage and will vary between different locations. 

The proposed method shows higher values of emission (lower host-
ing capacity) in comparison with the two other methods. It means that 
those methods underestimate the risk for harmonic violation. The 
maximum difference between the proposed method and the other 
methods, considering individual orders, is 7.9% for the case where 
twelve EVs are charging simultaneously. Considering only THD, more 
EVs can be charged at the same time. When only THD is considered for 
hosting capacity, a significant difference can be seen between the pro-
posed method and method I, which comes from neglecting the correla-
tion between fundamental and harmonics magnitude and the less 
accurate curve fitting method used for method I. Even with the same 
curve fitting method (method II and proposed method), there is still a 
considerable difference (max 13%) when the harmonics are generated 

Fig. 12. Histogram and fitted PDF for 29th harmonic phase angle.  

Fig. 13. Histogram and assigned PDF of 29th harmonic magnitude for Section 4 (a), Section 5 (b), Section 6 (c) and Section 7 (c).  
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without relation to the fundamental current. In the THD calculation, the 
fundamental value plays an important role as the denominator and the 
impact of neglecting the relation between fundamental and harmonic 
magnitudes is clearer for harmonic hosting capacity based on the THD. 

To have a better understanding of the individual harmonic orders 
that exceed the limits and quantifying this, the “limit violation index” 
(LVI) is introduced as the ratio between the number of limit violations 
only for individual harmonic order h and the total numbers of limit 
violation for all samples: 

LVI =
NlV,h

Ntlv
(4)  

where NlV,h is the number of limit violations only for individual har-
monic order h and Ntlv denotes the total number of limit violations for all 
samples. 

The LVI resulting from simulation with 100,000 iterations when 20 
EVs are charging simultaneously, is shown in Fig. 19. It shows that 23rd 

and 39th harmonics are the ones that have the highest probability to 
exceed the limit; for 43% of the violations, the 23rd and 39th harmonics 
exceeded the limits. Multiple harmonics can exceed the limits at the 
same time and therefore the sum of LVI for all harmonic orders is more 
than 1 (100%). Compared with Fig. 1, it can be inferred that even 
though, the 39th harmonic order has low emission in comparison with 
other odd harmonics it has a high probability to exceed the limits. This is 
explained by the smaller harmonic voltage margin for this harmonic 
order. 

6. Discussion 

6.1. Uncertainty and harmonic hosting capacity 

It is shown by field measurements, that there is a high level of 
variation in harmonic emission from an EV fast charger, which in turn 
can affect the results of harmonic analysis concerning the integration of 
EV chargers in the distribution network. The method proposed in this 
paper for harmonic value generation, is utilized for including such un-
certainties in the harmonic hosting capacity calculation in a more ac-
curate way. The application is not limited to hosting capacity 
calculation; it can be used in other stochastic harmonic analysis as well. 

6.2. Model simplification and harmonic hosting capacity 

Concerning harmonic hosting capacity, some simplification is used 
that can be improved in future works. The network model considered is 
a simple impedance where the reactance part is linearly proportional 
with harmonic order. However, in reality, there are parallel and series 
resonances that can amplify or attenuate the harmonic levels. This study 
is just an example, with a harmonic source impedance at the low voltage 
side of the transformer. Each location has its own harmonic impedance. 
When doing this hosting capacity estimation for a specific location, the 
source impedance for that location should be considered. As future 

Fig. 14. Normalized histogram of generated data for 7th harmonic magnitude 
based on actual data and all methods. 

Fig. 15. Normalized histogram of generated data for 7th harmonic phase angle 
based on actual data and all methods. 

Table 1 
Correlation coefficient values between actual data and generated data for three 
methods.  

Correlation coefficient Proposed method Method I Method II 

Magnitude 0.961 0.776 0.788 
Phase angle 0.953 0.821 0.953  

Fig. 16. 2D presentation of a bivariate histogram for 7th harmonic magnitude 
and fundamental values. 
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work, the sensitivity of the harmonic hosting capacity against the 

harmonic source impedance should be investigated and the impact of 
remote customers and MV network modeling (as introduced in [43]) on 
the results should be assessed. The network impedance is a positive 
sequence impedance and the analysis was made based on the positive 
sequence network equivalent but the same method can be used for the 
zero sequence impedance. 

6.3. Harmonic hosting capacity at multiple locations, background voltage 
distortion 

In this study, the harmonic hosting capacity is obtained for one 
location. However, the same stochastic method can be utilized for har-
monic hosting capacity calculation for chargers at multiple locations, e. 
g. in an MV or large LV network. 

The background harmonic voltage and allocation highly affect the 
harmonic hosting capacity results. For this study, the results of mea-
surements in the north of Sweden are used and it is assumed that the 
whole margin is available for the EVs harmonic distortion. Similar 
approach can be used for different background levels and margin allo-
cation for EV distortion. The background voltage can impact the har-
monic hosting capacity from two aspects, impact on the EVs emission 
and impact on the available harmonic voltage margin. The uncertainty 
caused by the earlier is inherently considered in this study, by using the 
field measurement data, which have been measured under different 
background voltages. However, the second one is treated in a deter-
ministic way. Investigating the correlation between these two sources of 
uncertainties can improve the harmonic hosting capacity results. 

The obtained PDFs for harmonic values are based on measured data 
for a period of one month. For more accurate results, long-term mea-
surement is needed to include the impact of ambient temperature on 
harmonic emission from a fast charger. Annual measurements are also 
needed, to study the impact of changes in technology. 

The accuracy of the utilized curve fitting method in this study can be 
improve by increasing the number of distribution functions (Beta, 
Normal, and Uniform) and also by better selection of their parameters. 
For this study, only three functions are used for curve fitting. The PDF 
curve fitting method utilized in this study can be replaced by other curve 
fitting methods that might change the results. However, the use of 
Bayesian theorem for the generation of samples close to the actual 
samples is the key contribution of this study; this can be combined with 
any PDF curve fitting method. 

6.4. Harmonic hosting capacity for other installations 

Even though the method is proposed for harmonic hosting capacity 
calculation for a fast EV charger, the same approach can be utilized for 
estimating the harmonic hosting capacity concerning slow chargers for 

Fig. 17. The procedure of harmonic hosting capacity calculation.  

Fig. 18. The probability of exceeding the limits for all cases, individual har-
monic order (solid line) and THD (dashed line). 

Fig. 19. Limit violation index based on the proposed method.  
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an LV or MV network. In such a case, more measurement data from slow 
chargers are needed. 

6.5. Harmonic hosting capacity at different time scales 

The time aggregation resolution can impact the aggregated emission 
from a group of EVs as well as the background voltage. Even though 
higher fluctuation caused by higher time resolution can increase the 
number of limit violations, the number of cases below the limits is also 
increasing. This makes it difficult to draw a conclusion about the di-
rection of the possible impact of this on harmonic hosting capacity. To 
address this factor, similar work as [44] can be done concerning har-
monic hosting capacity. To comply with IEC 61000-4-30, the 10-min 
aggregation is used in this work. However, the same approach can be 
used for any time aggregation, but not necessarily with the same limits. 

7. Conclusion 

This work shows the impact of existing uncertainties on harmonic 
emission from a fast EV charger. A stochastic method based on Bayesian 
statistics and a recently introduced PDF curve fitting method, are pro-
posed to include such uncertainties in harmonic sample generation for 
Monte Carlo-based simulations. The general findings from this study can 
be summarized as follows:  

• The comparison with other common stochastic methods showed that 
the proposed method, to a high extent, is able to reproduce the sto-
chastic behavior of harmonic emission from a fast charger.  

• Neglecting the correlation between fundamental value and harmonic 
magnitude has a considerable impact on generated data and conse-
quently on harmonic hosting capacity especially when THD limits 
are considered.  

• Using THD as the performance index for harmonic hosting capacity 
calculation may lead to an overestimation of the harmonic hosting 
capacity. Multiple individual harmonics set the hosting capacity 
limits before THD. 

This method is utilized for harmonic hosting capacity calculation for 
a charging station equipped with fast chargers; the method can be 
generalized to other harmonic stochastic analysis. The presented 
experimental data and obtained individual harmonic emission PDFs can 
provide valuable information for any other harmonic stochastic analysis 
concerning fast EV chargers. 
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