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Abstract— Growing environmental concerns and advance-
ment in the BEV technology are leading to rapid electrification
of the road transportation sector. BEV charging requires power
conversion from the AC signal present in the network to the
DC signal required by the battery. This conversion process
tends to inject harmonic emission into the gird. The increasing
amount of high power EVBC pose a new challenge to the
grid operators, who are responsible for maintaining acceptable
PQ in the network. This paper analyzes Norton frequency-
domain methods as a potential tool to model harmonic emissions
of DC off-board EVBCs. The author begins by performing
harmonic fingerprint measurement of a commercial 25kW off-
board EVBC. Fingerprints are used to illustrate the linearity
between harmonic voltage and harmonic current injected by
the device. It is the first step in the analysis because linearity
in the frequency domain is a requirement for the Norton
method validity. The paper explains the development process
of four alternative Norton models. All of them are validated
by comparing modelled data to the measurement results of the
laboratory and field tests. The author discusses these results and
presents an example of practical implementation of the model,
in a commercial software package - Digsilent Power Factory.

ABBREVIATIONS

AC Alternating Current
BEV Battery Electric Vehicle
CBM Component Based Model
CNM Coupled Norton Method
DC Direct Current
DNM Decoupled Norton Method
DSO Distribution System Operator
EMC Electromagnetic Compatibility
EV Electric Vehicle
EVBC Electric Vehicle Battery Charger
HAM Harmonic Admittance Matrix
LV Low Voltage
PQ Power Quality
THD Total Harmonic Distortion

I. INTRODUCTION

In recent years, a rapid transition from fossil fuel-based
vehicles to battery electric vehicles (BEVs) has caught mo-
mentum globally. The Netherlands is no exception, where
the number of passenger BEVs registered has soared from
13 thousand in 2016 to more than 107 thousand by the end of
2019 [1]. While increasing e-mobility is good for the climate,
it introduces new technical challenges for the network op-
erators. Power converters present in electric vehicle battery
chargers (EVBCs) can cause high-frequency distortions in
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the charging current and as a result in the background
voltage. These distortions are referred to as harmonics and
supraharmonics and they are present in 50 Hz - 2 kHz and
2kHz - 150 kHz frequency ranges respectively. Moreover,
upon initiating BEV charging, high inrush currents might
develop, which can lead to flicker problems or even voltage
dips [2]. This paper focuses on one of those phenomenon -
harmonics.

Harmonics, supraharmonics and inrushes are few exam-
ples of power quality (PQ) phenomena. In the Netherlands,
distribution system operators (DSOs) are responsible for
the operation of the low voltage (LV) and medium voltage
(MV) electricity networks. These responsibilities include
maintaining sufficient PQ levels. The association of the
energy grid operators ‘Netbeheer Nederland’ performs field
measurements to monitor PQ in the grid and report its status.
They have discovered that in the LV network, harmonics in
the background voltage is the most frequent PQ violation.
Netbeheer Nederland has found that in 2019, 52 out of
266 weekly measurement locations, violate harmonic voltage
limits defined in the Dutch grid code [3], [4]. There is a risk
of an increase in these violations due to growth of the number
of EVBCs connected to the network.

Harmonics have to be addressed as they lead to overheat-
ing and life-time reduction of the network components and
consumer devices. Moreover, harmonic resonances can cause
high current and voltage transients. As a result, network
disruptions, such as false tripping of the circuit breakers,
might occur [5]. To manage risks related to harmonics, DSOs
need tools to introduce their effects in the network planning
process. One of the ways to accomplish this is to model non-
linear loads, such as EVBCs, in the software and incorporate
them into the harmonic load flow calculations. Nonlinear
loads are power electronics-based switching devices. This
definition will be used interchangeably with the harmonic
loads throughout the text.

In the literature, nonlinear load modelling was mainly ad-
dressed by component-based models (CBM) and frequency
domain models. CBMs are time domain methods with high
accuracy and broad applicability, as they cover both steady-
state and transient phenomena [6], [7]. Nevertheless, in order
to design a CBM, in detail-knowledge of the physical and
control parameters of the system are required. This require-
ment introduces a practical challenge, as load characteristics



are often confidential and not accessible to the researchers.
They can be identified or assumed to a certain extent,
however this makes the modelling process more complex
and more susceptible to errors.

In the frequency domain, measurement-based, black-box
models are able to define the relationship between harmonic
currents and voltages. This complex relationship can be
derived by statistical methods such as Regression Tree model
[8] or circular statistics [9]. On the other hand, if linearity
between harmonic voltages and currents is sufficient, the
model can be linearized and represented by a basic Norton
equivalent circuit with harmonic admittance matrix (HAM).
Norton methods have already been used to model nonlinear
loads in the literature sources such as [10] and [11]. Fre-
quency domain methods are relatively easy to develop and
apply, yet can achieve performance comparable to CBMs
[12]. However, they can only be used for a single purpose -
harmonic analysis. Even more so, frequency domain methods
are restricted to the harmonic frequencies, which were con-
sidered in the measurement phase of the model development
process.

Modelling of an Alternating current (AC) charger, or
in other words on-board EVBC, has been already widely
covered in the scientific literature [13], [14], [15]. This paper
looks into harmonic modelling of more recent technology:
direct current (DC) off-board EVBC. Power conversion in
the off-board EVBC takes places outside the vehicle. Thus,
higher power rectifiers can be used for the off-board charging
in contrast to the on-board charging. The author chose
to work on the frequency domain Norton model due to
its simplicity and high in-field applicability potential. The
harmonic load model of a 25kW commercial DC EVBC is
obtained in this paper. To begin with, Section II explains
Norton methods in more detail. Then, Section III presents
harmonic fingerprint measurement results of a commercial
DC EVBC. Section IV follows with linearity analysis of the
measurement data. When linearity is considered sufficient,
development procedure of four alternative Norton models be-
gins as presented in Section V. For the purpose of validation,
modelled data is compared to the laboratory measurement
data in section VI and to the field test data in section VII. The
best performing Norton model is then implemented in Power
Factory, as explained in section VIII. The report finishes
with a discussion and the conclusion in sections IX and X
respectfully.

This master thesis project took place within the knowledge
and innovation centre ‘ElaadNL’. The company is initiated
by Dutch DSOs to research smart charging and charging
infrastructure. ElaadNL participates in ’Future proof Elec-
tricity grids through Power Quality improvements of Electric
Vehicles ’ TEPQEV project in an effort to prevent future PQ
issues caused by the EV charging. TEPQEV is a cooperation
with several parties, which include the Eindhoven Univer-
sity of Technology, KEMA labs, Dutch DSOs and EVBC

Fig. 1: Decoupled Norton Method

manufacturer. The goal of the master thesis is aligned with
one of the goals of TEPQEV, namely evaluating potential
methods for EVBC PQ modelling. All tests performed during
the project took place at the ElaadNL campus. ElaadNL and
TEPQEV partners provided the equipment and tools required
for the test.

II. NORTON METHODS

A harmonic load can be modeled as a Norton equivalent
circuit, provided that there is linearity between harmonic
voltage and current. In the literature, two alternative Norton
models were found: the decoupled Norton method (DNM)
[11] and the coupled Norton method (CNM) [13]. This
section introduces both of the methods, while their design
process is summarised in section 5. An equivalent circuit of
the more basic of the two methods - the DNM is illustrated in
Fig. 1. Where Iconst,h is a constant harmonic current vector,
measured at ‘clean’ voltage. In this text ‘clean’ refers to
the three phase, undistorted, 230V and 50Hz voltage signal.
Y h,h is a parallel admittance matrix, which represents
harmonic current injected due to the harmonics present in
the voltage source V h and Zgrid is network impedance. In
this paper, constant and voltage-depend harmonic currents
are refered to as primary and secondary harmonic emissions
respectively.∣∣∣∣∣∣∣∣
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The only difference between the two Norton approaches is
that the CNM considers the harmonic coupling effects, while
the DNM does not. This contrast can be better understood
from the DNM equation (1) and the CNM equation (2). In
the DNM equation harmonic current Ih is a function of
harmonic voltage V h and a constant part of the harmonic
current Iconst,h p@h “ 1...nq, the same as in Fig 1. The
DNM harmonic admittance matrix (HAM) is expressed
by Y n,n and has only diagonal components. Meanwhile,



Fig. 2: Fingerprint measurement setup

the coupling effects between each harmonic voltage V h

p@h“ 1...hq and each harmonic current Ih p@h“ 1...nq are
considered in the HAM of the CNM. Therefore, Y n,k is full
HAM. When it comes to practical applications, the CNM
is more challenging to incorporate in harmonic load flow
computationally. Nonetheless, A. Koch et al. have concluded
that it outperforms the DNM in their study of nonlinear
harmonic models [16]. More detailed information about
these and alternative harmonic load modelling techniques is
summarised in the first part of this project and can be found
in [17].

III. HARMONIC FINGERPRINTS

Norton methods assume linearity between the harmonic
source voltage and the harmonic current injected by the load.
Such linearity in the frequency domain was already observed
in several nonlinear loads, including AC EVBCs, in previous
research [13]. To find out if DC EVBCs present similar
behaviour, the author assessed the linearity of a commercial
EVBC in the laboratory setting. A measurement technique,
called ’Harmonic Fingerprinting’, is used to perform such
an assessment, as defined by S. Cobben et al. in [18]. Fig.
2 presents the measurement setup used for the fingerprint
acquisition.

In the figure, the black line illustrates the power flow,
and the dotted line indicates the data transfer. Throughout
the measurement, a Matlab software script sends commands
to control the voltage source. This measurement strategy
is presented in more detail in [18]. Three-phase voltage
and current measurements are then performed between the
controllable voltage source and EVBC. Harmonic voltage
and current data are recorded in the internal memory of
a high frequency measurement and data acquisition device.
During the test, EVBC charges a BEV to complete the power
flow cycle. EVBC input current was limited to 32A per
phase, due to voltage source limitations. As a result, EV drew
approximately 25 A per phase (17kW) current. Therefore, it
can be concluded that EVBC only limits charging speed,
while the vehicle battery management system controls it.

Three-phase 30 kVA regenerative grid simulator was used
as the harmonic source. The device is able to introduce har-
monics up to 50th order. Meanwhile, the data was recorded
by a high-frequency measurement and data acquisition device

with eight channels and a sampling rate of 1Ms/s. The
sampling frequency of only 20 kHz was selected during the
measurement to reduce the size of the fingerprint data files.

The fingerprints include voltages of the odd harmonics
up to 2kHz p@h“ 3...39q. Magnitudes of those voltages are
based on the maximum permissible values defined in the
NEN-EN 50160 standard [19]. At each harmonic, the voltage
is increased from 0% to 100% of maximum permissible
value in six steps. For example, according to the standard
the maximum 3rd harmonic voltage is 5% of the fundamental
value. As a result, at the 3rd harmonic, controllable source
initiates a ‘clean’ signal (0%). Then it continues with in-
troducing distortion of 1% and then 2% and higher, until
it reaches 5% of the fundamental voltage. Harmonic voltage
and current are complex properties. Therefore, shifting phase
angle conditions are introduced during the measurement
as well. The phase angle between the harmonic and the
fundamental component of the voltage is shifted every 30˝,
from 0˝ to 360˝. These shifts take place at each magnitude
value, leading to 72 measurements for a single harmonic,
and 1368 measurements in total.

Fig. 3 presents a part of the fingerprint measurement
results. For clarity, not all measured phase shifts are visible in
the image. Part (a) of the figure shows complex values of the
5th harmonic voltage at the EVBC. Part (b) demonstrates the
5th harmonic currents injected by the charger at each voltage
condition. From the two figures, a high degree of linearity
can be observed. Current branch angles in (b) correspond
to voltage branch angles in (a) with a reasonably constant
phase shift, of -70˝. However, the phase angle asymmetry of
˘15˝ is visible. Moreover, harmonic current branches vary
in length. This variation is evident when comparing data
points marked by the ‘x’ symbol to the ones marked by the
‘+’ (cf. Fig. 3 part (b)). As a result of those variations, the
perfect linearity assumption will introduce some error into
the model’s performance.

The fingerprint of the 3rd harmonic current can be seen
in part (c) of Fig. 3. The figure illustrates that the centre of
the harmonic fingerprint is shifted from the (0,0) by approxi-
mately 0.5A with 30˝ angle. Meanwhile, the midpoint of the
voltage fingerprint matches (0,0) coordinates as it represents
zero distortion condition. Therefore, the shift of the current
fingerprint centre means that EVBC injects harmonic current
at ‘clean’ source voltage. This current shift is included in
the model as a constant current source Iconst,h. It has
already been introduced in Fig. 1 and equation (1). It should
be noted that magnitudes of currents in different frequency
orders, parts (b) and (c), cannot be compared directly, as the
excitation of the voltage level is harmonic-dependant.

IV. LINEARITY ANALYSIS

Linearity indices are used to quantify linearity at each
harmonic frequency and they are obtained as follows. All
data points of the fingerprint are fitted to approximated lin-
ear voltage-current dependency at each harmonic frequency.



(a) 5th harmonic voltage (b) 5th harmonic current (c) 3rd harmonic current

Fig. 3: Harmonic fingerprint measurement results

Least-Squares linear fit is chosen for this purpose. It is
obtained by the lsqcurvefit function in Matlab. Lsqcurvefit
uses a Trust Region Reflective algorithm, which is explained
in detail in [20]. At each harmonic Least-Squares fit returns
complex linearity coefficients a and b, as follows:

I´ Iconst “V ¨a`b (3)

All fingerprint data points are used in the linearity index
calculation. For explanation purposes, each nth element of
Ih and V h from equation (1) is re-written as an array of
data points I

pdq
meas,h and V

pdq
meas,h. Where d is the number

of data points p@d “ 1...70q per harmonic h. Iconst,h is current
at ideally sinusoidal voltage, thus has a single value per
harmonic.

Newly obtained coefficients a and b are used to derive
linearised harmonic current Ipdqlin,h at each harmonic h voltage
condition d. At this point, the linearity index Lh value can
be determined by equation (4). In the equation, εrel,h is the
absolute average relative vectorial error between the mea-
surement data points and the linear fit, calculated for each
harmonic. The numerator of εrel,h is equal to the magnitude
of the vectorial difference between the linearized current
Ipdqlin,h and the voltage-dependent part of the measured current:

(Ipdqmeas,h´ Iconst,h). The denominator of εrel,h is equivalent to
the absolute value of the secondary emission current, as can
be seen in eq. (5).

Lh “ 1´ εrel,h (4)

εrel,h “

d
ÿ

i“1

|Ipiqlin,h´pI
piq
meas,h´ Iconst,hq|

|Ipiqmeas,h´ Iconst,h|
(5)

The linearity index Lh can range from 1 to the minus
infinity in theory, with 1 being ideally linear. However, in
practice, lower bound is not expected to be smaller than
zero. Provided that the magnitude of the error vector is not
larger than the magnitude of the measured current. Table I
summarizes linearity indices for each harmonic.

From the table, it can be concluded that the linear fit
defines the relationship well. Lh value for all harmonics,
except the 3rd, is higher than 0.9. In other words: average
relative error εrel,h does not exceed 10% of measured voltage-
dependent current amplitude for almost all harmonics, except
the 3rd. The author accepts errors which could be introduced
by the linearity approximation as sufficiently small for the
Norton model to be a feasible option. It is worth noting
that permissible error depends on the purpose of the model.
Therefore, linearity discussed in this section might not be
sufficient for the harmonic studies requiring high precision
models.

TABLE I: The linearity index value at each harmonic fre-
quency

Harm Lh Harm Lh Harm Lh Harm Lh
3 0.814 13 0.986 23 0.994 33 0.95
5 0.903 15 0.985 25 0.9956 35 0.98
7 0.943 17 0.992 27 0.9993 37 0.984
9 0.97 19 0.991 29 0.988 39 0.95

11 0.978 21 0.98 31 0.988 - -

V. NORTON DEVELOPMENT PROCEDURE

The main target in the Norton model development is to
define HAM in a way, which would lead to the highest
accuracy model. For this purpose, two alternative HAM
derivation methods are considered in this section. The first
approach is based on average admittance. The second is
based on Least-Squares linear fit constants. Accuracies of
both methods are compared in the validation stage of the
report.

A. Average admittance HAM

In this subsection, HAMs for both the DNM and the CNM
are derived, based on average admittances. For the purpose of
HAM calculations, all fingerprint data points d are used. As
mentioned previously, HAM of the DNM has only diagonal
components, as seen in equation (1). Diagonal admittances
at each data point of a studied harmonic Y

pdq
h,h are calculated



as follows:

Y pdqh,h “
Ipdqmeas,h´ Iconst,h

V pdqmeas,h

(6)

Furthermore, Y
pdq
h,h is averaged out to a single admittance

per harmonic, resulting in Y avg,h. Finally, Y avg,h at each
harmonic n replaces corresponding diagonal Y n,n values
inside the HAM from equation (1). Newly obtained HAM
and measured Iconst,h are the only two inputs defining the
DNM of the average admittance HAM.

An almost identical calculation is done for the HAM of
the CNM. Equation (2) shows that Y h,h is full [n x k]
matrix. Therefore, n¨k of average admittance Y avg values
were calculated to define the coupling effects between Vk
and In.

B. Least-Squares linear fit HAM

Least-Squares linear fit was already introduced in sec-
tion IV and expressed in equation (3). In the equation,
the secondary emission harmonic current is defined by the
voltage and two coefficients: a and b. However, in the Norton
approach, the voltage-variant harmonic current should be
defined by a single admittance. Luckily, basic equation
manipulation presents a way to overcome this issue. The
Least-Squares fit coefficient b can be removed from the
equation by combining it with the primary emission current
Iconst . This can be seen after re-ordering equation (3) into:

I “V ¨a`b` Iconst (7)

Icb “ Iconst `b (8)

A new constant Icb is then obtained by equation (8). At
this point, Least-Squares algorithm is used to fit the data
of each harmonic fingerprint with ah and bh coefficients.
The DNM is finalized when each HAM element Y n,n in
equation (1) is replaced by coefficients an and when the
constant current Iconst,n values are replaced by corresponding
Icb,n components, at each harmonic order n.

HAM of the CNM is derived by taking similar steps as
described in the previous paragraph. In the CNMs case,
Y
pdq
h,h is now a full [n x k] matrix. As a result, a new

linearity coefficient matrix filled with an,k values is designed
to include the coupling effects between V k and In. Moreover,
each coupling relationship introduces a new bn,k coefficient,
which has to be removed from the calculation for Norton to
hold. To do so, Icb,h carries k values of bh,h, at each constant
harmonic current n:

IpCNMq
cb,n “ Iconst,n´

k
ÿ

i“1

bn,i (9)

HAM of the CNM is finalised when all an,k values are
inserted into corresponding Y n,k slots and each Iconst,n is
replaced by new IpCNMq

cb,n value in equation (2).

C. Reduction of the CNM HAM

The harmonic coupling effects between voltages and cur-
rents of various orders, are present in the field and therefore
considered in the CNM. Nonetheless, these effects might
be non-linear or insignificant within particular harmonic
voltage-current pairs. If that is the case, including them into
the CNM might lead to a higher error than an improvement.
To limit errors of such nature, S. Muller et al. have developed
a method to pinpoint and remove non-linear and insignificant
coupling admittances from the HAM in [13]. In the article,
the authors define linearity, asymmetry and sensitivity in-
dices. Furthermore, they propose a threshold value for each
one of them. If the coupling relationship does not satisfy the
threshold value of one of the indices, the admittance of the
corresponding harmonic pair is set to zero. The same filtering
approach was implemented in both CNM methods defined
in the previous subsections A and B. Only the sensitivity
index will be explained and visualized in this section. A
more detailed explanation of the rest of the indices, can be
found in [13].

In [13] sensitivity indices are represented via harmonic
current to voltage ratios. The voltages and currents are
expressed as the difference between the maximum and
minimum points of each fingerprint branch p (cf. Fig. 3)).
When the ratios between the two are obtained, the mean of
all p ratios is calculated. The sensitivity index Spnnq between
harmonics of the same order is expressed via:

Spnnq
“

1
p

p
ÿ

i“1

∣∣∣∣∣ Ipnqi,max´ Ipnqi,min

V pnqi,max´V pnqi,min

∣∣∣∣∣ ¨1000 (10)

Alternatively, the same index for harmonically coupled volt-
ages and currents Spknq is calculated in:

Spnkq
“

1
p

p
ÿ

i“1

∣∣∣∣∣ Ipnqi,max´ Ipnqi,min

V pkqi,max´V pkqi,min

∣∣∣∣∣ ¨1000 (11)

Indices are multiplied by a factor of 1000 to obtain more
explicit values.

The sensitivity index measures the strength of the har-
monic coupling. In order to filter out which harmonic pairs
are weakly coupled, a threshold value is specified. Such value
is taken from [13] and is equal to Spnkq

lim “ 7. In other words,
if 1 V distortion in V k results in less than 7mA (Spknq ă

Spknq
lim ) in harmonic current In, admittance Y n,k is set to zero.

Sensitivity, linearity and asymmetry indices are calculated
for all odd harmonics considered in the measurement p@h“
3...39q. 38 out of 361, sensitivity Spknq values are below
the threshold leaving 89.5% of HAM filled. However, when
linearity and asymmetry indices are applied, only 34.1% of
the HAM values remain.

All sensitivities derived from the fingerprint measurement
are summarised in the sensitivity matrix. An intensity plot is
designed to visualize that matrix, as illustrated in Fig. 4. Each
component of the sensitivity matrix represents corresponding



element of the HAM of the CNM. In the Fig. 4, light red and
white colours illustrate weak and non-existent coupling re-
spectively. Entirely red colours are used to represent indices
with S ą 50. The final elements, that remain after filtering
by all indices, are highlighted by a black frame.

Fig. 4: Sensitivity matrix
Several observations are made from the figure. To begin

with, all diagonal elements have a high sensitivity and sustain
the filtering process. It cannot be observed from the figure,
but the diagonal elements of the sensitivity matrix range from
100 all the way up to 750. High values of these components
were expected, as they are the main contributors to harmonic
currents and were already observed during the measurement.
High sensitivities can also be seen in the elements close to the
diagonal ones. Thus, it can be concluded that the harmonic
coupling is stronger in the close frequency proximity range.
Furthermore, the 39th harmonic voltage row (nV “ 39) shows
unexpectedly high sensitivity levels. It might be a result of
a very low excitation voltage. The maximum permissible
voltage at the given harmonic V39=0.46 V is the lowest of
all the tested values.

VI. LABORATORY MODEL VALIDATION

Two alternative HAM derivation techniques were intro-
duced in the previous section V. Both techniques were
implemented into the DNM and then into the CNM, resulting
in four distinct Norton load models in total. This section
evaluates all methods by comparing their output data to the
measurement data. For the comparison, two measurement
data sets are used. The firs set is the harmonic fingerprint
measurement data is. Single harmonic voltages are presented

one at a time during the fingerprint collection. For the second
set, a new measurement is performed. During which all
harmonic voltages are excited simultaneously.

A. Single harmonic validation

The following steps are taken for a single harmonic
validation. Initially, one data point from the fingerprint
measurement is selected for the model evaluation process.
The top point of the first branch (cf. Fig. 3, branch marked
by circles) of the fingerprint was chosen for that purpose.
This data point is equivalent to the maximum permissible
voltage condition, with no phase shift at each harmonic.
The same voltage value is then used to calculate harmonic
currents according to eq. (1) for the DNMs and eq. (2) for
the CNMs. Model performance is evaluated by calculating
an error between measured harmonic current and harmonic
current derived from the load models. Vectorial error εi and
relative vectorial error εrel are used for the comparison.
Relative error εrel is calculated using equation (5) at a single
measurement condition d. At the same time, vectorial error
εi is the numerator of the same equation. Finally, both errors
are derived for each model and they are compared in Fig.
5. In the figure, LSf abbreviation stands for Least-Square fit
methods, and Yavrg refers to the average admittance method.

Several observations were made from the model compar-
ison figure. To begin with, both LSf-based methods perform
much better than average admittance models in the frequency
range higher than 450 Hz. It is worth noting, that permissible
voltage levels used in the measurement are lower at higher
frequency range. Therefore, the currents in the corresponding
harmonic range are also lower, as can be seen in Appendix
A Fig. A1. This figure also contains all harmonic current
magnitudes and phase angles, as well as the source voltage
data for the full harmonic range. Furthermore, the LSf-
based DNM has the smallest error in the studied frequency
range. Meanwhile, the LSf-based CNM has high error peaks
at lower harmonic orders, especially at the 5th and the
7th harmonics orders. The DNM and CNM based on the
average impedance HAM lead to very comparable results,
with the CNM slightly outperforming the DNM in higher
the frequency range.

Fig. 5: Model comparison to laboratory data, single harmonic at a time



Fig. 6: Model comparison to laboratory data, all harmonics simultaneously

With the same LSf technique both the LSf-based DNM
and the linearity index Lh are derived. However, Lh was
approximated from 70 data points per harmonic, while εrel
presented in Fig 6, is calculated at a single voltage condition.
Despite that difference, the results are close to identical. The
DNM’s relative error εrel is inversely proportional to the
linearity index Lh (cf. Table I). This observation once again
confirms high linearity when commercial EVBC is tested
under a single harmonic voltage.

B. Simultaneous harmonic validation

For the second comparison, all harmonic voltage distor-
tions are initiated simultaneously. Harmonic voltage magni-
tudes used in this measurement are identical to the ones used
in the first comparison. Nonetheless, the author introduced
some random voltage phase shifts, which are listed in Ap-
pendix A Fig. A2. All four models are simulated under new
voltage conditions. Calculated currents are then compared
to the measurement data in Fig. 6. From the figure it can
be observed that magnitude of the current error vector εi is
relatively constant throughout the depicted harmonic range.
This is concerning because the current measured at high
harmonic orders is much lower than the current measured
at low harmonics (cf. Appendix A Fig. A2). This mismatch
reflects in relative errors εrel exceeding 100% in the 9th, 15th

and 21st harmonic orders. In the previous single harmonic
case, LSf methods strongly outperformed the average admit-
tance ones. However, the error differences between the two
are not so significant when multiple harmonics are present
simultaneously.

C. Average error and the harmonic coupling effects

Figures 5 and 6 give more insights into model performance
at each harmonic frequency. Nonetheless, they are not suffi-
cient to conclude which method leads to the most accurate
results. Therefore, average values of vectorial error εi,avg and
relative error εrel,avg are obtained and presented in Fig 7.
In the figure, average errors are depicted per comparisons
type, namely single harmonic at a time and all harmonic
simultaneously. Fig. 7 shows that both errors εi,avg and

εrel,avg are the smallest when LSf-based methods are used.
Therefore, it can be concluded that the LSf HAM derivation

strategy is superior to the average admittance one. Further-
more, all four models perform much better, when harmonics
are excited single harmonic at a time. Presence of the strong
harmonic coupling effects could explain this contrast. When
voltages at several harmonics are initiated simultaneously,
they start to influence each other. The harmonic coupling can
be observed by comparing current magnitude data, between
single harmonic and simultaneous harmonic measurements,
presented in Appendix A figures A1 and A2 respectively. The
figures illustrate that most the of the harmonic currents are
significantly smaller in the simultaneous harmonic scenario,
especially at the higher harmonic frequencies.

In theory, the CNMs should outperform the DNMs when
the harmonic coupling takes place. In practice, this is the
case only for LSf-based models (cf. Fig.6). Even then, the
error difference between the LSf-based CNM and DNM is
little. Therefore, it can be concluded that only a small share
of the coupling effects was successfully integrated into the
LSf-based CNM. Reduced size of HAM could explain CNMs
incapability to incorporate coupling properties well. During
the filtering, 65.9% of the admittance matrix was filtered out.
There is also a probability that remaining admittance values
might still possess some non-linearity and asymmetry. This
might introduce additional errors, instead of improving the
model.

In a realistic grid, multiple voltage harmonics are expected

Fig. 7: Average vectorial εi,avg and relative εrel,avg errors



to be present at the same. In that situation, Norton methods
will have errors higher than the ones presented in the single
harmonic comparison (cf. Fig. 5). On the other hand, the
simultaneous harmonic scenario uses rather extreme har-
monic voltages, which are predicted by the model poorly
(cf. Fig. 6). Furthermore, in practice, harmonic voltage levels
are expected to be lower than the ones excited in the
simultaneous harmonic test. In that case, errors caused by
the Norton model are expected to lie somewhere in-between
the errors resulting from both laboratory data comparisons. A
field measurement in a realistic LV network is performed to
verify this assumption. The test is introduced in the following
section.

VII. FIELD STUDY

Harmonic propagation is a complex phenomenon. Hence,
it is challenging to simulate in a controlled environment. In
real LV networks, various nonlinear devices are connected
to a single feeder. Harmonic currents injected by those loads
propagate into the grid and influence each other and the
background voltage. These currents can both reinforce and
cancel out one another. A field study is performed to test
Norton model performance when EVBC is interconnected
with other nonlinear loads. This section discusses the study
in three subsections. Subsection (A) introduces measurement
setup and scenarios. Subsection (B) compares field measure-
ment data to the model data similarly, as done previously in
Section VI. Harmonic interactions within two EVBCs and
an office building are discussed in subsection (C).

A. Measurement setup

The field study is performed at the ElaadNL campus. The
LV network on the campus consists of three main feeders, as
displayed in Fig. 8. The first feeder powers charging plaza
of the EVs. This feeder is not relevant for the study, as no
other EVs were charging during the test. The author chose
this setup to have a more controlled test environment. The
second feeder connects the office building (Terminal 1) to
the network. During the test, two ECVBCs, identical to the
one used in the fingerprint measurement, were powered from
the laboratory located in that building (Terminal 2). The
laboratory was preferred to the charging plaza as stationary
measurement equipment was installed there. The third feeder
is used for outdoor purposes, such as lighting. During the
test, data was collected at three measurement points. One
scope was installed inside the transformer distribution box.
There, the three-phase background voltage was recorded. The
second scope was placed inside the laboratory. It measured
three-phase voltage and current at the EVBC1 and single-
phase current at the EVBC2 (cf. Fig 8). A single-phase
measurement had to be done due to test equipment limi-
tations. However, the charging current of EVBC1 proved to
be balanced throughout the measurement. As both chargers
are identical and are powered at the same connection, the
second charger is assumed to be balanced too.

Fig. 8: Field test setup

The power drawn by the office building is expected to
vary in a range of 30-50 kW throughout the day. While the
power ratings of both EVBCs are 25kW. However, for the
consistency with the fingerprint measurements, chargers are
limited to the input current of 32A per phase. As a result,
EVBC1 and EVBC2 were charging at approximately 13.5kW
and 15kW, respectively. Two different EVs were used during
the test. Therefore, the charging power also varied based
on the internal controls of the vehicle charged. The test
considered three measurement scenarios:

1) No vehicles charging. This is a base condition, where
only the loads of the office buildings. EVBCs are
powered, but no EVs are connected.

2) EVBC1 charging. In this case, first vehicle is charging
in parallel to the loads of the office building.

3) EVBC1 and EVBC2 charging. In this case, two vehicles
are charging at the same time and in parallel to the loads
of the office building.

4) EVBC2 charging. In this case, second vehicle is charg-
ing in parallel to the loads of the office building

Starting with the first one, each scenario continued for three
minutes, before moving to the next one.

B. Field model validation

This subsection compares field measurement data to the
harmonic currents derived by the Norton methods. Data
obtained during EVBC1 charging (scenario 2) is used for the
comparison. Harmonic currents are calculated based on the
measured voltage using all four Norton methods. Absolute
vectorial errors εi and relative errors εrel are obtained in the
same manner as in the previous section. Fig. 9 summarises
the comparison results. Errors up to the 25th harmonic are
presented on the left side of the figure. Furthermore, errors εi
and εrel are averaged out per all considered harmonic range
p@h “ 3...39q. Averages are presented on the right side of
Fig. 9.

Figure shows results that are similar to the results of
the laboratory comparison. Firstly, LSf-based models lead to
the lowest errors. Secondly, the LSf-based DNM and CNM
have more or less comparable relative errors. Nonetheless,
it can be seen that the LSf CNM underperforms the LSf
DNM in the low-frequency range and outperforms it in the
high-frequency range. The coupling effects could explain the



Fig. 9: Model comparison to the field measurement data

contrast between the performance of the two methods. Due
to the harmonic coupling, high order harmonic currents are
sizeable, even if the voltages at corresponding frequencies
are low. As the CNM considers a share of those coupling
effects (cf. Fig. 4), it’s performance improves with the
higher frequency. The LSf-based DNM achieves the highest
accuract of the four models, with average vectorial and
relative errors of 0.06 A and 28.5% respectively. Fig. A3 in
Appendix A presents more extensive measurement results.
It includes magnitudes and phase angles of the voltage at
EVBC1 and the current injected by it.

C. Harmonic interaction
This subsection discusses harmonic interaction by com-

paring the measurement data before and after EVBCs are
activated. It should be noted that the data samples used
in the comparison are twenty to thirty seconds apart. The
scope positioned at the transformer influences the length of
a time step, as it collects measurement snapshots every ten
seconds. Hence, there is a chance that load switching in the
office building might distort the data discussed below. This
probability is reduced by performing the test twice. Only
single measurement results are reported further in the text,
as they are close to identical for both tests.

The data of the harmonic currents and voltages mea-
sured before and after connecting EVBC2 is illustrated in
Appendix A Fig. A4. Test results are presented at each
measurement location according to Fig. 8. It is challenging
to observe any apparent trends in the voltage and current
shift due to an extra EVBC load. Therefore, two harmonic
orders, which are strongly influenced by the switching of
the EVBCs, are selected to be discussed in more detail.
Harmonic orders five and seventeen were chosen for that
purpose. The 5th is chosen because it is the most dominant
background voltage harmonic throughout the measurement.
Meanwhile, variations in the 17th harmonic voltage and
current visibly correspond to the switching of the EVBCs.
Thus, they are also examined in more detail.

The measurement data is analyzed just before and right
after switching of EVBCs, to minimize voltage and current

shifts resulting from the office building. Fig. 10 provides
more details on the sequence of the test by mapping all
scenarios on a time scale. In the figure, red dotted lines
represent data samples which are used to examine the 5th

and 17th harmonics. Based on this information, Fig A5
from Appendix A presents how the voltages and currents
of the two harmonic order respond to the changes in the test
scenarios.

Fig. 10: Measurement time scale

When EVBC1 starts charging, at the time interval t1´ t2,
5th harmonic voltage increases in both measurement loca-
tions, at the charger and at the transformer. However, this
trend is not consistent throughout the measurement. During
the load shifts at t3´ t4 and t5´ t6, 5th harmonic voltage
is reduced locally but becomes higher at the transformer.
At the final time interval t7´ t8 the same harmonic voltage
increases even if EVBC2 is disconnected, which opposes the
trend observed in the time interval t1´ t2. These counter-
intuitive variations are likely to be a result of the changes in
the loads of the office building.

Furthermore, the lower left side of Fig. A5 demonstrates
that in some instances, EVBCs inject significant 5th har-
monic current even when they are not charging. Fig. A6
in appendix A presents this phenomenon in more detail.
It illustrates 5th harmonic current variation throughout the
measurement. From the figure, it can be observed that both
EVBCs have two harmonic injection states while operating in
standby mode. One is more distorting, with the 5th harmonic
injections of approx. 0.15A and another is less significant
with approx. 0.05A. The auxiliaries in the charger cause
these standby distortions. First phase data is used in figures
A5 and A6. The same phase powers all the auxiliaries in the
EVBCs under test. Harmonic currents injected in the standby



mode highlight a limitation of the Norton methods, as they
do not consider distortion when only the auxiliary part of
the EVBC load is active.

The right side of Fig. A5 in appendix A illustrates 17th

harmonic voltage and current magnitudes at each EVBC load
shift (cf. Fig. 10). From the figure, it can be observed that
harmonic voltage measured at the charger increases in both
instances when extra charger is initiated, namely t1´ t2 and
t3´ t4. The rise in the 17th harmonic voltage is likely to
be caused by the increase of the current injections at the
same harmonic, as supported by the change in the IEV BC1
at t3´ t4 (cf. Fig 5A, Appendix A). An opposite trend
occurs when chargers are stopped. In that case, both the
17th harmonic current and voltages decrease. This example
present more intuitive and consistent results in comparison
to the 5th harmonic order.

VIII. POWER FACTORY MODEL IMPLEMENTATION

The end goal of the EVBC load modelling process is to
enable the network operators to simulate nonlinear loads in
more detail. Thus, the harmonic load models need to be
compatible with the software packages used by the DSOs.
DIgSILENT Power Factory is one of the most popular
network simulation tools, exercised by the Dutch network
operators. In this section, Norton model is implemented
into the Power factory, to demonstrate its applicability. The
LSf-based DNM performed the best out of the four Norton
alternatives, in most of the validation stages. Therefore, it is
selected to represent EVBC in a Power Factory simulation.
It would be interesting to integrate the CNM as well as the
DNM. However, The software cannot facilitate the CNMs
by default. The CNM integration into Power Factory would
require external tools, such as Python. This is a complex
setup, unlikely to be implemented by the DSOs. Therefore,
it is left out of the scope of the project.

The LSf-DNM is integrated into the Power Factory as
follows. The static generator function is selected for EVBC
representation. This function is chosen because it covers
both primary and secondary harmonic emission properties.
Unbalanced harmonic load flow calculation is required to
enable voltage-dependent harmonic functionality. As a result,
HAM is split into the symmetrical components, before it is
entered into the function. By default, static generator injects
power to the Network, which is the opposite in the case of
EVBC. To compensate for the mismatch, the power flow
direction is inverted.

Primary harmonic current injections are expressed as a
percentage of the fundamental current. Hence, the power flow
inversion introduces an inconsistency. The phase angle of the
constant current component has to be corrected by 180˝, to
compensate for it. Similarly, as for the admittance, harmonic-
fundamental current ratios are entered into the model in
sequence components. Since a single number representing
the first harmonic current has to be entered in the static
generator setup, the average value of 24A is chosen. It is

worth noting that in practice, the fundamental current varies
from 22.5-25.25A throughout the measurement. Therefore,
averaging the current out will introduce an error in the model
performance.

The EVBC model in the Power Factory is tested by
comparing simulation results to the measurement data. The
laboratory EVBC measurement, when all harmonic voltages
are excited simultaneously, is used for the comparison. The
laboratory setup is recreated in the Power Factory by only
two elements, the static generator and at the voltage source.
Fig. 10. illustrates this setup. The voltage source in the Power
factory is designed to match voltage distortions programmed
during the laboratory test. When the model is fully set up,
the unbalance load flow calculation is executed. Calculation
results are compared to the Norton model derived in the
Matlab and the measurement values in Appendix A, Fig A7.
The figure illustrates a difference in the calculation results
of the two software packages, even though the same Norton
settings are used.

Fig. 11: Laboratory test setup in the Power Factory

Average vectorial errors εi,avg and average relative error
εrel,avg between the measured and the modelled harmonic
currents are derived to compare the results. Power factory
simulation leads to εrel,avg of 55.8% and εi,avg of 0.27A.
While Matlab produced 66.8% and 0.285A errors accord-
ingly (cf. Fig. 7). Different calculation procedures could
explain the variation in the simulation outcomes. Power Fac-
tory uses the symmetrical components to perform the three-
phase unbalanced calculation. Meanwhile, Matlab assumes
balance between the phases and uses single-phase derivation.
Nevertheless, there could be other causes for the divergence
in the results. Thus, more troubleshooting might lead to a
better explanation.

IX. DISCUSSION

The purpose of this section is to reflect on the research and
discuss the limitation and the future potential of the Norton
methods. It begins with a subsection A, elaborating on the
measurement procedure used during the tests. It also makes
recommendations on how the procedure could be improved.
Subsection B summarizes three validation steps, presented in
the paper. Finally, subsection C reflects on the applicability
potential and the limitations of the Norton EVBC load model.



A. Data acquisition

Test preparation and data analysis processes made up
a large part of the master thesis project. Despite a few
scheduling challenges due to COVID 19, all the test were
completed successfully. Several lessons were drawn from
the data acquisition and analysis processes. First of all, the
selected fingerprint voltage excitation conditions were non-
ideal. Maximum permissible voltage values as defined in
NEN-EN 50160 standard, were used for the measurement.
Nevertheless, in the higher harmonic frequency range, per-
missible voltage distortion was too small for programmable
voltage source to excite it accurately. For example, only 0.46
V are permitted at the 39th harmonic. Fig. B1 in Appendix B
presents a fingerprint of the corresponding harmonic order.
The figure demonstrates that the voltage source introduces
non-linearities and shifts from the centre of the fingerprint.
Nevertheless, the precision of the voltage source improves,
when higher magnitude harmonic voltages are considered.
37th harmonic fingerprint illustrates this in Appendix B, Fig.
2B.

The voltage fingerprint shift at the lightly distorted fre-
quencies introduces several errors into the Norton model.
Firstly, nonlinearities caused by the shift affect HAM values.
Secondly, the constant part of the harmonic current cannot
be derived accurately, as there is no ‘clean’ voltage measure-
ment. Fig. 4 shows that the majority of, the multiple of three
order, harmonic admittances are removed from the HAM.
Permissible voltages at those harmonic frequencies are the
smallest. Therefore, errors in the measurement process are
the most likely cause of the filtering of those admittances.
The harmonic voltage values that are larger than permissible,
or equipment of a higher accuracy is recommended for the
future fingerprint measurements. It is worth noting that limi-
tations of the measurement equipment should be considered
if higher than permissible voltage distortions are simulated
during the test.

Furthermore, noise in the 39th harmonic, suggests that the
linearity analysis was not adequate. Table II presents Lh of
0.95 at the 39th harmonic. However, from the fingerprint
figure (cf. Appendix B, Fig. B1), it is evident that the
indication is false. Lh fails to represent reality, as the error in
the primary current counteracts the nonlinearities introduced
by the voltage source. Calculations assume that the centre of
the voltage fingerprint represents the ideal sinusoidal signal.
This is not the case, as already explained in the previous
paragraph.

B. Norton Validity

This paper validates four alternative Norton methods in
multiple scenarios. LSf-based models proved to be superior
to the average admittance ones, in all examined cases. Hence,
the DNM and CNM abbreviation are used to refer to the LSf
methods further, in the discussion. The DNM performs the
best out of the four alternatives in the field study scenario
and the laboratory case when harmonics were excited one

at a time. Meanwhile, the CNM leads to the lowest average
errors in the laboratory simultaneous harmonic scenario.

Average errors are substantial in the majority of the
validation cases. Nevertheless, Norton methods were able to
predict the most significantly distorted harmonic currents,
namely the 3rd, 5th and 7th harmonics, well. Comparing
model output data to the simultaneous harmonic laboratory
measurement data support this statement (cf. Appendix A,
Fig. A2). To illustrate, relative error εrel is averaged out
throughout the three significantly distorted harmonic orders.
Computed values are equal to 14.5% and 12.7% for the DNM
and CNM, respectively. However, when it comes to the field
study data comparison to the modelled data, current errors,
calculated at the three lowest frequency orders, are relatively
high (cf. Appendix A, Fig. A3). Harmonic currents injected
by the loads of the office building are likely to cause those
errors.

It is worth noting that more advanced HAM derivation
processes are achievable, and should be addressed in future
research. For example, in the CNM method, linearity compo-
nent bh,h was removed, as explained by eq. 8. Nevertheless,
considering coupled linearity coefficients bh,h with different
sensitivities as equally relevant might lead to a higher error
in the model performance. The LSf-CNM technique could
be further enhanced, by normalizing each coefficient bn,k to
the corresponding sensitivity index value Spnkq, before com-
bining it with the corrected constant current Icb,n. Moreover,
improved data point selection used in the development of the
HAM might lead to greater precision models. For example,
if admittances were derived under the voltage conditions,
which are the most likely to occur in the field, resulting
methods would perform better in practice.

C. Norton applicability

The simplicity of the Norton methods is essential advan-
tage in comparison to high complexity and CBMs. Norton
models are black-box, easy to derive and implement into
commercial software packages. Nevertheless, in-field appli-
cability of these methods can be limited by several factors.
Firstly, if linearity in the frequency domain does not hold
true, Norton models are not feasible for the harmonic stud-
ies. While two commercial DC ECBVs tested at ElaadNL,
demonstrate high linearity, that might not be the case for all
manufacturers. More devices need to be tested to make more
general conclusions about the linearity of the DC EVBC.

Norton methods are designed under a constant power level.
However, in the future, EVs will be charged dynamically.
Smart charging has a promise to unlock high demand-
response flexibility in the energy markets. Nevertheless,
this process involves frequent changes in the EV charging
current. Norton methods must cope with varying charging
conditions well, for them to be a future-proof harmonic
load modelling solutions. If only several sets of measured
characteristics would be sufficient to cover the full range of
the EVBC functionality, Norton might still be a promising



option. However, if EVBC Electromagnetic Compatibility
(EMC) filter operation changes drastically with varying
charging rate, the harmonic behaviour of the device would
follow. In that case, it might not be possible to extrapolate
Norton to the charging speeds, distant to the ones used in the
model development. More research into the Norton method
scalability and flexibility is needed, to grasp its feasibility in
the smart charging conditions.

The narrow functionality is another limitation of the
Norton methods. These models are constrained to operate
in the same harmonic range, as the one, used in the model
design process. CBMs, on the other hand, can analyze,
supraharmonics and transient phenomena such as inrushes,
as well as the regular harmonics. Therefore they might be
a preferable option, if other PQ phenomenon, besides the
low-frequency harmonics are of interest.

Norton compatibility with commercial software was
demonstrated in Section VIII. The section presented how
Power Factory functionality enables the DNM integration
in a few basic steps. Nevertheless, the software has more
capabilities than a single load modelling. Power Factory can
simulate large networks, including various voltage levels. It
would be interesting to see how well EVBC DNM matches
measurement data when more nonlinear devices are modelled
at the same Power Factory simulation. Such validation was
not included in the master thesis, due to the high complexity
of the office building harmonic emission modelling and the
time limitations. However, field measurement data obtained
on the ElaadNL campus in combination with already existing
EVBC model could be used for such an experiment, in future
research.

X. CONCLUSION

This paper proposes black-box, frequency domain Norton
equivalent circuit method, as an option to model harmonic
emissions of the DC EVBCs. To begin with, it presents fin-
gerprint measurements of a commercial DC EVBC. Linearity
between harmonic voltage and current injected by the device
was observed from the fingerprints. However, a portion of
the data, which represents low voltage distortions, proved to
have some inaccuracies.

In the paper, four alternative HAM derivation options were
introduced and implemented. Norton methods were derived
in the Matlab and compared to the measurement data of the
laboratory and field tests. Vectorial (εi) and relative (εrel)
errors were used to compare the measured and modelled
harmonic currents. The LSf-based DNM and CNM proved
to be more accurate than the average admittance ones. The
LSf-DNM displayed high accuracy at the lowest frequency
harmonics. However, when errors εi and εrel were averaged
throughout all considered harmonic range, the resulting val-
ues are relatively high.

The author believes that the LSf-based DNMs and CNMs
are suitable for harmonic studies. However, more commercial

DC EVBCs need to be tested, before general linearity
conclusions can be drawn. If the linearity is supported, the
rest of the challenges such as smart charging and design data
acquisition can be overcome.
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APPENDIX A

Fig. A1: Model comparison to the laboratory data, single harmonic at a time

Fig. A2: Model comparison to the laboratory data, all harmonics simultaneously



Fig. A3: Model comparison to the field measurement data, single EVBC charging

Fig. A4: Field measurement data, before and after connecting 2nd EV charger



Fig. A5: Absolute values of 5th and 17th harmonic voltages and currents before and after the change of a scenario

Fig. A6: Absolute values of the 5th harmonic currents injected by EVBC1 and EVBC2 throughout the measurement



Fig. A7: The LSf-CNM comparison. PF simulation, Matlab calculation and the simultaneous harmonic measurement data

APPENDIX B

Fig. B1: 39th harmonic fingerprint

Fig. B2: 37th harmonic fingerprint
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