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With the increasing integration of new technologies, power system operators are facing new operational and
planning challenges. Most of these changes are caused by power electronics devices of low carbon (LC) units,
resulting in more frequent violations of limits defined in the standards, such as the unwanted occurrence of
higher-order harmonics. These aspects indicate that an open source tool, capable of analyzing and estimating
future impacts of the above-mentioned phenomena and technologies, would be of great benefit. The paper
presents the development of a Phyton-based open source tool as an extension of the existing pandapower library.
The upgrade includes the capability of balanced and unbalanced harmonic analysis for LC impact assessment.
The technical background and mathematical formulations implemented in the newly developed tool are
explained in detail and benchmarked against existing commercial tools showing high accuracy, i.e., the median
deviation between the results calculated by the developed and the commercial tool is no larger than 0.21% in the
worst-case scenario. In addition to verification, the developed tool is used for the analysis of a real-world network
with a high share of LC technologies. The source code of the tool is made available for verification and future
updates.

system. Most of LC units’ interfaces to the power system are through
power electronic devices and, in addition to a higher share of nonlinear
loads, the increased harmonic distortion is becoming an increasing
challenge for distribution system operators. Unknown or unallowed
values of harmonic distortion can lead to serious problems in the plan-
ning and operation of power systems, such as increased thermal losses,
tripping of protection, overheating of transformers windings, and
decrease in performance.

1. Introduction
1.1. Motivation

The installed capacity of the renewable energy sources is continu-
ously growing [1]. Besides the capacity of large power plants connected
to the transmission network, the installed capacity of smaller distributed
generators (DGs), e.g., PV power plants have increased [2]. The decrease

in prices has made the PVs more available to the end-users, leading to a
high installed capacity in low-voltage networks, which in some coun-
tries can be 70% of total PV capacity [3]. Since the price of other
low-carbon (LC) technologies, e.g., battery storage [4], is also
decreasing, it is expected that the share of LC technologies will be
significantly higher than it is today. Even though some of LC technolo-
gies can provide ancillary services and help in the operation of the power
system [5], others can lead to voltage [6] and congestion problems [7],
increased harmonic distortion [8], voltage unbalance [9], and other
unwanted events. Since the share of LC technologies is not expected to
fall, it is important to develop adequate tools that can easily assess the
impact of LC technologies on power quality (PQ) parameters in a power
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1.2. Literature review

The assessment of the LC technologies’ impact on PQ parameters is a
well-known problem and numerous papers have dealt with mitigating
one or more problems related to a PQ or other problems in power sys-
tems. Research is done using licensed, commercial tools, or open source
tools [10-12].

The authorsuthors of paper[13] use NEPLAN for load flow (LF) with
load profiles analysis. NEPLAN was used as a tool for assessing the
impact of optimal investment decisions from distributed energy re-
sources planning tools on local electricity networks [14]. The same tool
was also used for the detection of overvoltages and reverse power flows
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Nomenclature Iyprn  hth order harmonic current of the referent node r
connected three-phase symmetrically/to the phase p
[AUgy/aben] h th order harmonic voltage/phase harmonic voltage Ro/1 k1 zero/positive sequence resistance of the element between
drop vector of the power system nodes k,[
[Ufy/aser] h th order harmonic voltage/phase harmonic voltage Ro/1e zero/positive sequence resistance of the external grid
vector of the power system Ss base apparent power
[Udber/nn | h th order harmonic phase voltage vector of the referent Sppn  power of the load/generator connected to the node
node r/node n in the unbalanced network n/phase p of the node n
[ Yoi2/abe, k1] sequence/phase admittance matrix of the element Ssc three-phase short circuit power
between nodes k, [ THD;p, total current harmonic distortion of the phase p of the node
[Ymg Jabe/{} } sequence/phase/balanced admittance matrix of the n
observed network THD,,, total voltage harmonic distortion of the phase p of the node
[Zoi2/abern] sequence/phase impedance matrix of the referent node no
r for the hth harmonic Un nominal 'Vf)ltage .
[ Zabe().3/n] pPhase/balanced impedance matrix of the observed Uoj1/zn  zero/positive/negative sequence voltage of the node n
network for the fundamental/hth harmonic Ugjpn1  voltage of the p has.e p of the node n
Bo/1e angle of the zero/positive sequence impedance of the Ur/nh h th order harmonic voltage of the referent node r/node n
' external grid in the balanced network
Xoo o . Xon k1 zero/positive sequence reactance of the element between
fro external grid’s zero sequence to positive sequence nodes k.1
Xon reactance . N . Xo1en  zero/positive sequence reactance of the external grid for
Rt external grid’s zero/positive sequence resistance to the hth harmonic
reactance ratio Xi/ch inductive/capacitive reactance for the hth harmonic

®{1/pnsn angle of the harmonic current of the harmonic source s
connected three-phase symmetrically/to the phase p to the
node n

defined hth order angle of the harmonic current of the
harmonic source s connected three-phase symmetrically/to
the phase p to the node n

c voltage factor

h th order harmonic current of the harmonic source s
connected three-phase symmetrically/to the phase p to the
node n

defined hth order harmonic current of the harmonic source
s connected three-phase symmetrically/to the phase p to
the node n expressed as the percentage of the fundamental
harmonic

0 pnsh

Ity /pnsh

it} /pnsh

Yo/1/2 ki zero/positive/negative sequence admittance of the

element between nodes k, [

zero/positive sequence impedance of the external grid for

the hth harmonic

Zoy/1/2 k1 zero/positive sequence impedance of the element between
nodes k,[

Zo/1/2.ehpu.  2€TO/POsitive/negative sequence impedance of the

external grid for the hth harmonic

magnitude of the zero/positive sequence impedance of the

external grid

Iy /pnsk| magnitude of the harmonic current of the harmonic source
s connected three-phase symmetrically/to the phase p to
the node n

Zo/1.eh

|Z0/1Ae|

caused by the PV [15].

The optimal penetration level of PV systems in the distribution
network considering both power loss reduction and protection mis-
coordination cost to maximize the profit of the Distribution System
Operator is determined using ETAP [16]. The paper [17] presents the
effect of an EV parking lot equipped with a roof-mounted PV type solar
power plant on the distribution network along with the simulations in
the ETAP environment considering physical location limitations. ETAP
is used for the LF analysis and the short circuit calculation as a pre-
process to the proposal of the combined fuse and numerical relays
inter-linked with digital logic-based adaptive overcurrent protection
scheme [18].

DigSILENT PowerFactory is used for the voltage stability analysis of
the simplified distribution feeder in time domain simulations [19]. In
[20], a reactive power-voltage-based framework to evaluate the voltage
instability sensitivities of power system buses with the increase in
renewable energy penetration has been developed using DigSILENT
PowerFactory for performing the simulations of the test grid. Effects of
increasing solar connections which are realistic in near future have been
analyzed by modeling the detailed network in DigSILENT PowerFactory
simulation platform [21].

The above-mentioned and other commercial power system analysis
tools are often used because of their reliability, different analyses pos-
sibilities, intuitiveness, and other numerous advantages. However, they

are often expensive, and since they are licensed, it is not always easy to
automatize the processes or to connect them with other tools. Therefore
the number of power system analyses made by using open source tools is
growing.

Thurner et al. [22] describe pandapower, an open source Python
tool, used for automation of static and quasi-static analysis and opti-
mization of both balanced and unbalanced systems. The implementation
of IEC 60909 short circuit calculation in pandapower was presented
another paper that describes the mathematical formulation behind the
tool’s development [23]. The same tool was used for the reconfiguration
of a distribution network, where pandapower elements and functions
were used in finding an optimal topology based on a reinforcement
learning approach [24].

Zimmerman et al. [25] present MATPOWER, an open source
Matlab-based power system analysis tool, similar to pandapower, which
can be used for different network analyses. Balanced LF functionality of
MATPOWER is used for solving the problem of unit commitment and
economic dispatch in microgrids [26]. The combination of speed of
MATPOWER and the search capabilities of a meta-heuristic optimization
algorithm was used to find the optimal location of an electric vehicle
charging station in a local microgrid [27].

OpenDSS, an open source tool specialized in unbalanced power
systems, can be used for power flow and harmonic LF analyses, whose
results are the input for optimal energy scheduling and a power quality
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improvement of a microgrid [28]. OpenDSS is also usedto investigate
the synergy between uncontrolled charging of plug-in EVs and the en-
ergy generation from wind-based DGs [29]. The authors in paper [30]
use OpenDSS software for power flow analysis and the evaluation of
voltage unbalance, steady-state voltage, and transformer load for the
assessment of the potential benefits the connection of PVs can bring to a
commercial building with EV charging stations.

Most open source tools are validated against commercial ones and
show differences no larger than 0.08% [31,32]. Therefore, they are often
used in simulations of power systems. Since they are free and do not
require expensive licenses, they can be used in automatized processes,
can easily be connected with external databases, and combined with
other tools. Most importantly, the open source approach allows easier
further upgrade and development. However, open source tools often do
not have the same analytical capability compared to commercial tools,
the methodology is often not documented, their use often requires
programming capabilities, whereas commercial tools have graphical
user interfaces.

1.3. Contributions

Even though the mathematical formulation of both balanced and
unbalanced harmonic analysis is a well-known problem, defined and
described in detail in numerous papers [33-36], such papers only pre-
sent mathematical models, and often lack verification and application of
the presented model. Additionally, this paper presents a summarized
and detailed mathematical formulation for harmonic analyses in both
balanced and unbalanced radial distribution networks. The mathemat-
ical model can be used in further implementations of harmonic assess-
ment but also as a basis for the upgrade of the developed tool. Since most
of the tools lack the information about the implementation of the
mathematical model used in different analyses, this paper enables a
better understanding of the idea behind the implementation. The
detailed mathematical model also enables easier defining of needed
input data when using the tool in different harmonic analyses. Despite
the existence of papers that present the results of harmonic calculations
and analyses based on open source tools [28,37,38], none of them give a
detailed mathematical model of harmonic analysis, and they are often
not verified against other software, which can make the correctness of
results questionable. In addition, even though they are free to use, their
formulation is not publicly available and they cannot be further
upgraded. To overcome all the above-mentioned issues, a harmonic
analysis tool developed as an extension of the pandapower Python-based
open source tool is presented in this paper. A detailed mathematical
background, used as a basis for the development is presented in detail.
Also, the developed tool is validated on both balanced and unbalanced
radial distribution networks against NEPLANand DigSILENT Power-
Factory commercial tools. To additionally emphasize the benefits and
possibilities of the developed tool, a real-world LV network with a high
share of EVs is analyzed with harmonic time series simulations, using the
developed tool. The developed tool is also publicly available and can be
accessed at any time [39], which makes any possible further upgrades
easier to implement.

The rest of the paper is organized as follows: Section 2 briefly in-
troduces the detailed mathematical background and the methodology
with explained equations used for the calculation of harmonics-related
values. Section 3 presents the verification of the developed tool on
several test networks. To additionally show the potential and the
importance of the developed tool, a real-world network with different
scenarios defining the share of PVs and EV charging stations is analyzed
in a case study defined in Section 4. Finally, Section 5 highlights the
conclusions and plans for future upgrades of the developed tool.
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2. Mathematical background and modeling
2.1. Impedance matrix

To calculate THD,,, higher-order harmonic voltages of the referent
node and all other nodes must be calculated. The first step of the
development of the open source tool is the calculation of the impedance
matrix since harmonic voltages are calculated using the impedance
matrix for each frequency and harmonic currents at each node. The same
step is needed for LF calculations both in balanced and unbalanced
power systems. In the case of unbalanced networks, the creation of an
impedance matrix is possible by using sequence components or by using
a three-phase approach. Since a lot of the LV network data, acquired
from the DSO, is given with sequence values, authors in paper [40]
define sequence matrix for both power systems with grounded and
without grounded neutral voltage. The sequence matrix can be used in
further calculations or it can be transformed into the phase impedance
matrix, depending on the needs or representation preferences.

The parameters of the lines in the distribution systems are defined
with the resistance and the reactance of the positive and zero systems.
The resistance and the reactance of the positive and the negative system
are the same for passive power system elements, such as lines and
transformers. The impedance of the positive and zero system of the
element (e.g., transformer or line) that connects nodes k and [ is calcu-
lated using (1) and (2).

Zy =Ry gy +jX1 4 Q] @)
Zy ki = Ro s +JXo 1y [Q] @)

YO kil 0 0

[Yourl=] 0 Yigy O 3
0 0 Yo
[Yabe 1] = [A]7'[Yor s ][A] “)
[A] = @ a where a = 12£120° 5)
a @

The newly developed tool relies on already developed pandapower
functions such as that of creating sequence admittance matrices Yy, Y1,
and Y, in per-unit values. Created matrices are valid for the whole
observed network and admittance between every two elements of the
network can be extracted. The first row and column of each matrix are
removed since they present the admittance between referent and other
nodes.

Matrix Y15 & is created for each element of matrices Yy, Y1, and Y3
as shown in (3). Using (4) and (5), the sequence admittance matrix is
transformed to the phase admittance matrix Y k.

From each created Y. x; matrix the Yy, matrix of the entire
network is created (6). The dimension of the matrix is 3-(n — 1) x 3-(n —
1) since the rows and columns related to the referent node are removed.

Yaa 1,1 Yab 1,1 Yac 11 Yaa In Yab 1n Yac In
Yieru0 Yoo 1g Yoe 11 Yoo 1n Yoo 1w Yoc 1
Yaarm Yao11 Yern Yeatn Yoorn Yern
(Yael=| i : : : : : G
Yaa n,1 Yah nl Yac n,l Yzm n.n Yab nn Ym‘ nn
Yba n,l Ybb n,l ch n,l Yba n.n th nn Yb(‘ nn
Yca n,1 ch n,1 YL‘L‘ n,l Ya/ nn Yrb n.n ch nn

After the phase admittance matrix is created, the phase impedance
matrix Zg,. is calculated as the inverse of the admittance matrix (7).

[Zabc ] = [ Yabc ]71 (7)

When a balanced, symmetrical network is observed, there is no need
to calculate a three-phase or sequence component matrix. The
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impedance matrix is calculated using only the positive system values of
the lines (1). By using pandapower functionalities, it is possible to get
the admittance matrix in per unit values (8). Since the model of the
harmonic calculation presented in this paper uses the impedance matrix,
the Y matrix (8) needs to be inverted (9).

Yii ... Yin

[vj=1| + -~ ®
Yor . Yoa

(z]=[r]" €©)

2.2. Voltage and current harmonic distortion

The impedance matrices calculation defined in 2.1 are valid for a
base frequency of 50 Hz. To calculate higher-order harmonics, the
impedance matrix must be determined for each frequency at which the
harmonic distortion is calculated. It is assumed that the resistance of the
elements does not change with the frequency, since in distribution
networks, especially in LV networks, the dependence on the frequency is
not as expressed as in the transmission networks. In most of the Euro-
pean standards which define limitations for distribution networks,
higher-order harmonics are defined for a maximum of 2 kHz. For fre-
quencies so high, neglecting a frequency-resistance dependence will not
significantly affect the accuracy of the model. The inductive reactance
changes with the frequency, according to (10) and (11). In case when the
reactive capacitance is known, it changes according to (12) and (13).
Mentioned equations are valid for modeling each element defined with
the resistance and the reactance.

X;p =2-x:50Hz-h-L (10)
Xpp = hXp, 1)
Xep = ! 12)
Ch T 2. 2.50Hz-h-C
X,
X = % (13)

According to Cuk et al. [41] transformers can be represented with an
equivalent series RL model for lower frequencies, i.e., the reactance of a
transformer can be calculated using (10) and (11). Similar to lines, the
frequency dependency of the transformer’s resistance can be neglected.
Both for lines and transformers, the frequency dependency of the
resistance can be considered by accurate [42] or simple, approximate
models [43]. Initially, different models were implemented in the tool,
and simulations were made using those models. However, the results
have shown the detailed model does not significantly improve the ac-
curacy of the developed tool. Hence, it is omitted in the final version of
the algorithm.

Egs. (10) —(13) are used for the positive, the negative, and the zero
system sequence, with values valid for each of the sequence systems.
Since the assumption in this paper is that the resistance does not change
with the frequency, from the resistance at the fundamental frequency
(50 Hz) and the admittance at each non-fundamental frequency, a three-
phase impedance matrix is calculated for every observed higher-order
harmonic, according to the Egs. (1)-(7). In the case of a balanced
network, the logic of calculating an impedance matrix remains the same
for every higher-order harmonic, and a matrix is determined by using
Egs. (1), (8) and (9).

After the impedance matrix is calculated, the nodal current of each
node n (for the balanced systems analyses) or the current of each phase p
of the node n (for unbalanced systems analyses) needs to be calculated.
The node current is calculated from the apparent power of the load/
generator S, s connected to the node and the node voltage U, (14), which
is the result of the LF calculation. When the network is unbalanced, the
harmonic current of each phase p of the observed node n is calculated

Electric Power Systems Research 209 (2022) 107935

from the apparent power of the load/generator Sy, connected to the
phase p of the node n and the node phase voltage Uy, (15), which is the
result of the unbalanced LF calculation. Every load/generator is a har-
monic source, injecting the harmonic current into the network. If a
generator or a load in the analysis does not inject the harmonic current it
can be defined with the current of zero amperes for each higher-order
harmonic. The power and the voltage are per-unit values. Therefore,
the calculated current is also a per-unit value. Using per-unit values in
the mathematical formulation is of great benefit, due to the possibility of
determining harmonic problems in networks with multiple voltage
levels. It is particularly important due to the penetration of RES in dis-
tribution networks and bi-directional power flows, as otherwise, the
system operators would not be able to analyze multiple voltage levels.

S
In.s, = - 14
L VAU
S§*
Lynsi = i 1
p.n.s,1 Up,n,l ( 5)

Since both the power and the voltage are complex numbers, the
harmonic current of the node is also defined as a complex number and it
can be presented in the polar form. Most devices that cause harmonic
distortion are considered as harmonic sources and are defined with the
harmonic spectra consisting of magnitude and phase angle. Also, the
values of voltages in LF calculations are described with magnitude and
phase angles. Therefore, it is common to use the polar form instead of
the Cartesian form. Eq. (16) presents the polar form of the hth order
harmonic current of the node n, and the harmonic source s in case of a
balanced network, i.e., |I,s5| is the higher-order harmonic current
magnitude and 2¢,;, is the phase angle of the same current. When a
network is unbalanced, the hth harmonic order current of the node n is
calculated for each phase p and each harmonic source s (17).

In.s',h = |1n.s.h}4(pn.s./! (16)

Lppsi = ‘Ip.n,.\-,h|4fﬂ,,_n,\-,h 17)

Both nodal and phase current are obtained from the base frequency
current calculation, the percentage, and the phase angle of the higher-
order frequencies. The percentage of the higher-order frequency is
defined as the share of the hth order harmonic current in the funda-
mental harmonic. Both the percentage and the phase angle are defined
as input parameters of the harmonic calculation, and they need to be
defined for every element that injects harmonic current into a network.
When a network is balanced, the harmonic analysis can be done by
taking into consideration only the positive sequence system or by
considering positive, negative, and zero sequence systems.

When only positive sequence is considered, the nodal current of the
hth order harmonic and the harmonic source s is calculated according to
(18)—(20). When calculating higher-order harmonics, only the magni-
tude of the fundamental harmonic current is considered, since in most
cases the current of fundamental harmonic is defined with the per-
centage value of 100% that represents the magnitude and without the
angle.

oo = Vs s 2 (0-+ 240 .
|1n~\',h| = IIrz..\'.] "in“\',h (19)
LPush = h'en,s,h + 240° 20)

The detailed methodology and the logic behind the implementation
of Egs. (16)—(20) are presented in Xu [33], Modeling [34]. These
equations are basic equations needed for the harmonic analysis model
described in this paper. Moreover, as defined in Xu [33], this model is
the most common one used in commercial power system harmonic
analysis programs and is therefore used in the development of the open



T. Anti¢ et al.

source harmonic analysis program.

When the system is balanced, and all three sequence systems are
observed, the current is calculated depending on the harmonic order.
Under the balanced situation, the positive sequence components can be
used to represent the balanced harmonic component with order h = 3-m
+ 1, the negative sequence component can be used when the harmonic
order is h = 3-m+ 2, and the zero sequence can be used when the
harmonic order is h = 3-m, as defined in Zheng et al. [44], Manjure and
Makram [45]. In the case when all sequence systems are observed
magnitudes of harmonic currents are calculated the same as in the case
when only the positive sequence system is considered (19), and angles of
the harmonic currents are calculated using equations defined in (21).

RO , h=3m
h6,5,+240° |, h=3m+1 21)
h6,5,+1200 , h=3m+2

LPysn =

When the three-phase unbalanced radial distribution network is
observed, the calculation of the harmonic angles needs to be modified
since all sequence systems have an impact in determining the angles of
the harmonic currents. Angle ¢ of each phase p of node n and the har-
monic source s for the hth order harmonic is calculated with Eqs. (22)-
(24). The calculation of phase angles in harmonic analysis of unbalanced
radial distribution networks is just an extension of the equations valid
for balanced distribution networks defined in Zheng et al. [44], Manjure
and Makram [45].

Pansh = A(h'ga.n,x.h) Vh (22)
h'gb.n,x,h 5 h=3m
Popsn = § W Opnsn+240° , h=3m+1 (23)

BeOpnon + 1200, h=3m+2

O s ,h=3m
h'er‘n.x.h +120° |, h=3m+1 24)
h-O.psp +240° | h=3m+2

Pensh =

In case when there are S different harmonic sources connected to the
same node n, the resulting hth order nodal harmonic current is calcu-
lated as the sum of harmonic currents injected by every harmonic source
s, as shown in Egs. (25) and (26).

S

L= s (25)
s=1
N

L = > Dy (26)
s=1

Since the impedance matrix and harmonic current injections are
determined both for balanced and unbalanced power systems, the sys-
tem harmonic voltage drop is calculated by direct solution of the linear
Egs. (27) and (28), both for balanced and unbalanced networks [46].

[AUL] = [Zy]-[In] 27)

[AUuwe 1] = [Zave 1 )[Lape n] (28)

When a balanced network is observed, and the impact of the zero and
the negative sequence system cannot be neglected, the direct solution of
the linear Eq. (27) needs to be modified. Since the positive sequence and
the negative sequence impedance are set to be equal, in the case of the
harmonic order h=3m+1 or h = 3-m+ 2, the impedance matrix
created using only the positive sequence values can be used in voltage
drop calculations for those harmonics. However, when the harmonic
order is h = 3-m, [Z,] used in (28) must be created with only zero
sequence values, same as in (8) and (9). Even when the harmonic order
is h = 3-m, the mathematical model for the calculation of harmonic
voltage drop remains the same. The only difference is that the elements
in the impedance matrix are defined with zero sequence values.

Electric Power Systems Research 209 (2022) 107935

In order to calculate the higher-order harmonic voltage of each node,
it is necessary to calculate the voltage of the referent node for each of the
higher-order harmonics. Similar to calculating the voltage drop, the
impedance and the current of the referent node must be determined to
calculate the voltage. The positive sequence impedance of the external
grid in per-unit values is defined with Egs. (29)—(34). Voltage factor c is
used as a parameter in calculating the impedance of an external grid. It is
used in short-circuit calculations in order to scale the equivalent voltage
source. Since the impedance of an external grid is calculated from the
three-phase short-circuit power, it is used in the calculations. Depending
on the case, the value of the factor can vary between 0.95 and 1.1. In the
examples presented in this paper, the used value is equal to 1, but it can
be changed when using the tool, according to the user’s preferences.

UZ
|Zye| = ¢ (29)
Ssc
X €
5, = arctan =~ (30)
le
Rl,g = ‘Zl.(’ ‘ ‘COS&] (31)
Xie = |Z1.|-sing;-h (32)
Zl,eJl = Rl.e +.j'Xl,€.l1 (33)
S
Zien pu = Zrengy (34

In cases of harmonic analyses, the impedance of zero sequence needs
to be determined for the referent node voltage calculation. The zero
sequence impedance is calculated according to the Egs. (35)-(40).

%A:mwﬁj (35)
8y = arctan ;fz: (36)
Ry, = }Z()‘E -co88; 37)
Xoe = |Zo.|-sing;-h (38)
Zoen = Roe +JjXoen (39
Zoen, pu. = ZO,e,h'% (40)

The calculation of an external grid’s impedance and other parame-
ters important for harmonic analysis is defined with Egs. (29)-(40).
These equations are used in different power system analyses, e.g., short-
circuit calculations, and a similar form of the described mathematical
model is used in commercial tools such as NEPLAN or Power Factory.

When a distribution network is balanced, and all three sequence
systems are considered, then the harmonic impedance of the referent
node is equal to the harmonic impedance of the external grid positive
sequence impedance (34) whenh = 3-m+ 1 orh = 3-m+ 2, and is equal
to the harmonic impedance of the external grid’s zero sequence
impedance (40) when h = 3-m. When the zero and the negative systems
are neglected, no matter the harmonic order, the harmonic impedance of
the referent node is equal to the harmonic impedance of the external
grid’s positive sequence impedance (34).

For an unbalanced network, once the positive and the zero sequence
impedance are calculated, the nodal sequence impedance matrix is
created (41), with the assumption that the positive and negative
sequence impedance are the same. Since the voltage drop is calculated
for each phase and not for sequence systems, the sequence impedance
matrix is transformed to the phase impedance matrix for each harmonic
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order h using (42).

ZO.("h. p-u. 0 0
[ZOIZ.r.h} = 0 Zl,e.h, pu. 0 (41)
0 0 ZZA:',hA pu.
(Zasern] = [A] [ Zonzrn ][A] (42)

The harmonic current of the referent node is equal to the total cur-
rent injected into the network, for each harmonic order h. The total
injected current is calculated as the sum of currents that flow through
elements that connect referent and other nodes of an observed network.
When the network is balanced, the nodal harmonic current is calculated
using (43), and when the network is unbalanced the nodal harmonic
current is calculated with (44).

L= I (43)
Ip,r,h = Z Ip.nn.h (44)
p.rir—n

Even though calculating the harmonic current of the referent node
can be simplified using (45) and (46) in cases when only a positive
sequence system is observed, when there are no transformers in a
network or their vector group is e.g., Yy0. However, this simplification
fails when a vector group of a transformer blocks zero sequence current,
e.g., a vector group is Dyn. Therefore it can be used in a limited number
of analyses, and it is not used in the implementation of the described
mathematical model. The calculation of harmonic current is necessary
for each element so that the current of the referent node can be
determined.

N
Ly=> Ly (45)
n=1
N
i =Y Dy (46)
n=1

When the harmonic impedance and the nodal current of the referent
node are calculated, the referent node harmonic voltage for every har-
monic order h is calculated with (47) for balanced power systems and
(48) for unbalanced power systems.

Ui =Zep L (47)

[ Uahc.r.h ] = [Zabc,r,h ]'[Ir.p.h ] (48)

After the voltage of the referent node and voltage drops for every
other node are calculated, the nodal voltage for every harmonic order is
created using (49) and (50).

Un,h = Ur,h - AUn.h (49)

[ Uabz‘.n.h ] = [ Uabc,r‘,h } - [AUabc,n.h ] (50)

From nodal harmonic voltages, the system harmonic nodal voltage
vector is created for balanced (51) and unbalanced power systems (52)
and (53).

Uiy
(U] =1 : (51)
Un.lz
[Uabe,i ]
[Uaben] = : (52)
[ Uabc.n,h ]
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Ua.u,h
[(Uaenn] = | Ui (53)
Ucnin

It is important to mention that the calculation of harmonic voltage
drop described by the above equations is not the only possible approach
in harmonic analyses. Similar to power flow calculations, there are other
methods, e.g., backward-forward-based methods, that can be used in the
harmonic pollution assessment. The implementation of such methods is
planned for the future upgrades of the tool presented in this paper.

When the values of the harmonic voltages are determined, it is
possible to determine THD,, for every node of the observed network
(54), defined in the standards [47], 48]. This approach can be extended
to the calculation of THD, of each phase in unbalanced distribution
networks.

H (U, z

THD,, = thz< Uf) (6]

The majority of the description of the mathematical model is related
to the calculation of node harmonic voltages. However, harmonic cur-
rents can potentially cause problems in distribution networks. There-
fore, some of the European standards [47,48] also focus on current total
harmonic distortion (THD;). Calculation of harmonic current at each
node is already described with Egs. (16)—(26). From the calculated node
currents, it is possible to calculate THD;, for each node of a network
(55). Similar to the voltage-related calculation of THD, after a small
modification, Eq. (55) can be used in analyses of unbalanced distribu-
tion networks.

H Ing :
THD;, = [, <7) (55)
3. Verification and test cases

As an update to pandapower, the developed harmonic analysis tool is
verified against commercial tools NEPLAN and DigSILENT Power Fac-
tory. To compare the results, four test cases were created. To verify all
three developed versions of the tool, a case of the balanced harmonic
analysis considering only positive sequence (Type I), considering all
sequence systems (Type II), and the unbalanced harmonic analysis (Type
III) are developed. The balanced harmonic analysis functionality is
defined differently in Power Factory compared to NEPLAN and the tool
presented in this paper. It is not possible to observe all three sequence
systems under the balanced condition, and therefore the developed tool
could be verified against Power Factory only for Type I analysis.

The verification of the tool is made by determining the deviation
between the results calculated by the tool presented in this paper and
commercial tools NEPLAN and Power Factory. The deviation is defined
as an absolute value of the difference of the results calculated by both
tools. The deviations between the results of each phase, each node, and
each harmonic order are compared, but only the maximum, minimum,
and median deviations are presented in this paper. Generally, the de-
viation is calculated as an absolute value between the results obtained
by the developed and a commercial tool,r according to equation (56):

Aspors =

Vaph referent — Vnp.h pandapower (56)
where A, is the deviation between two tools, Vp j referen is the referent
value determined with NEPLAN or Power Factory, and Vnp pandapower iS
the value calculated with the tool developed as the pandapower exten-
sion and presented in this paper.

The maximum deviation is calculated as the maximum value be-
tween all calculated deviations, both for THD values and harmonic
voltages. Similarly, the minimum deviation is taken as the lowest
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difference between values calculated by the tools. The third observed
deviation is calculated as the median value of all determined deviations.

To validate the developed tool, four different test cases were created.
Each of the test cases represents a radial balanced or unbalanced dis-
tribution network.

3.1. Test Case I

A simple three-bus MV network was created where the external grid
is connected to the first node of the network, and the loads are three-
phase connected to the two remaining nodes. The topology of the
network is presented in Fig. 1. Both loads are defined as the harmonic
source, i.e., they are injecting harmonic current in the network.

Table 1 shows the deviation between THD,, U, THD;, and I calcu-
lated with the developed tool and commercial tools.

The results of the verification show no deviation larger than 0.01%
when two tools are compared. The harmonic voltages are the same for
every node and frequency, only when calculating THD a small difference
occurs in some nodes. In the case of currents, both higher order har-
monic currents and THD are the same for every node. Despite the small
and insignificant deviation, the tested network is simple and before
using the developed tool for analyses of larger, more complex networks
it should be further validated.

3.2. Test Case II

A synthetic network defined by Kerber [49] is used for the verifica-
tion of the developed tool. The topology of the network is presented in
Fig. 2. The network consists of the external grid connected to the 10 kV
node, transformer, 17 0.4 kV node, and lines that connect nodes. The
loads are connected to eight nodes, and each load is defined as the
harmonic source.

As mentioned before, a transformer’s vector group plays a significant
role in harmonic calculations. Therefore, to verify the precision of the
developed tool, the comparison is made for two different vector groups,
YNynO and Dyn5.

As it can be seen from the comparison shown in Table 2, values of
deviation between developed and commercial tools are negligible, no
matter the type or a transformer vector group. Both maximum and
median differences between the results are not higher than 0.01%. Since
the deviation is insignificant and it could be numeric, the results of the
analysis and verification can lead to a conclusion that the developed tool
can be used in harmonic analyses with different models of a transformer.

3.3. Test Case III

The networks presented in Test Case I and Test Case II are networks
with only one or two voltage levels. As today distribution networks are
moving towards smart, active distribution networks there is a possibility
of reverse power flows and the propagation of PQ related problems from
a lower voltage part to a higher voltage part of the network, i.e., the
problems that occur in the distribution network can reflect in the
transmission network. Therefore, the developed tool must be capable to
work with more voltage levels. The network presented in Fig. 3 consists
of 110, 10, and 0.4 kV nodes, two transformers, and lines connecting
nodes. The loads are connected to both MV and LV nodes and are
assumed to be harmonic sources.

As in the previous test case, both Type I and Type II analyses were
made. For Type II, the results were compared for two different vector
groups, YNynO and Dyn5. The comparison presented in Table 3 shows
no significant differences in results of calculated harmonic voltages and

Fig. 1. Simple three-bus network.
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THD, that would make the developed tool unfit for planning and
operation of power systems with multiple voltage levels. Even though
the maximum deviation in some cases is slightly larger compared to the
other cases and analyses, it can be determined as an outlier value, since
the median deviation is not larger than 0.03% in the worst-case scenario.
Current-related values do not present the problem since there is no
difference in values calculated by the developed and commercial tools.

3.4. Test Case IV

Networks presented in Test Case I, Test Case II, and Test Case III are
defined as balanced distribution networks. LV networks are usually
three-phase unbalanced networks and even though end-users can be
single-phase or three-phase connected to the network, most of the end-
users equipment is single-phase connected to the network. The bench-
mark CIGRE LV network defined by Strunz et al. [50] was modified and
used for simulations and the verification of the developed tool. The
network used for the verification in Test Case IV is presented in Fig. 4.
Similar to previous cases, two vector groups were chosen, YNynO and
Dyn5. Since the unbalanced harmonic calculation with the YNynO vec-
tor group is straightforward, the Dyn5 vector group is chosen since its
model blocks the zero sequence current. Therefore, an implementation
for that and similar vector groups is more challenging and additional
functionalities must be implemented in order to keep the precision of the
tool.

Table 4 shows the deviation between values calculated with the
commercial tool and with the developed open source approach. The
deviation between tools for the unbalanced analysis is higher compared
to previous cases, especially when the vector group of a transformer is
Dyn5 due to simplification in a transformer group modeling. However,
even in the case of Dyn5, the value of median deviation is insignificant
and does not impact the usability of the newly developed tool. When the
tool is compared to Power Factory, the maximum deviation is signifi-
cantly higher. However, this deviation is only an outlier value calculated
for only one node, phase, and frequency. Additionally, the median de-
viation is lower and is only slightly higher than the deviation between
the developed tool and NEPLAN. It is important to mention that every
tool has its own characteristics, the precise definition of input data, and
the mathematical model of the network. Due to the differences, it is
possible that at some nodes or frequencies the deviations are larger. In
spite of deviations, the results show no deviations in further use of the
developed tool in harmonic analysis.

In all previous cases, only one harmonic source was connected to
each phase or each node. Since the number of end-users with installed
LC technologies is increasing and there are multiple harmonic sources
connected to different phases and nodes there is a need for verification
of the calculation in cases when there are multiple harmonic sources in
the phase or node. A modified CIGRE LV network was used to verify the
developed tool in the case when end-users have installed PVs, i.e., more
than one harmonic source is connected to a certain node.

The results of the comparison presented in Table 5 are similar to the
results of the analysis in which end-users did not have installed PVs.
Even though the deviation occurs, the values are within acceptable
boundaries and the difference in the results calculated with two tools
does not significantly deteriorate the precision of the tool. When
observing the values of comparison with the Power Factory commercial
tool, the values are significantly higher than the values of comparison
with NEPLAN. However, it is important to mention that such differences
occur even when two commercial tools are compared. Each tool has its
characteristics and to further decrease the deviation, a detailed mathe-
matical model and the way of defining input data needed for the har-
monic analysis should be investigated. Even though the maximum
deviation is high, values of minimum and median deviation show that
the developed tool is accurate and could be used in future analyses. This
is important from the aspect of LV network operation, which is
becoming more demanding since the number of end-users with installed
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Table 1
Deviation between tools (absolute values) - Test Case 1.
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Harmonics-related Minimum deviation Minimum deviation (%)

Maximum deviation

Maximum deviation (%) Median deviation Median deviation (%) -

quantity (%) - NEPLAN - Power factory (%) - NEPLAN - Power factory (%) - NEPLAN Power factory
Uy - Type I 0.00 0.00 0.00 0.00 0.00 0.00

THD, - Type I 0.00 0.00 0.01 0.01 0.00 0.01

Uy - Type I 0.00 - 0.00 - 0.00 -

THD, - Type II 0.00 - 0.01 - 0.01 -

I - Type 1 0.00 0.00 0.00 0.00 0.00 0.00

THD; - Type 1 0.00 0.00 0.00 0.00 0.00 0.00

Iy - Type II 0.00 - 0.00 - 0.00 -

THD; - Type 11 0.00 - 0.00 - 0.00 -

Fig. 2. Kerber synthetic network.

PVs or EV charging stations is increasing. The verification of cases in
which more than one harmonic source is connected to a node is an
important step in using the tool for further analyses of the power sys-
tems, especially LV networks with the increasing share of PVs, EVs,
battery storage, and other LC units.

4. Application of the tool - Integration of DERs

The main motivation behind the development of the tool was
enabling an easy and quick assessment of harmonic pollution in smart,
active distribution networks. Since the share of EVs is constantly
increasing and an installment of PVs is becoming more profitable, the
number of end-users that decide to invest in LC units is growing. Both
PVs and home EV charging stations are connected via power electronic
devices to a network, and power electronic devices are one of the largest
harmonic polluters in distribution networks. Besides LC units, already
existing non-linear loads installed at the places of final consumption
cause problems related to harmonic distortion. To additionally show the
possibilities of the tool but also to show the importance of the devel-
opment of such tools, a real-world case study is created in Section 4.

A network that represents Croatian urban LV feeder is defined and

Table 2
Deviation between tools (absolute values) - Test Case II.

shown in Fig. 5. A case study is defined so that the impact of users with
installed DERs on harmonic distortion can be realistically determined.
Devices of every end-user connected to the network are considered as a
harmonic source. Additionally, depending on the defined scenario, the
different share of end-users have installed PVs and EV charging stations.
Three different scenarios are created, mimicking the targets set by the
EU for 2030 and 2050. In Scenario 1, none of the end-users have
installed LC units. In 2030, 40% of energy should be produced from
renewable energy sources [51]. Therefore, in Scenario 2 40% of
end-users have installed PVs and EV charging stations at their house-
holds. A long-term plan defined in ACI [52] sets the target of energy
production from RESs to more than 80%. Following the logic, Scenario 3
is defined as one in which 80% of end-users have installed PVs and EV
charging stations.

Since every end-user is considered as a harmonic polluter, the resi-
dential harmonic spectra are created according to Niitsoo et al. [53],
Mazin et al. [54]. The harmonic curves related to a PV production are
made based on those defined in paper [55], while the harmonic spectra
of an EV charging are based on the data collected from metering infra-
structure installed in charging stations in Croatia. The power curve of an
EV charging is created with the goal of minimizing the cost of partici-
pating in the day-ahead electricity market, while end-users consumption
and PV production curves are created based on the data collected from
smart meters. PVs and EV charging stations are single-phase connected
to the network, and their connection phase is randomly selected since it

Fig. 3. HV-MV-LV test network.

Harmonics-related Minimum deviation Minimum deviation (%)

Maximum deviation

Maximum deviation (%) Median deviation Median deviation (%) -

quantity (%) - NEPLAN - Power factory (%) - NEPLAN - Power factory (%) - NEPLAN Power factory

Uy - Type I 0.00 0.00 0.01 0.00 0.00 0.00

THD, - Type I 0.00 0.00 0.01 0.00 0.01 0.00

Uy -Type II - 0.00 - 0.01 - 0.00 -
YNynO

THD, - Type II - 0.00 - 0.01 - 0.00 -
YNynO

Uy - TypeII- Dyn5  0.00 - 0.01 - 0.01 -

THD, - Type II - 0.00 - 0.01 - 0.00 -
Dyn5

I - Type I 0.00 0.00 0.00 0.00 0.00 0.00

THD; - Type 1 0.00 0.00 0.00 0.00 0.00 0.00

I - Typell-YNynO  0.00 - 0.00 - 0.00 -

THD; - Type II - 0.00 - 0.00 - 0.00 -
YNynO

I - Type II - Dyn5 0.00 - 0.00 - 0.00 -

THD; - Type II - 0.00 - 0.00 - 0.00 -

Dyn5
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Table 3

Deviation between tools (absolute values) - Test Case III.

Electric Power Systems Research 209 (2022) 107935

Harmonics-related
quantity

Minimum deviation
(%) - NEPLAN

Minimum deviation (%)
- Power factory

Median deviation
(%) - NEPLAN

Maximum deviation
(%) - NEPLAN

Maximum deviation (%)
- Power factory

Median deviation (%) -
Power factory

Uy - Type I 0.00 0.00 0.00 0.00 0.00 0.00
THD, - Type I 0.00 0.00 0.00 0.00 0.00 0.00
Uy - Type II - 0.00 - 0.03 - 0.00 -
YNynO
THD, - Type II - 0.00 - 0.03 - 0.03 -
YNynO
Up - TypeIl-Dyn5  0.00 - 0.10 - 0.01 -
THD, - Type II - 0.00 - 0.03 - 0.00 -
Dyn5
I - Type 0.00 0.00 0.00 0.00 0.00 0.00
THD; - Type 0.00 0.00 0.00 0.00 0.00 0.00
I, - TypeIl- YNyn0  0.00 - 0.00 - 0.00 -
THD; - Type II - 0.00 - 0.00 - 0.00 -
YNynO
I - Type II - Dyn5 0.00 - 0.00 - 0.00 -
THD; - Type II - 0.00 - 0.00 - 0.00 -
Dyn5
presents the realistic case in which end-users do not know the phase to
which their devices are connected.
Harmonic analysis is made for one week period and the results of the
analysis are shown in Fig. 6.
The analysis of the results shows a trend of increase of THD value
with the integration of LC units. Even though the value of THD in phase
A in Scenario 1 violates the limitation of 8%, a violation does not happen
Fig. 4. Modified benchmark CIGRE LV network. in more than 5% intervals, which is in accordance with different Euro-
pean standards and national grid codes [47,48]. Since it is expected that
the share and installed power of LC units continues to grow, the
Table 4

Deviation between tools (absolute values) - Test Case IV.

Harmonics-related
quantity

Minimum deviation
(%) - NEPLAN

Minimum deviation (%)
- Power factory

Median deviation (%) -
Power factory

Median deviation
(%) - NEPLAN

Maximum deviation
(%) - NEPLAN

Maximum deviation (%)
- Power factory

Up, - Type III -
YNynO

THD, - Type III -
YNynO

Uy, - Type Il - Dyn5

THD, - Type III -
Dyn5

I - Type III -
YNynO

THD; - Type III -
YNynO

Iy - Type III - Dyn5

THD; - Type III -
Dyn5

0.00

0.00

0.00
0.00

0.00

0.00

0.00
0.00

0.00

0.12

0.00
0.00

0.00

0.00

0.00
0.00

0.01 1.19 0.00 0.19
0.00 0.29 0.00 0.21
0.27 0.85 0.13 0.09
0.22 1.34 0.06 0.25
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00

Table 5

Deviation between tools (absolute values) - Test Case IV - with connected PVs.

Harmonics-related
quantity

Minimum deviation
(%) - NEPLAN

Minimum deviation (%)
- Power factory

Maximum deviation
(%) - NEPLAN

Median deviation
(%) - NEPLAN

Maximum deviation (%)
- Power factory

Median deviation (%) -
Power factory

Uy, - Type III -
YNynO

THD, - Type III -
YNynO

Uy, - Type III - Dyn5

THD, - Type III -
Dyn5

Iy - Type III -
YNynO

THD; - Type III -
YNynO

Iy - Type III - Dyn5

THD; - Type III -
Dyn5

0.00

0.00

0.00
0.00

0.00

0.00

0.00
0.00

0.00

0.12

0.00
0.00

0.00

0.00

0.00
0.00

0.02 1.12 0.02 0.22
0.03 0.29 0.01 0.23
0.27 0.83 0.13 0.10
0.20 1.46 0.06 0.17
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
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Fig. 5. Real-world LV circuit.
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Fig. 6. Results of a real-world LV network harmonic analysis.

harmonics-related problems will only increase. This additionally em-
phasizes the importance of tools like the one presented in this paper,
since it enables simple and quick calculations of complex power systems.
The contribution of the paper is an implementation of the mathematical
model and verification of the developed tool, and not finding a method
that will help DSOs ins preventing and mitigating the problems related
to harmonic distortion. However the open-source formulation, available
at [39], simplifies further upgrades of the tool and potentially enables
the integration of algorithms that will be used in the decrease or even
mitigation of harmonic pollution.

5. Conclusions and future work

In order to overcome the intensive changes occurring due to power
system decarbonization, the tools for the power system analyses need to
be adaptable, expandable, and flexible. Having them openly available to
a broader community creates opportunities for the development of new
features and ideas and thus speeds up the transition toward a zero-
emission society.

A detailed literature review identified that the existing open source
tools often lack important technical analysis capabilities and mathe-
matical explanations of how they are modeled and integrated. This
hinders further development and analyses. To bridge this gap we
develop an upgrade to an open source tool pandapower, an existing
Python-based tool for analyses of steady-state power systems. The
balanced and unbalanced harmonic analyses tool, soon to be imple-
mented as a part of pandapower, is made freely available at [39], while
technical and mathematical aspects of developing the tool are explained
in the paper for the first time.

Three types of harmonic analysis were developed, two for balanced
radial distribution systems, and one for three-phase unbalanced systems.
The validation against commercial software shows negligible differences
for the same defined test cases. After the verification, all benefits of the
tool are shown on the additional test case that represents a real-world LV
network.

Further upgrade of the tool includes full implementation in the
pandapower library and the improvement of the accuracy, using more
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precise models of some elements, expansion with additional analyses,
and verification of other, more complex test cases. Since the focus of the
current version of the developed tool was put on distribution networks,
which are in most cases operated radially, the mathematical model is not
valid for the calculations of meshed networks. Further upgrades of the
tool include an implementation of a method that is valid also for meshed
grids. Backward-forward-based methods, which are planned to be
implemented in future versions of the tool, are able to work both with
radial and meshed grids but could also potentially contribute to
increasing the tool’s accuracy and speed, which is especially important
for time-series analyses. Also, the developed tool can be used in
numerous analyses, e.g., in determining the impact of a transformer
vector group on PQ parameters, and in the planning and operation of
smart distribution networks. An open source approach even enables the
implementation of optimization or similar algorithms that will help
DSOs in mitigating harmonics-related problems in distribution networks
and guarantee success with further integration of LC technologies.
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