
 Eindhoven University of Technology

MASTER

The application of an Active Harmonic Filter in a 10 kV Industrial Network

Arellano Camacho, J.L.

Award date:
2021

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/afb6050d-64c7-4110-b4c7-c0aff6935303


Electrical Engineering Department [5SE46]
Research group: Electrical Energy Systems

The application of an Active Harmonic Filter
in a 10 kV Industrial Network

Master Thesis Report

Supervisors:
Prof.dr.ir. J. F. G. Cobben (TU/e)

Dr. V. Cúk (TU/e)
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Abstract

Harmonic distortion in the voltage of an existing industrial network is analyzed. Parties involved are con-
cerned about the increase in harmonic distortion at the MV level which is expected to exceed the limits
within a short-time frame with a possible future expansion. Possible solutions to reduce harmonic distortion
are discussed, where it was concluded that the implementation of an active harmonic filter at the MV level
will be the best mitigation technique. This involves a filter with a compensation current capacity of 560 [A]
and a 1000 [kVA] dedicated transformer (10/0.69 [kV]). This would mitigate the 5th and 7th harmonic orders,
which are causing failures in the electrical equipment within the plant. For this, the industrial meshed net-
work is developed in cooperation with a company from the semiconductor industry to guarantee a realistic
construction of the network. The network is modelled, simulated and deeply analysed with a power system
analysis software (DIgSILENT Power Factory 2020). To automate simulations, scripts have been developed
utilizing the DIgSILENT Programming Language (DPL) and used to scan the network through a wide range
of situations and to reveal possible trends.

A harmonic analysis methodology for existing industrial power systems is implemented together with two
methods for harmonic generation. These methods are investigated, where the first is based on an ideal cur-
rent source and the second on the modelling of VFDs. These methods have major constructional differences.
How these affect the harmonic currents and their manifestation in harmonic voltages, are researched. The
harmonic distortion generated by an ideal current source is calculated based on harmonic current spectra,
while the VFDs approach is based on the main harmonic generation component of these drives (6-pulse
diode bridge rectifier). Once the harmonic generation is reproduced within the network, the active mitiga-
tion technique is implemented within the model to reduce selected harmonic orders (5th and 7th). A heuristic
algorithm is developed to calculate the harmonic currents needed by the mitigation device. The results and
effectiveness of the mitigation method are discussed.

From the simulation results, network characteristics and limitations are revealed for the network topol-
ogy. The potential problems of the harmonic sources are identified. The results are focused on the Total
Harmonic Distortion (THD), harmonic currents and impedances of the network with and without mitigation
solution. With analysis, it is aimed to explain the connection between these results and also provide a
comparison of the harmonic distortion levels at the MV level of the network against a standard concerning
harmonics (EN 50160).

The analysis of the thesis will present valuable results and observations. In simulation, the mitigation
of the 5th and 7th harmonic orders is possible even when the harmonic injection needed by the device is
higher than its capacity. As consequence, the compensation current capacity of the active harmonic filter
needs to be increased to effectively mitigate the desired harmonic orders in real practice. To do this, high
quality and reliable data is needed from the recommended locations (PQ monitor devices) to improve the
simulation model and therefore, a better design and specification of the mitigation technique. Regarding
harmonic standards, THD and all individual harmonic voltages are below their limits, but the 5th is close
to surpass its individual limit. A future expansion and the trend in increasing distortion levels within the
plant, could lead to have unacceptable levels of harmonic distortion. Also, there are several future directions
that can be done to develop further this project, such as, economic/benefit analysis, different topologies,
network expansion and harmonic cancellation effect.
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1 Introduction

1.1 Background, problem definition and research questions

IEEE defines ”Power quality” as powering and grounding electronic equipment in a manner that is suitable
to the operation of that equipment and other connected equipment [1]. Nowadays, the economic losses and
negative effects of power quality problems such as voltage interruptions, voltage dips, over-voltages, voltage
fluctuations, voltage unbalance, transients and harmonics are becoming increasingly prominent [2]. As con-
sequence of the integration of large number of non-linear loads into the power grid, harmonic distortion has
become one of the great concerns for power customers and the utilities [3]. Firstly, harmonics are defined as
sinusoidal voltages or currents that have frequencies that are integer multiples of the frequency at which the
supply system is designed to operated (fundamental frequency in Europe is 50 Hz). Harmonics distortion is
caused by non-linear devices in the power system.

In an industrial production system (e.g. semiconductor industry), the power supply quality is a crucial
aspect regarding a continuously high quality process. The quality is affected by different situations such as
distortions from the grid (e.g. external faults or fluctuating renewable sources) or rising share of non-linear
loads [4]. Especially the last one, can raise the level of system perturbation in a greater way. As consequence,
low power quality in industrial power systems can have negative effects on the electric equipment and also
on the entire industrial processes [5].

In production systems, there are two main problems due to low power supply quality: (1) dysfunction
or outage of equipment (outage of entire production) and (2) decline in the overall process quality due to
effects on electric components. The first problem could stop the production process which translates into a
loss of product output (economic losses). The second problem would decrease the efficiency of equipment
which leads to higher degradation and a shortening of its lifespan. Several studies regarding the impact of
low power quality on industrial systems can be found in literature [6][7][8].

In this thesis, the harmonic distortion in the voltage in an industrial grid is analyzed and evaluated. At
the LV level of this network, several active harmonic filters have been installed, but according to power
quality monitor device installed on-site the harmonic distortion on the MV level is still rising over time. The
dominating voltage harmonics within the industrial campus are the 5th and 7th. However, the spectrum
differs from case to case depending from the equipment used in the LV network [9]. Network operator and
end-user are concerned about the increase of harmonic pollution which is expected to exceed the limits within
a short-time frame with future network expansion.

To minimize the harmonic distortion in the voltage, harmonic currents in the MV network has to be de-
creased. Several alternatives to reduce harmonics caused by non-linear loads has been shown in [10]. The
thesis will only consider an active filter build for 10 kV voltage level as a mitigation device, together with a
dedicated LV/MV transformer to inject harmonic currents into the MV network. This could eliminate the
additional necessity of installing more cabinets and active filters at LV level. Access to information regard-
ing the network (e.g. SLD, commissioning reports and measurement data) was given as well as data from a
monitoring system installed on-site (distribution bus 1M-A) to get information about the power quality in
the MV network. The design of such a system will take into account the following aspects:

1. The nominal current of the active filter: the current will be calculated after analyzing the data available.

2. Transformer design: it will take into account the distorted current which will flow in the transformer.

The objective of the project is to investigate and design an 10kV MV active filter. Such a system will
consider pertinent features to assess its performance. Considering the context and objective of the project,
it is important to address the following research questions:

1. What are the effects of the implementation of a MV active filter in a meshed network?

2. How the dedicated transformer characteristics would affect the performance of the mitigation device
(AHF)?
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3. How and where does the active filter should be connected to the MV network?

4. What are the positive/negative implications of adequate/inadequate power quality in terms of sustain-
able development?

1.2 Contribution

This project will provide the following contributions:

1. Methodology and harmonic study procedure for new or existing industrial environments.

2. Comparison and selection of harmonic mitigation solution for an existing industrial network. This
includes the effectiveness of harmonic mitigation in a meshed topology as well as the impact of the
components of the mitigation solution (e.g. dedicated transformer).

3. Heuristic method to achieve a THD reduction and elimination of selective order harmonics.

4. Datasets: All data collected as part of the project is stored and presented to the stakeholders. This
provides a record of information which can be further used for more localized research.

1.3 Boundaries

Assessing and designing a system model (active filter and transformer) is an extensive task. Given the time
constraints of the project, realistic choices must be made that will give the most efficient and most accurate
result possible. Therefore, certain boundaries are set:

• Boundaries for voltage levels
Active filter and transformer will be designed at LV/MV levels, therefore, HV level is out of the scope
of the project.

• Network topologies
At LV/MV levels there are several topologies such as loop/ring, radial and multi-loop. The application
of the active filter will take place in a meshed LV/MV installation. Hence, the previously mentioned
topologies are out of the scope of the project.

• Active compensation: active harmonic filters are used for active compensation of harmonic content,
reactive power and load balancing. The last two active compensations are out of the scope.

1.4 Methodology

The applications of non-linear loads in the industrial installations is growing exponentially. There are
different forecasts and estimates of the percentage of non-linear loads present in electrical installations. In
[11] from 2013, the range of non-linear loads was established between 30% and 50% while in [12] from 2014
the estimation was around 60%. In a more recent paper [13], the ”Electric Power Research Institute” (EPRI)
expected a share of non-linear loads of 50% to 70% in 2020. Therefore, the effects of harmonics within the
electrical installation and its impact on the electric utility and neighboring installations must be examined
to avoid equipment damage and shutdowns. It is recommend to perform a harmonic study in the following
cases:

• At the design stage of a project, if the amount of non-linear loads exceeds 25% of the total loads on
the installation.

• When there are harmonic-related problems such as failure/malfunction of electrical equipment.

• If an existing installation is going to be expanded and a significant amount of non-linear loads is going
to be added.
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According to the problem definition of the industrial installation to be analyzed and the cases where a
harmonic study needs to be performed, it is concluded that the installation requires a harmonic analysis to
check the compliance with contractual/international harmonic limits. To answer the research questions, the
harmonic study procedure from Figure 1 has been used which provides an explanation of the steps that shall
be followed for an existing industrial power system environment [11][14].

Figure 1: Harmonic analysis procedure for new or existing industrial power systems

1.5 Structure

The project report is structured as follows:

• Chapter 1 ”Background, problem definition and research questions”: introduces the problem and
current situation of an industrial power system. Also formulated the research questions, contributions
and methodology of this project.
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• Chapter 2 ”Standards and guidelines”: establishes the applicable standards to industrial systems at
MV level (planning levels).

• Chapter 3 ”Theoretical framework”: discusses the concepts concerning harmonic current generation,
harmonic indicators, resonance phenomena, network impedances and how these determine the harmonic
content in the electrical network. Also, it explains the methods to reproduce the harmonic content
within the installation based on available data from non-linear loads.

• Chapter 4 ”Network description and Modeling”: provides an overview of the modeling of the industrial
power system in PowerFactory.

• Chapter 5 ”Mitigation Device”: discusses solutions for harmonic mitigation and a strategy for the
allocation of any mitigation device.

• Chapter 6 ”Simulation results”: analyzes and explains the simulation results.

• Chapter 7 ”Benefits of harmonic management”: provides an insight on the benefits of managing
harmonic content in installations and how this can improve the power system reliability.

• Chapter 8 ”Conclusions and Future search”: provides the main conclusions of the project and iden-
tifies possible routes for further research.
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2 Standards and guidelines

2.1 Harmonics historical background

Power system harmonics are defined as sinusoidal voltages and currents at frequency that are integer mul-
tiples of the fundamental frequency. These became a fact of life the very moment when the first AC power
system was energized, where the first alternating voltages were severely distorted. Until designers succeed at
building units that delivered nearly sinusoidal voltages, the early electrical engineers in the late 1890´s were
kept on trying to understand and overcome the unstable form of energy delivered by alternating voltage and
current [15].

A negative effect caused by AC power systems was the mysterious development of voltages larger than
the voltage measured at the AC generator´s terminals. Resonances at higher harmonic orders or a signif-
icant Ferrantis´ effect at fundamental frequencies of 125 Hz or more were possible within a relative short
length of line (∼10 km) [15][16]. As consequence, engineers worked hard to achieve new machine designs
and already in 1895 a new generator design using distributed armature windings was developed. This design
substantially improved the waveform (sinusoidal shape) as well as transmission distances. In addition, elec-
tric utilities were concerned about harmonic effects in their systems and the possible impact of a harmonic
generating load upon other customers. Other harmonic problems mentioned in literature [16], were related to
generators operating in parallel that involved excessive neutral current and overheating (zero-sequence har-
monic voltages in wye connected machines), and telecommunication companies suffering interference (TIF),
through the coupling of harmonics into telephone and telegraph wires parallel to the power lines.

The comprehension of AC phenomena, especially the current and voltage distortion related ones, was a
slow process due to two main factors [16]: (1) unavailability of a accurate and inexpensive method of deter-
mining wave shapes and (2) limited practical experience. Oscilloscopes were not yet developed, electricians
used oscillographs and primitive mechanical sample and hold contractors to measure instantaneous currents
and voltages. Electricians were not trained to recognize harmonic phenomena and such devices were tedious
and required hand plotting.

For these reasons, the development of standards was needed to allow engineers to correct and prevent
harmonic problems. IEEE Standard 519 ”Guide for Harmonic Control and Reactive Compensation of Static
Power Converters” from 1891 was the first harmonic standard which set guidelines for harmonic voltage dis-
tortion [17]. Since 1891, the requirements of electricity users have changed enormously. Equipment is getting
more sensitive to power quality variations and some of these can be the source of power quality problems.
Therefore, standards must provide guidelines, recommendations and limits to help assure ”compatibility”
between end use equipment and the overall system. Bad power quality impacts the end user. However,
there are several other parties involved in creating, propagating and solving power quality problems. The
following concepts are basic needs for the development of power quality standards [18]:

• Indicators: indices to characterize performance and to provide definitions for important power quality
characteristics.

• Measurement and monitoring procedures: methods to characterize performance and valuation
of equipment characteristics.

• Benchmarking: to understand power quality characteristics for different types of systems to establish
guidelines and limits.

• Guidelines and limits: to provide ”compatibility levels” that define the expected power quality
levels.

• Application guidelines: to provide guidance in controlling power quality and solving problems,
including methods to understand the economic aspect of solving these issues at different levels.
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2.2 Limits for harmonic voltages

The LV/MV networks in the Netherlands have a nominal voltage of 0.4 kV and 10 kV, respectively. These
networks are composed mainly by underground cables mostly with a radial or mesh topology, and transform-
ers with rated powers between 160 and 630 kVA. If a customer’s load demand is 200 kVA or more, then the
customer should have his own cables and transformers. The active filter will be installed at the MV level,
therefore, in terms of limits only the MV level (planning levels) are taken into account.

Planning levels are systems-wide design targets at MV, HV and EHV for voltage harmonics based on the
compatibility requirements for end-use equipment. Based on the planning levels, individual end-users con-
tributions to the overall permissible voltage distortion are allocated based on the end-user size relative to
the capacity of the system and other factors.

IEC 61000-3-6 and IEEE Std 519-2014 are two of the most applied international standards concerning
harmonic content in large industry power systems. There are other several documents establishing the volt-
age and current distortion limits for each country. In case of voltage harmonics, in the Netherlands, every
customer supply point has to meet the limits given in EN 50160. For the industrial grid under consideration
in this thesis, the IEEE 519, IEC 61000 and EN 50160, would set up the voltage THD limit to 5% (up to
69kV), 3.5% (up to 35kV) and 8% (up to 35kV), respectively.

The IEC 61000 considers voltage distortion from a higher-voltage (supplying) portion of the system and
a lower-voltage (serving) portion of the system when deriving the voltage distortion contributions to be dis-
tributed among distortion installations [19]. It is based on assigning current limits that are more rigorously
derived from voltage quality targets and is designed to insure that if all customers are within their individual
limits, then the system-wide voltage quality problems will not exist.

The IEEE 519 approaches a relationship between utilities and end-users to limit the impact of non-linear
loads [19]. Voltage/Current waveforms are described as well as distortion goals for the system designer.
Interface between the sources and loads are described to minimize interference between electrical equipment.
This standard aims to limit the harmonic injection from individual end-users to avoid unacceptable voltage
distortion levels for normal system characteristics as well as to limit the overall harmonic distortion of the
system supplied by the utility.

The EN 50160 characterizes voltage parameters of electrical energy in public distribution systems and for the
main voltage parameters and their permissible deviation ranges at the customer’s point of common coupling
(PCC) in LV/MV/HV electricity distribution systems, under normal operating conditions for European
network operators [20]. These characteristics are defined in terms of frequency, magnitude, waveform and
symmetry.

A comparison of these standards is given in Table 1 for planning levels (MV) together with the individ-
ual voltage harmonic levels. The standards provide voltage harmonic limits, but it is noticeable that IEEE
voltage harmonic limits are constant across all frequencies whereas the permissible voltage harmonic magni-
tudes decrease with frequency in the IEC and EN standards. Limits in EN and IEC are nearly identical for
harmonic voltages for its corresponding MV systems, except for the absence of higher-order harmonic limits
in EN.
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Standard IEC 61000-3-6 IEEE 519-2014 EN 50160
THDu 3.5% 5% 8%
Order Harmonic voltage as a % of the fundamental

3rd 4 3 5
5th 5 3 6
7th 4 3 5
9th 1.2 3 1.5
11th 3 3 3.5
13th 2.5 3 3
15th 0.3 3 0.5
17th 1.7 3 2
19th 1.5 3 1.5
21th 0.2 3 0.5
23th 1.2 3 1.5
25th 1.09 3 1.5

25th ¡ h ≤40th 1.9*(17/h)-0.2 3 -

Table 1: Standards comparison for harmonic voltages of odd order harmonics in MV power systems

The thesis will only consider distortion of the voltage waveform, THDu of the distribution buses will be used
as an indication of the system harmonic performance. Table 1 and a maximum THDu of 8% will be used as
a basis when assessing the results. Even and zero sequence harmonics are out of interest in this thesis due
to their harmonic content.

2.3 Limits for harmonic currents

There is an interaction between current and supplied voltage, therefore, it is not possible to put limits to the
voltage without limiting the distortion of the current. For this, there are methodologies for setting limits for
harmonic current emission. These depend on the size of equipment or installation. For large equipment, the
size of equipment is considered. Several sets of limits are defined and used dependent on the short-circuit
power of the connection point and rated power of the equipment. These standards prevent the use of high
power devices with high harmonic current emissions. For installations, harmonic current limits are not de-
fined explicitly. But recommendations are provided as an assessment procedure, used by system operator
during negotiations with customers. The limits depend on the short circuit ratio at the connection point of
the customer. It aims to have relaxed limits for small end-users which cannot seriously affect the grid, like
residential users, but more strict limit for high demanding users such as an industrial campus.

IEEE recommends several set of harmonic current limits for different voltage levels dependent of the short-
circuit ratio (SCR):

SCR =
SSC

Si
(1)

SSC = short-circuit power of the point of connection.
Si = installed power of the installation to be connected.

SCR h<11 11≤h<17 17≤h<23 23≤h<35 h≥35 TDD
<20 4.0 2.0 1.5 0.6 0.3 5.0

20<SCR<50 7.0 3.5 2.5 1.0 0.5 8.0
50<SCR<100 10.0 4.5 4.0 1.5 0.7 12.0

100<SCR<1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Table 2: IEEE 519 Current Harmonic Limits (<69 kV)

The limits above are defined as relative to the maximal load current (fundamental component) and they are
defined for Total Demand Distortion (TDD). The TDD is calculated by the division of the square sum of
harmonics with the peak load current.
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The IEC does not have a recommendation for harmonic current limits that can be used directly by the
system operators. IEC 610003-6 provide guidelines with a methodology which operators can apply to make
their own rules for connecting new potentially disturbing customers [21]. The objective is to limit the har-
monic injection from the total of all distorting installations to level that will not result in distortion levels
that exceed the planning levels [22]. There are three stages of evaluation, which may be used in sequence or
independently:

1. Evaluation of harmonic emissions: conservative criteria for acceptance of small size distorting
installations is define on MV and HV systems. If the total distorting load or the end-user’s agreed
power, is small relative to the short circuit capacity at the point of evaluation, it should not be necessary
to carry on detailed evaluation of the harmonic emission levels. If this criteria is not meet, the total
distorting load must be evaluated along with the available absorption capacity of the system.

2. Harmonic emissions relative to the installation characteristics: in this step, the characteristics
of the end-user harmonic generation should be evaluated against the absorption capacity of the system
(derived from the planning levels). The absorption is apportioned to individual end-users based on
their demand with respect to the total system capacity. Distortion transferred from the supply system
should be also considered. If the system is fully loaded and all customer are injecting up to their
individual limits, it can be concluded that the voltage distortion from the end-users should be within
the planning levels.

3. Acceptance of high emission levels based on exceptional basis: sometimes, under circum-
stances, a end-user may require exceptions to emit disturbances beyond the basic limits in stage II. In
such a situation the utility operator and end-user agree to facilitate such a connection (special agree-
ment). Study of the actual and future system characteristics is advised to determined these special
conditions.

It is noticeable that the IEEE harmonic current limits can be considered as the simplest implementation
of the IEC standards. The allowable current injection levels are pre-calculated in the IEEE 519 based on
simple assumptions and that these currents will not cause the violation of harmonic voltage limits. The IEC
avoids giving current harmonic limits in a general sense, the standard prefer these limits to be more derived
based on voltage limits and system impedance characteristics. Nevertheless, such an standard relies on many
assumptions which could affect the good purpose of the IEC standard.
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3 Theoretical background

3.1 Harmonic Sources

All non-linear loads are defined as harmonic sources, because they draw non-sinusoidal currents when a sinu-
soidal voltage is applied. These loads act as a source of harmonic currents in power system causing voltage
distortions at the various system buses due to the harmonic voltage drops across the system impedances.
As already discussed, the negative effects of harmonics are present in both voltage and current. Harmonic
currents cause distortion of the voltage because of the voltage drop on the impedances of the distribution
system. High impedance results in high level of voltage distortion. In other words, the current distortion
relates to the individual load (device performance), while voltage distortion relates to system performance.
To calculate the system frequency response for this type of load the following elements are used in the model:
system short circuit equivalent impedance, capacitor banks (if available) and characteristics of lines, cables
and loads.

These are the main sources of harmonics in industrial applications [23]:

• Saturable Magnetic equipment: include power generators, transformers, motors and other iron
core devices.

• Power Electronic Devices: include electronic power supplies, variable frequency drives (VFDs),
rectifiers and static var generators.

3.2 Harmonic indicators

3.2.1 Individual Harmonic percentage

The amplitude value of any particular harmonic order can be expressed as a percentage of the fundamental
or a percentage of the RMS value of the total voltage/current.

ih(%) =
Xn

X1
∗ 100 (2)

Xn = amplitude of the voltage/current harmonic order.
X1 = amplitude of the fundamental voltage/current or the RMS value of the total voltage/current.

3.2.2 Harmonic spectrum

This is a graphical representation of the previous concept, where the distorted signal can be analysed via
its decomposition (Figure 2). The amplitudes of the individual harmonics are expressed in % related to the
amplitude of the fundamental.

Figure 2: Harmonic voltage/current spectrums
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3.2.3 Total Harmonic Distortion (THD)

The most common way to described the amount of harmonics in the voltage and/or current is not done by
the individual harmonic percentages but with describing the Total Harmonic Distortion (for voltage THDu

and for current THDi). THD is defined as the ratio between the RMS value of all individual harmonics and
the RMS value of the fundamental frequency. This indicator is widely used to describe the power quality
issues in transmission and distribution systems [24].

THDx(%) =

√√√√ N∑
n=2

(
Xn

X1
)2 ∗ 100 (3)

3.2.4 Total Harmonic Current (THC)

This indicator is the accumulated currents of the orders 2 to 40 that contribute to the distortion of the
current waveform. This value is important in determining the required characteristics for the installation of
active harmonic filters. When THC is known it can be compared with the fundamental current to provide a
good visualization of the absolute harmonic currents in an specific load. The formula to compute this value
can be seen below:

THC = THDi ∗ x1 (4)

x1 = amplitude of the fundamental frequency.
THDi = total harmonic distortion current as a percentage of the fundamental.

3.3 Classification of Harmonics

Harmonics in which a signal is decomposed are entire multiples of the fundamental. They can be classified as
Odd (symmetrical) and Even (asymmetrical) as well as according to its phase rotation with the fundamental:

• Positive sequence harmonics: same phase rotation than the fundamental, and circulate between phases
(4th, 7th, 10th,...).

• Negative sequence harmonics: opposite phase rotation than the fundamental, and circulate between
phases (2th, 5th, 8th,...).

• Zero sequence harmonics: also known as Triplen harmonics, they are phase with the fundamental and
circulate between phases and neutral (3th, 6th, 9th,...).

Sequence Rotation Effect
+ (Positive) Forward Excessive Heating Effect
- (Negative) Reverse Torque problems
0 (Zero) None Adds voltage/current in neutral wire

Table 3: Harmonic effects

3.4 Methods to reproduce harmonic content

To perform a harmonic study, the design engineer must identify the available harmonic sources and the
harmonic currents generated by these. In order to determine the harmonic content (harmonic currents)
within the installation the following two approaches are implemented at the LV level: (1) ideal current
source and (2) VFDs. By modelling the system as function of frequency and harmonic sources to inject
harmonic current or forced voltages, a harmonic analysis can be done to calculate the level and negative
effects of the harmonic distortions in the power system.
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3.4.1 Ideal Current Source

Harmonic sources can be modelled as ideal current sources for analysis purposes [25]. In other words, the
non-linear loads can be replace with a current source (Figure 4). In harmonic simulations, there are two
basic models to model the operation of non-linear loads [26]: (1) harmonic current source and (2) Norton
equivalent circuit (Figure 3). The first one is the simplest where the characteristic load harmonic is modelled,
but does not describe the interaction with the system and other loads (infinite harmonic impedance). The
second, incorporates such system interactions through an admittance component.

Figure 3: Basic Harmonic Load Models

As already defined in Section 1.1, harmonic problems are in the MV level. It is common to represent the
harmonic model as Norton equivalent circuit, but the system interactions that this model can provide are
already obtained from commissioning reports at the LV level. Therefore, the harmonic generation at the LV
level will be reproduced with a harmonic current source model where the harmonic current profiles extracted
from the reports are used as input. It is important to mention that the harmonic injection at the LV level
has the only objective of reproducing the ”same” levels of distortion at the MV level of the meshed network
seen by the PQ monitor device installed in the distribution bus 1M-A.

Figure 4: Non-linar loads modelled as current sources

3.4.2 Variable Frequency Drivers (VFD)

The harmonic currents present in the industrial electrical network considered in this thesis, are mainly caused
by VFDs. A VFD consist of three components: (1) rectifier, (2) DC-Link (capacitor) and (3) inverter. The
first stage of a VFD (rectifier) creates distortion of the AC-line as it chargers a capacitor bank (DC-link).
The current is only drawn from the AC-line when the rectified voltage exceeds the voltage level to which
the capacitor is charged. The modelling on PowerFactory is discussed in Section 6.1.2, while this section
explains the mechanisms behind the harmonic current generation of the rectifier.
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Figure 5 depicts the typical configuration of a 6-pulse bridge rectifier (diode based) where A, B and C
are the three-phase input system. In this project, only diode rectifier is implemented as thyristors require
gate-driving circuits, which can increase the complexity of their modelling. Let us assume an ideal case
where the AC side of the rectifier has zero inductance. When phase A has the highest potential, diode D1
will be forward biased while diode D2 and D3 will be reversed biased. The same applies when phase B
and phase C have the highest potential. As consequence, the potential of the positive DC-terminal is equal
to the AC-phase with the highest potential while the potential of the negative DC-terminal will be equal
to the AC-phase with the lowest potential. Therefore, the DC-voltage can be expressed with the following
equation:

vDC = vP − vN (5)

vP = potential at positive DC-terminal.
vN = potential at negative DC-terminal.

With an ideal sinusoidal three-phase voltage waveform, it can be shown that the voltage vDC gets a pulsating
waveform with amplitude

√
2 ∗ VLL. Thus each pulse can be described as:

vDC =
√

2 ∗ VLL ∗ cos(wt) (6)

where − 1
6π < wt < 1

6π, during one period of line frequency, the DC voltage experiences six pulses (6-pulse
rectifier). The average DC voltage, VDC , can be calculated by integrating Equation 6 over the duration of
one pulse and divide it by the duration.

VDC =
1

π ∗ 3
∗
∫ π

6

−π
6

√
2 ∗ VLL ∗ cos(wt) ∗ dwt =

3

π
∗
√

2 ∗ VLL ≈ 1.35 ∗ VLL (7)

With a constant DC load current and non-inductance at the AC side of the circuit, it is possible to plot
one of the AC phase’s voltage and current waveform. It would be noticed that the current does not have a
sinusoidal waveform. Through Fourier analysis on the AC current, the harmonic current amplitudes can be
expressed as:

Ih =
Is
h

(8)

Is represents the amplitude of the fundamental frequency (50 Hz) and ”h” the harmonic order. In a balance
and symmetrical three-phase system, the 3rd harmonics and their multiples are canceled. Therefore, the
6-pulse bridge rectifier harmonic currents are given by h6p = 6h ± 1. The amplitude of these currents are
theoretical ”1/h” times the amplitude of the fundamental current (e.g. 5th has an amplitude of 20% of the
fundamental current). Figure 6 depicts the harmonic current spectrum injected by a 6-pulse rectifier.

Figure 5: 6-Pulse diode bridge rectifier
Figure 6: Harmonic current spectrum of

6-Pulse rectifier
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3.5 Impedance and Resonance

To understand the harmonic currents behaviour and how they manifests themselves as harmonic voltages is
crucial to have an understanding of the network impedances. At every busbar in the network, an equivalent
network impedance can be calculated. For example, if a large harmonic current is fed into bus with a large
network impedance, a large harmonic voltage will be generated. The reactances of an inductance and a
capacitance are expressed as:

XL = ω ∗ L = 2πfL (9)

XC =
−1

ω ∗ C
=
−1

2πfC
(10)

From the last equations, it is possible to conclude that the magnitude of the reactances changes for different
frequencies. In other words, the network impedance of a busbar changes substantially as the applied frequency
is changed. At certain frequencies, resonance phenomena may occur. At these, the network impedances
changes drastically within a short frequency range. This phenomena occurs in AC circuits due to the
presence of energy storing components (e.g. inductors or capacitors). Both impedance and resonance can
have an extreme impact on the harmonic’s behaviour.

3.5.1 Series and Parallel Resonance

There are two types of resonances commonly observed in AC circuits, the series resonance and parallel
resonance. Transmission system components create an RLC circuit which can result in resonance. The
inductance and capacitance of the circuit can be represented as reactances (frequency domain). The total
reactance of the circuit is expressed as:

XT = XL +XC (11)

At a specific frequency, the total reactance XT goes to 0 (resonance frequency). Therefore, the total
impedance decreases dramatically as consequence of only consisting of the circuit’s resistance. The reso-
nance frequency can be expressed using Equations 9, 10 and 11 as:

fresonance =
1

2π
√
LC

(12)

This type of resonance is known as series resonance which is characterized by small impedance magnitude at
the resonance frequency (sudden drop). However, for the type of network considered in this project, parallel
resonance usually poses critical challenges than series resonance.

In a parallel RLC circuit, at the resonance frequency, the imaginary parts of the circuit’s admittance’s
goes to 0. Then, the current IL-IC goes to 0, causing the entire current to pass through the resistance.
As consequence the impedance of the circuit increases dramatically (parallel connection in a sense disap-
pears). This phenomenon is called parallel resonance where the resonance frequency can be expressed by
Equation 12. If such a resonance is excited by a harmonic current this may lead to a significant distorted
voltage.

3.5.2 Network Impedance Characteristics

To understand the harmonic behaviour in the system, the equivalent network impedances will be calculated.
This is done by calculating a busbar’s equivalent network impedance in a frequency range (0-2500 Hz). An
interesting aspect of the network impedance is how it behaves if the electrical circuit parameters changes.
What happens if the length of a cable is increased? What happens if the characteristics of a transformer is
changed? The total capacitance (C) of a cable is needed to answer this type of question.

C = C
′
∗ l [F ] (13)

C
′

= capacitance per kilometer.
l = length of a cable [km].
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Considering Equation 12, if the capacitance is increased, the resonance frequency decreases. If the inductance
of a transformer is reduced, the resonance frequency increases. With this examples, it is noticeable that an
electrical designer can manipulate the network impedance characteristics and its resonance frequencies. This
is done by adjusting different network characteristics such as short-circuit impedance of a transformer and
length or type of cable. This could reduced the harmonic content significantly. Nevertheless, resonance prob-
lem cannot always be avoided, as designers might not have the possibility to change the network parameters
because the weight of other design criteria. A parallel resonance is shown in Figure 7 from the analyzed
industrial power system.
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Figure 7: Network impedance characteristics of the industrial power system

Due to the inductance and capacitance characteristics of the network there will be a frequency where res-
onance will occur. In this case it is around the 32th harmonic (1600 Hz) which according to PQ monitor
device and commissioning reports is not present in the network. Therefore, a resonance problem in this case
is not present. If the 32th harmonic would be presented, this would translate into a increase in the voltage
distortion at that frequency. Also, Figure 7 displays several plots of the network impedance development at
1M-B for different lengths of supply cable B734. The original length of the cable is displayed with blue color
while the length variation with red. With a length of 1.312 [km], a parallel resonance is located close to the
harmonic order 36 (shifted towards higher frequencies), while when the length of the supply cable further
increases, the parallel resonance is shifted towards lower frequencies (harmonic order 28). If harmonic order
28 or 36 would be present in the analyzed network (depending on the resonance frequency of the network),
current amplification of these orders would occur leading to increase THDu levels.
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4 Network description and Modeling

4.1 Network description

The system to be studied can be viewed as an hierarchical power system with multiple levels and with a
fundamental frequency of 50 Hz (Figure 8). Each of these levels are distinguished by a particular rate voltage
range and electrically separated by a three-phase transformer. Power is generated at 157.5 kV in the utility
network (Level A). The voltage is stepped down via a three-phase transformer to 11.6 kV on the double
main busbars, these together form level B. Then, the voltage level is maintained for the third level (Level C)
which consists of 5 interconnected distribution buses. The buses included in the next level (Level D) form
the fourth and final level of the industrial power distribution system. This last level supply power to several
large electric loads. The simulation model of the industrial power system in the power-system simulation
software PowerFactory is shown in Appendix B.2.

Figure 8: SLD - Industrial Power System

4.2 Model construction

4.2.1 Power Supply

The industrial site is supplied by the grid. In other words, the site is connected to the utility grid where
the main power source is the HV transmission grid (150kV / 10kV). This connection is done via a HV/MV
substation which includes a HV/MV switch-gear, HV/MV transformer and MV switchboard. The MV
distribution topology connects the HV/MV transformer to the different MV substations (10kV). The MV
distribution includes:

• Main substation: connected to the utility grid at HV transmission level. The main function is to
distribute the electrical energy to the secondary substations.

• Distribution or Secondary substations: connected to the main one, they provide power to MV loads
and to MV/LV transformers (10kV / 0.4kV).

Power transformers are used to transfer electrical energy in any part of the electrical circuit between the
generator and the distribution primary circuits. These are used in distribution systems to step up and step
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down voltages. For this thesis, twenty seven MV/LV power transformers are used to supply power to loads
within the 5 distribution busbars (10 kV), while one HV/MV transformer supply energy to the industrial
meshed network. ?? shows the characteristics of the utility grid while Table 5 shows the specifications of
such transformers.

Main Substation Distribution Substation
Parameter Value Value
Short-Circuit Power ”Sk” 8000 [MVA] 300 [MVA]
Short-Circuit Current ”Ik” 29 [kA] 16 [kA]
Z2/Z1 1 -
X0/X1 1 -
R0/X0 0.16 -

Table 4: Power Transformers parameters

MV/LV Power Transformer HV/MV Power Transformer
Parameter Value Value
Rated Voltage 10/0.4 [kV] 158/11.6 [kV]
Rated Power 2.5 [MVA] 77 [MVA]
Short-Circuit Voltage ”Uk” 6% 24.51%
Vector group Dyn5 YNd1

Table 5: Power Transformers parameters

4.2.2 Cables

Harmonic analysis in power systems requires accurate cable modelling. PowerFactory offer two main meth-
ods: (1) geometrical and (2) electrical parameter input [27][28]. The geometrical approach used construc-
tional data such as cross-section area, insulation thickness, sheaths, etc. With this PowerFactory calculate
the electrical parameters based on both Maxwell´s equations (electromagnetism equations) and complex ca-
ble modeling methods to obtain frequency-dependent parameters. Nevertheless, this method is problematic
due to the use of manufacturers’ cables brochures as input which could not allow the parameter calculations
converge in PowerFactory. Thus, the electrical approach will be used to avoid numerical problems as it uses
the electrical sequence parameters per km as input which are found in the manufacturers’ brochures [29].
When using the electrical approach the parameters are not calculated based on frequency-dependent. Table 6
shows the specifications of the aluminium cables for power transmission (XLPE conductor insulation).

Cable Length Uo/U IRATED A L C R
B730 0.1 [km]

12/20
[kV]

0.695
[kA]

800
[mm2]

0.29
[mH/km]

0.45
[µF/km]

0.0367
[Ω/km]

B731 0.1 [km]
B732 0.1 [km]
B733 4.471 [km]
B734 4.312 [km]
B735 4.483 [km]
B736 4.312 [km]
B733 1MC-1NB 0.220 [km]
B735 1MB-1NA 0.226 [km]

Table 6: Cable parameters

4.2.3 VFDs

Section 3.4.2 discussed the mechanisms behind the harmonic current generation by rectifiers. The harmonic
study is focused at the supply-side of the VFD to get a realistic and accurate model. Therefore, only the
rectifier and the DC-link will be modelled. The load (motor) will be modelled as a DC-load connected to
the VFDs DC-link. Including an inverter would increase the model’s complexity as well as the number of
possible sources of error. An inverter requires a complete control and drive circuit system to assure correct
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switching operation. This approach provides advantages and focuses only on the harmonics caused by the
rectifier which has the most relevance to the analysis. Nevertheless, such a simplification of the VFDs is
fairly accurate for this project.

4.2.4 Rectifier

In PowerFactory, a 6-pulse bridge rectifier can be modelled either as a three-phase diode or a three-phase
thyristor-controlled. Based on the arguments described in Section 6.1.2 and Section 3.4.2, only diode rectifier
will be implemented.The rectifier is modelled as a load with constant active and reactive power (during
steady-state operation). The transmitted DC power is given by [30]:

PDC = UDC ∗ IDC (14)

In harmonic analysis, the rectifier is always modelled as a current source load. The fundamental AC current
is determined by the power drawn by the load connected to the rectifier’s DC-Link bus. The injected
harmonic current spectrum is defined as the theoretical current spectrum of a 6-pulse rectifier as described
in Section 3.4.2. All the VFDs are modelled as a 6-Pulse bridge rectifiers. A two-winding transformer model
with a 5 electrical degree phase-shift will be used to supply the rectifiers.

4.2.5 Electric Loads

The sinusoidal PWM modulation of the inverter, the electrical motor and its mechanical load are simplified
with the implementation of a DC-load connected to the VFD’s DC-link bus. This load is modelled as
a current source load to have a representation of the true behaviour of the electric motor. The load is
characterized by its active power and reactive power flow in steady-state simulations. The main purpose of
the load is to determine the fundamental current which regulates the amplitudes of the harmonic currents
injected by the rectifier.

4.3 Mitigation Approach

Several estimation algorithms have been developed to estimate certain parameter from a signal to enhance
the power of measurements and to get the maximum information about the system. In power systems related
issues several heuristic methods have been implemented. These methods are based on a computational pro-
cedure that determines an optimal solution by iterative trying to improve a candidate solution with regard to
a give measure of quality. Even when these methods do not guarantee a finding of globally optimal solution,
they are able to provide a solution which is satisfactory and within a reasonable time [31]. Nowadays, there
are several heuristic algorithms used to optimization of solutions, a few examples are simulated annealing
(SA), genetic algorithm (GA) and particle swarm optimization (PSO). It is not possible to unequivocally say
that anyone of them is the best due to the fact that the success depends on settings of various parameters.
A comparison have been made in [32] from these methods regarding the quality of their solutions, run-time,
and repeatability. It was concluded that PSO has the best performance when its empirical parameters are
selected suitably, SA performed the worst that could not guarantee an optimal solution within the same
iterations. GA provided similar solutions as PSO with tuning less empirical parameters. Based on the pre-
vious arguments and good results showed in [33][34], it was determined to use GA for the mitigation approach.

Genetic Algorithm (GA) was introduced as an evolutionary computing based technique inspired by Darwin’s
theory of evolution to solve a problem by imitating an evolutionary process. It is an exploratory procedure
that is often able to locate near-optimal solution to complex problems. In order to do this, it maintains a
set of trial solution and forces them to evolve toward an acceptable solution. In a more extended way, the
algorithm operates on the population of current approximations/individuals initially drawn at random, from
which improvement is seek. These individuals are encoded as strings (chromosomes) over some particular
character set, so that the chromosome values are exactly mapped into the decision variable domain. Once
the decision variable of the current population is calculated, individual performance is assessed according
objective function which characterizes the problem to be solved (basis of selection). At the reproduction
stage, a fitness value is derived from the raw individual performance measure from the objective function
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and is used for the selection process (highly fit individuals have a higher probability to go to the next stage).
Then, the selected individuals are modified using a genetic operator. After this, individuals chromosomes
are decoded, evaluated and selected according to their fitness (process continues for different generations)
[33] (Figure 9 shows the GA flowchart). The different steps of GA are summarized as follow:

• Population: the size depends only in the nature of the problem and must consider a balance be-
tween the time complexity and the search space measure (the narrower the range, the faster the GA
converges).

• Reproduction: the reproduction operator determines how the parents are chose to create the off-
spring. In this step, chromosomes are copied according to their objective function values.

• Crossover: is the main operation in GAs because it creates a group of children from the parents by
exchanging genes among them. This new offspring contain mixed genes from both parents. This allows
to provide new points for further testing and also introduces representation of new chromosomes into
the population for further evaluation (optimization process).

• Mutation: is an important step and works after the crossover operation. This process is repeated
until the preferred optimum of the objective function is reached. In this step, there is a probability
that each gene may become mutated when the genes are being copied from the parent to the offspring.

• Evaluation: the function of this step is to evaluate the fitness (cost function). In this case, the purpose
is to minimize specified harmonics, therefore, the fitness function has to be associated to THDu. In
this thesis, the 5th and 7th harmonics at the MV level are to be minimized.

Figure 9: Flow chart - Genetic Algorithm

For the analyzed industrial system, the algorithm generates a random population (harmonic currents mag-
nitudes and angles) and evaluates each randomly to generated currents and angles by allocating them into
the mitigation device (active filter). Then a harmonic load flow is computed, the result of each pair of
current and angle is stored, after that, the crossover of random row in the population is made to generate
the offspring (new pair with random current and random angle is generated). Subsequently, mutation step is
carried out, where some random current and angle from the already present currents and angles are picked
and small values are added/subtracted/averaged. After that, all pairs are evaluated and the best solutions
based on the fitness function are retained for next iteration. The fitness function in our case is used to find
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the lowest harmonic current for the harmonic order under study. These steps are run until total number of
iterations are reached (all solutions converge into one optimum solution).

The algorithm implemented in PowerFactory allowed through programming mode the selection of the desired
number for population size, number of iterations, harmonic orders to mitigate, balanced/unbalance analysis
and rated current of the mitigation device (active filter). The goal of this algorithm is to reduce the THDu%
at the MV level of the network with the calculation of currents and angles needed by the active harmonic
filter. DPL script for the GA implemented can be found in Appendix B.3.2. Simulation parameters are
shown in the following table:

Parameter Value
Population size 100
Number of iterations 5
Last harmonic order to mitigate 7th (5th & 7th)
Rated current of mitigation device 560 [A]

Table 7: GA parameters

The mitigation system implemented in the model consists of an active harmonic filter and a dedicated
transformer connected at the MV level (10 kV). The following tables provide the specifications from both
components (based on the execution plan from the industrial plant):

Parameter Value
Rated current 560 [A]
Rated voltage 690 [V]
Type 3P3W (+/- sequence harmonic compensation)

Table 8: Active Harmonic Filter parameters

Parameter Value
Rated voltage 10/0.69 [kV]
Rated power 1000 [kVA]
Short-Circuit Voltage ”Uk” 4%
Vector group Dyn5

Table 9: Dedicated Transformer parameters
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5 Mitigation Device

High levels of harmonic distortion can cause irregular operation of equipment to a shutdown of important
plant equipment. Electrical utilities have different order of harmonics, therefore, it is necessary to eliminate
those pre-specified order of harmonics. There are many solutions to mitigate harmonic distortion depending
on the type of demand. A white paper about harmonic mitigation introduces the most relevant solutions
[10]:

• AC-Line Reactors or DC-Link Chokes: they are used to plan the current peaks in a circuit and
can be used on different positions within a drive to reduce harmonics. With chokes the current flow
is expanded and the amplitude is reduced (harmonics will be reduced). This mitigation technique
can increase the life time of the drives and enables the use of cost-effective mitigation solutions at
installation level.

• Multi-Pulse Converter Systems: increasing the number of pulses of the converter system is the
most common way to reduce the current distortion. Pre-condition is a dedicated transformer directly
supplied from the MV network. This technique limits the harmonic pollution considerably (no further
mitigation is needed), besides that, this solution is the most efficient in terms of power losses.

• Passive Filters: they consist of reactors and capacitors set up in a resonant circuit configuration
which is tuned to the frequency of the harmonic order to be mitigated. They have a dual role (dimming
harmonics and improving the system power factor). It must be noted that this can lead to capacitive
work and increase the voltage during low load of the system.

• Active Filter: it is a sophisticated method which tracks the current that the load is taking from
the network and generates and inverted waveform of an undesired current component. They cover a
large extend of customer needs such as harmonics mitigation (up to the 50th harmonic), reactive power
compensation and load balancing.

• Low Harmonic Drive: due to replacement of the diode rectifier by an active IGBT converter is
possible to consume energy like a normal inverter as well as to adjust the waveform of the mains
current. As consequence, the negative effects on the mains due to harmonics can be avoided. This
type of drive is the best performing solution for harmonic mitigation meeting all applicable standards
and the easiest to implement (in new installations).

The paper [10] analyzed the described solutions based on the following criteria: (1) compactness (less space),
(2) simplicity (easy to operate and design), (3) THD (mitigation percentage), (4) efficiency (energy efficiency
level) and (5) value (in terms of costs). The rating system is based on points where each solution was awarded
one to five points for each criteria (one point ”more effort” up to five points ”less effort”). The analysis was
performed in an objective manner, therefore, due to the unique disadvantages of passive filters such as low
power factor at partial loads and risk of causing resonances within the grid, they are not included in the
comparison. Figure 10 shows the summary of ratings for all solutions.

Figure 10: Net diagram for mitigation solutions

26



The selection of harmonic mitigation solutions can be done with all or a combination of the following steps:

1. Establish priorities: objectives must be defined depending on the process requirements and installa-
tion characteristics. In this case (industry process), priority on reliability have more weight than cost
optimization. For example, in a commercial building, priority may be set on energy savings.

2. Current situation on-site: assessing the current situation focusing on different indicators such as
power factor, harmonic distortion levels, line currents and power demand. This can be done by means
power quality reports or by means of appropriate measurement devices installed at the head of the
installation and on vital feeders. In this case, a power quality monitor device is installed at one of the
five distribution buses within the installation at the MV level (bus 1M-A) and access to power quality
reports was given.

3. Efficiency and cost of different solutions: includes the comparison of the different possible solu-
tions, based on cost calculations, possible benefits and return on investment (future research path -
Section 8).

Based on rating score of mitigation solutions (Figure 10), the first two steps from the list above, and knowing
that the analyzed industrial installation is a existing one is possible to recommend a solution. The need
to look for a mitigation solution was initiated because of high harmonic distortion in the MV level (it is
expected to keep rising) and due to damage in electrical equipment (e.g. bearings of the electromotors from
cooling machines). Therefore, the priority is set to improve the reliability and availability of the industrial
plant. Regarding the current situation, harmonic distortion at the MV level was found to be the responsible
for failures in the electrical equipment within the installation. Currently, the THDu level at MV is between 5
and 7 percent, based on data obtained from power quality monitor device installed at distribution bus 1M-A.

A multi-pulse solution is not recommended due to the fact that this is an existing installation. This technique
is recommended for new installations where you can benefit from energy efficiency. The same happens with
a low harmonic drive, it is not economically viable to replace each drive within the installation added to
the fact that harmonic pollution coming from these devices is already solved with active harmonic filters
installed at the LV level. A reactor/choke technique is the most economical option and compact but it does
not mitigate THDi well. Therefore, the recommendation is to install an active harmonic filter.

5.1 Active Harmonic Filter (AHF)

The operating principles of active filters were firmly established in the 1970s. They had the attention of power
electronics engineers and researches who have had concerns about harmonic pollution in power systems [35].
Added to this, a deeper interest in these devices has been growing due to the emergence of semiconductor
switching devices (IGBTs, MOSFET, etc.) which are characterized by fast switching capability.

AHF are able to permanently monitor non-linear loads and dynamically provide precisely controlled current.
This current has the same amplitude of the harmonic current but injected with an opposite phase-shift. As
result the current supplied by the power source will remain sinusoidal. Another advantage is that AHF are
not confined only to harmonic filtering, they can also provide reactive power control for power factor cor-
rection, voltage regulation, load balancing, voltage-flicker reduction, and/or their combinations. Nowadays,
this is why AHF are competitive in cost and performance against traditional passive harmonic mitigation
devices. Harmonic filters can be classified into 2 classes based on the type of topology network of the power
systems:

• 3P3W (3Phase-3Wire): designed to cancel in 3 phases positive/negative sequence harmonics (e.g.
5th, 7th, 11th, 13th up to 50th. They do not correct the 3th and triple harmonics in the neutral. These
type is commonly installed in industrial environments with VFDs and other such applications which
have a large number of non-linear loads.

• 3P4W (3Phase-4Wire): designed to cancel in 3 phases and the neutral including 3th and triplen
harmonics (e.g. 3th, 5th, 7th, 11th, 13th up to 50th). This filter is usually used where the neutral
conductors are loaded with harmonics (e.g. hospitals, data centers, offices and commercial buildings).
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5.2 Allocation of Mitigation Device

When a harmonic mitigation device is connected to an existing installation, it is important to check if the
connection is possible or if there are conditions to consider. The allocation strategy for a mitigation device
will be developed considering a generic power system. It will be applied to the industrial system described
in Section 4.1. A hierarchical representation of a generic power system is shown in Figure 11. Level A, is
the level at which power is generated for the system at the greatest voltage. A hierarchical level can be
identified by either a power conversion module (e.g. transformer) or by a bus distributing power to loads or
buses. The purpose of this strategy will indicate the most efficient location to decrease the level of power
quality degradation system-wide.

Figure 11: Hierarchical diagram of a generic power system

To validate whether the strategy correctly identified the proper location for the mitigation device, the
following performance metrics have been proposed [36]:

• Maximum THDu among sensitive loads: extracted from active filter commissioning reports, this
metric provide an insight of the possible effectiveness of the filter placement.

• Average THDu among all power distribution buses: to determine the system-wide efficiency
of the mitigation device. This metric provides a measure of the range of effectiveness of a particular
location.

This strategy only requires the voltage signals at each bus and their hierarchical affiliations to provide an
indication. This approach is more practical and feasible for real applications because it does not require to
assess the effect of placing a mitigation device at each potential location and does not require to know the
system impedance or harmonic generation locations.

The SLD in Figure 8 will be analyzed to explore the effectiveness of the allocation strategy previously
explained. Harmonic current is injected in 5 locations (busbars 1M-A, 1M-B, 1M-C, 1N-A and 1N-B) at the
LV level (0.4 kV). The non-linear loads are modelled as sources of harmonic current which allows an injection
of any harmonic current spectrum profile. The information related to the harmonic injection parameters
are summarized in Appendix A. This approach will be successful even when considering a diverse array of
non-linear loads.

To accomplish the purpose of this strategy, the most efficient location for a mitigation device is assumed to
be at a bus. To clarify, a bus can be a single node or a set of nodes. Therefore, a bus is able to supply power
to multiple loads and to lower level buses. Following this logic, the higher the hierarchical level of the bus on
which a mitigation device is installed, the greater the number of nodes that will be affected. Nevertheless,
it is possible that the power quality improvement is not successful when placing a mitigation device on the
highest level. The higher the level, the lower the harmonic currents in impedances, which translates into
lower harmonic distortion. To achieve the best filtering results, a mitigation device should take place as close
to the source of pollution as possible. The aim of this strategy is to determine the highest level at which a
mitigation device can be installed and be effective. To implement this strategy, the top level of the hierarchy
(Level A) is the starting point. If Level A, has a higher level of distortion compare to the other levels the
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mitigation device should be placed on this level, otherwise the next level (Level B) should be considered.
Again, distortion levels are compared downstream to determined whether or not to place it at this level. If
neither of them have a higher distortion level, it is determined whether the next level (Level C) is the final
hierarchical level. This process would continue in this way until a mitigation device is allocated or the final
level of the installation is reached (Level D).

As stated before, there are several active filters installed in the LV level which according to Figure 11
is level D. The aim of the mitigation device is to decrease the THDu at the MV level, thus, Level A (HV)
and Level D (LV) are not considered while MV Levels B and C are. Nevertheless, THDu LV data is consid-
ered in order to find the bus at Level D with the greatest disturbance (sensible loads) and to compute the
THDu level at the MV distribution buses. An active filter is placed to absorb the 5th and 7th harmonics at
each bus in the system individually for a fair comparison and to calculate the performance metrics.

Figure 12: Maximum THDu% - Level D (Sensitive Loads)

Figure 13: Average THDu% - Level C (Power Distribution Buses)

According to simulation results, Level B has a THDu of 5.08% (8.30% less than Level C - 5.54%). Thus,
it is determined to go to the next level (Level C). The average THDu% from the power distribution buses
(Level C) and maximum THDu% among sensible loads (Level D) were calculated (Figure 13 and 12). The
black bar in both figures is the representative value of the metric without any filter in the system. From
Figure 13 can be concluded that the THDu on Level C at the distribution buses is very similar in each of
them (difference of 0.0038% between the lowest and highest value). This is due to the fact that the network
has a meshed topology, where the buses share an ”average” THDu level. Figure 12 and 13 show that placing
the active filter at bus 1N-B has the greatest effect on the THDu of the sensitive loads (reduction from 6.14%
to 4.2137%) but also on the average THDu of all of the buses system-wide (reduction from 5.55% to 4.10%).
Therefore, it is recommended to place the mitigation device at bus 1N-B to have the most effective and
efficient location. Nevertheless, it is recommended to analyzed the installation considering three aspects: (1)
topology where these MV distribution buses are not interconnected, (2) possible future expansion and (3)
dimensions and physical requirements in the network (future research path).
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6 Simulation Results

6.1 Mitigation

Based on the data extracted by the PQ monitor device on 1M-A (Appendix A.2), ∼60 [A] and ∼7 [A] need
to be injected at the MV Level to compensate the 5th and 7th harmonic orders, respectively. Similar results
were calculated with the simulation model, where harmonic currents of the 5th and 7th orders are around
∼66 [A] and ∼10 [A], respectively. It is important to stated that for the simulation a high harmonic voltage
background was used (∼4%) to obtain a similar voltage distortion spectrum from the PQ monitor device
(Appendix A.2) at the MV Level. Considering the specifications of the active harmonic filter (Table 8), how
much current does the AHF need to inject to mitigate 5th and 7th harmonic orders generated within the
industrial plant? Will be the AHF able to cope with the necessary harmonic injection? To calculate this,
the GA was implemented where the harmonic current percentages per order were calculated (Table 10).

Current Source VFD
Harmonic Order [%] [A] [%] [A]
5th 166 929 189 1058
7th 53 296 57 319
Fund. Current 560 [A]
THC 975 [A] 1105 [A]

Table 10: Harmonic current calculation per approach

Based on the results from Table 10, it can be concluded that the compensation current capacity of the AHF
needs to be increased to be suitable for the application requirements. Taking into account the current source
approach, in order to mitigate the targeted orders the active filter needs to compensate 975 [A] (74% more
than its rated current). In simulations there are not restrictions regarding the harmonic current injection of
a filter (modeled as AC current source), but in real practice an AHF is limited by its compensation current
capacity. Also, it is important to re-calculated the harmonic content of the electrical installation, once the
PQ monitor devices at the MV level are installed at the suggested points established in Section 7. This
would provide a better insight of the harmonic generation within the industrial plan as well as the harmonic
background coming from the grid.

The large amount of harmonic current that the AHF needs to inject is due to the fact that the dedicated
transformer is ”step down” (10/0.69 kV), as consequence the mitigation device requires more harmonic cur-
rent injection at the secondary side to achieve effective harmonic reduction at the primary side (MV level).
Often the connection type of transformers is not a relevant issue for harmonic distortion. According to
[37], several standard and non-standard connections were analyzed and discussed their impact on harmonic
mitigation. It was shown that the connection type of a transformer does not improved the harmonic miti-
gation. In power transformers, the main consequence of harmonic currents is an increase in losses (mainly
in windings). Higher losses are equal to more heat generation in the transformer (operating temperature
increases). This will lead to deterioration of the insulation and a potential reduction of its lifespan. To avoid
this problems, it is necessary to reduce the maximum power load on the transformer (de-rating). To esti-
mate the de-rating, the load’s ”K” factor may be used. This factor is calculated according to the harmonic
spectrum of the load current and is an addition of the additional eddy current load losses. In Europe, to
estimate how much a standard transformer should be de-rated the following formula can be used [38]:

K = [1 + (
e

1 + e
)(
I1
I

)2
hmax∑
h=2

(hq(
Ih
I1

)2)]0.5 (15)
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e = ratio of fundamental frequency eddy current loss to ohmic loss, both at reference temperature
h = harmonic order
I = rms of the sinusoidal current including all harmonics
Ih = magnitude of the hth harmonic
I1 = magnitude of the fundamental current
q = a constant parameter, depending on type and construction of the windings

To calculate ”K”, it is necessary to establish the value of ”e” (value is likely to lie in the range of 0.05 to
0.1). The exponent ”q” depends critically on the construction of the transformer (value is likely to lie in the
range 1.5 to 1.7). In principle the process calculation is as follows:

• Determine all the components of additional losses due to the presence of harmonics.

• Determine the harmonic spectrum (by measurement or estimation), considering all harmonic generating
sources (e.g. power electronics).

• Calculate the contribution of each harmonic and determine the total additional loss.

The rated power and voltage of the dedicated transformer are 1000 [kVA] and 10/0.69 [kV], respectively.
As result of the harmonic injection current coming from the AHF the transformer could be overloaded. If
that is the case, the transformer cannot be used to its nominal power and should be de-rated. Based on the
harmonic injection current and compensation current capacity of the AHF (Table 10), a rms value of total
current can be calculated, after which the squares of the proportionate values of each harmonic current can
be calculated as well, leading to the value of K. When e= 0.1 and q= 1.7, the transformer should be de-rated
with a ”K” factor of 1.3, which implies that the transformer could be used for only (or even less than) 80%
of its nominal power (∼78% [1/1.3]). Therefore, the transformer size should be at least above 1300 [kVA] to
have a loading of ∼50% (without de-rating ∼66%). Loading percentage in power transformers also affects
their lifespan, the higher the load the shorter the lifespan. Nevertheless, this is a distribution transformer
which is designed for maximum efficiency at 60% to 70% load as normally does not operate at full load all
the time. Thus, a de-rating for the dedicated transformer is not needed.

6.1.1 Ideal current source

This approach provides a constant current irrespective of the system impedance seen by the source with or
without including phase angle information. In most industrial application studies, non-linear loads (harmonic
source) are considered an ideal current source. This approximation is most of the times reasonable and
yields satisfactory results. The current harmonics injected into the distribution buses (1M and 1N) at the
LV side, have a magnitude determined from a spectrum and fundamental current obtained from active filter
commissioning reports. This method can be applied to balanced and unbalanced systems. In harmonic
analysis, different types of harmonic sources determined whether or not the use of angle information is
necessary. When only one type of harmonic source is involved, the phase angles can be ignored and only the
magnitudes are used in the harmonic simulation. But when there are multiple types of harmonic sources
within the installation, harmonic phase angles are needed to consider harmonic cancellation effect [39].
Figure 14 shows the harmonic simulation results based on this approach per harmonic order before and after
the mitigation as well as a comparison against the individual limits proposed by the EN 50160 (planning
levels). Figure 15 displays the THD at each MV distribution bus before and after the mitigation, and also the
THD limit proposed by the EN 50160. Mitigation with an active harmonic filter and a dedicated transformer
effectively canceled the targeted orders (5th and 7th). There was a reduction of THDu of 1.44% (system-
wide) as well as 1.35% and 0.94% reduction on the harmonic orders 5th and 7th, respectively. THD and all
harmonic voltages are below the limits, only the 5th is close to matching or exceeding its individual limit.
A possible future expansion could potentially lead to surpass both the THD (system-wide) and individual
limits (unacceptable harmonic distortion).
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Figure 14: Harmonic voltage spectrum at bus 1M-A
(MV Level) Figure 15: THDu% at each distribution bus

(MV Level)

6.1.2 VFDs

As stated by DIgSILENT [30], the theoretical spectrum of rectifier is highly probable to result in higher
harmonics than what would happen on real situations at any power system. Nevertheless, the theoretical
spectra of the rectifier should provide a good basis for harmonic studies. This could explain why even
when the spectra of both approaches are ”almost” the same, the VFD approach resulted in higher harmonic
compensation by the mitigation device (Table 10). In this second approach, Figure 16 and 17, show the
same parameters as in the previous results. The active harmonic filter and a dedicated transformer effectively
canceled the targeted orders (5th and 7th). There was a reduction of THDu of 1.6% (system-wide) as well
as 1.53% and 0.92% reduction on the harmonic orders 5th and 7th, respectively. As expected, THD and all
harmonic voltages are below the limits, only the 5th is close to matching or exceeding its individual limit.

Figure 16: Harmonic voltage spectrum at bus 1M-A
(MV Level) Figure 17: THDu% at each distribution bus

(MV Level)
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7 Benefits of Harmonic Management

Analysing both voltage and current in any installation will provide a good indication about possible overload-
ing of components, unnecessary losses, energy used, reserve capacity, and many more important indicators.
In this context, harmonics are often discussed where significant savings can be achieved along with the im-
provement of both power quality and electrical installation with the application of a harmonic mitigation
technique. For this, it is important to understand the harmonics related losses. In any electrical network
that contains no harmonic loads, the RMS current is equal to the fundamental current. But in a harmonics
polluted network, the RMS current can be calculated with the following equation:

IRMS =

√√√√(I1)2 + (

n∑
h=2

I1)2 (16)

From the equation above, it can be concluded that the RMS current in a harmonic polluted installation is
higher than its value in a pure sinusoidal electrical network. This can lead to increased heat dissipation and
deterioration of electrical equipment which may cause premature equipment failures and outages. The heat
dissipation losses in electrical networks are calculated as the product of the square of the current by the
system impedance. When the system has the presence of harmonic distortion, the total system losses are
calculated by the summation of the individual losses at every harmonic frequency Equation 17 [40].

I2 ∗ Z = I21 ∗ Z1 + I22 ∗ Z2 + I23 ∗ Z3...+ I2n ∗ Zn (17)

Another problem that comes with harmonic losses is the additional temperature rise in the equipment which
translates into a de-rate or limitation of an electrical equipment to work at the rated conditions for its
specified lifetime. The effects of harmonics on electrical equipment cover a wide range of equipment such as
generators, transformers, motors, capacitor banks, switch-gears, power cables, transmission lines, telecom-
munication systems and sensitive electronic devices [40][41].

To avoid the harmful effects of harmonic, managing harmonic content is vital to improve the energy ef-
ficiency in a new or existing installation. Improving this can lead to reduce energy consumption and energy
cost paid to the utility operator, minimize the risk of outage and also sustain an efficient equipment operation
(electronic waste reduction) (Table 11).

Aspects Impacts
Energy savings Reduction of power losses in transformers, cables,

switch-gear and motors
Energy cost optimization Reduction on the demand power (MVA) (lower tariffs)
Availability & Reliability Access to the total system capacity, without risk of

overload or premature ageing of electrical equipment

Table 11: Benefits of harmonic management

To define if harmonic management is required (PQ current status), it is needed to install devices that will
measure the required parameters (e.g. quality monitor, voltage recorder, harmonic analyzer, portable quality
analyzer, remote analyzer, etc.). Therefore, it is important to decide the installation site of such device, as
it is not economically justified to cover the entire network with power quality monitors. The following flow
chart simplified the justification of a power quality device installation in any electrical network [42].

33



Figure 18: Flow chart - Decision making for PQ monitor installation

Based on the flow chart above, it is recommended to place a power quality monitor device at the distribution
buses 1M-B, 1M-C, 1N-A and 1N-B (1M-A already has a PQ monitor device installed). This is based on
the fact that the LV levels at these buses have a considerable amount of non-linear loads and active filters
installed (power quality problems), but also due to the situation that the THDu levels at the MV level are
increasing.

In Section 2, PQ standards were discussed. It is important to note that these only indicate emission limits
and sometimes violating these does not lead to any penalties (e.g. economic fines). However, there is not yet
a standard which establishes PQ limits and responsibilities at the customer’s connection point. Nowadays, it
is understandable that different customers demand different levels of power quality according to their needs.
Therefore, network operators should be able to guarantee individual customer’s needs. A solution for this
could be power quality incentive schemes. Figure 19 shows the directions towards PQ regulations [43].

Figure 19: Towards PQ regulation

The first step is an indirect method where PQ monitor devices are continuously measuring the PQ aspects
in the network. This will provide a comparison point to limit of the applicable PQ standards. Customer
can be informed about the performance and power quality that they are getting from the network operator.
The second step involves the developing of minimum standards for the networks power supply. This can be
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done by comparing several national and international standards to define the limiting values for each PQ
parameter. Finally, the last step is used to introduce incentive schemes (penalty or reward) for the customers
and network operators. This step is the most effective but also the most complicated one because it requires
a customer which is educated more about the efficient usage of electricity and also because it requires a large
number of PQ monitor devices within the network.

As already recommended in this section, PQ monitor devices should be installed within the network (impor-
tant aspect for the third step towards PQ regulation). Incentive schemes have serious practical limitations
[44]: (1) difficult to measure customer costs due to lack of quality and (2) collection of adequate and high-
quality data. The first limitation involves a extensive research where these costs may differ from customer
to customer. The second limitation is more serious as incentive schemes are based on the idea that the
regulator has ”good” information about the actual levels of power quality (input factor). This factor, de-
termines the financial incentive based on the difference between the actual and the targeted performance.
Therefore, without PQ monitor devices within the analyzed installation, the actual performance of the plant
will not be known to a high degree of accuracy. As consequence, an incentive scheme may not be effective as
the resulting financial incentive will be inaccurate. For this reason, good and reliable data is an important
pre-condition for implementing an effective/accurate incentive scheme.
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8 Conclusions and Future research

8.1 Conclusions from simulation results

Simulation software
DIgSILENT PowerFactory 2020 was used to construct a SLD interface, where all components and parame-
ters could be accessed and specified. By means of DPL, results were defined and extracted with the use of
coded scripts made for a specific simulation setup. Nevertheless, there are a few disadvantages when using
this software due to its complexity. The user/designer must have experienced to get the true potential of the
software. This based on the fact that PowerFactory has a wide-variety of tools as well as a very large number
of parameters that can be included in a model. Depending on the application and type of model, it is vital
to know what parameters are important for the simulation analysis. Also, there are several methods which
might confused the user/designer. This potentially could lead to more difficult identification of possible
sources of errors (extensive time-consuming debugging).

Harmonic content methods
The ideal current source method has several advantages. The harmonic content can be obtained directly
(non-iterative), therefore, computationally efficient. In an ideal case, this method is able to handle several
types of harmonic sources simultaneously. Nevertheless, one drawback is that typical harmonic spectra are
often used to simulate the harmonic currents generated by power electronics by ignoring the interaction
between the installation characteristics (network impedance) and the device. This could affect the assess-
ment of cases which involve operating modes (e.g. partial load), excessive harmonic voltage distortion and
unbalanced conditions. When the THDu of the harmonic source is equal or greater than 10%, the IEEE
recommends to carefully apply this current injection method [25].

In the VFDs method, the DC loads were modeled as current source to obtain the real component behaviour
of a motor. However, these loads could be modeled using an impedance model. The purpose of modeling
these loads as harmonic current sources was to determine the correct current spectra. Their task was to
guarantee a correct fundamental load current. The harmonic current spectra of this approach should be kept
in mind when analyzing and discussing the results as is highly probable that on real situation harmonics are
lower.

Allocation of harmonic mitigation device
The strategy can be done independently of the knowledge of the network impedance. Under the harmonic
injection scenario in the analyzed network, a single bus was identified by the strategy as the most effective
and efficient placement for an active harmonic filter. The location will protect sensitive loads and it will
improve the quality of power at the MV distribution buses (system-wide). To verify its effectiveness, it could
be analyzed implementing other mitigation techniques and different topologies.

Mitigation approach - Genetic Algorithm
To mitigate harmonics in the analyzed network, a method based on GA was applied to eliminate selected
order of harmonics and to reduce the THD at the MV level. For this, the current and angles at the grid were
considered as the basis for the mitigation. The GA was able to calculate the harmonics at the grid on each
iteration and try to reduce them. Harmonic background could not be mitigated because it is at the other
side of the grid, the code only worked for the mitigation within the industrial network. The results show
that the method effectively minimized specific harmonics and reduced the harmonic distortion at the MV
level. It is important to mention that such a reduction is possible in simulations but in real practice the AHF
would not be able to mitigate the 5th and 7th according to the power system model, unless compensation
capacity is increased or another solution such as possible parallel operation of active harmonic filters (search
of available AHF in the market) is implemented.

PQ monitoring
Poor levels of power quality causes ”techno-economic” problems to transmission and distribution operators
as well as end-users. Specially, harmonics can have a significant impact to end-users. The impacts go from
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extra losses to efficiency/lifespan reduction. Depending of the situation, finding an optimal solution and
defining PQ related responsibilities of the parties involved in the network is not an easy task. To solve
this, power quality contracts (incentive schemes) can be implemented. Nevertheless, these suffer from the
problem that measurement data is difficult to obtain and not always reliable. Therefore, to collect adequate
and high quality data, it is advised to installed PQ monitor devices at representative locations within the
network. This data also will allow to build a more accurate model of the installation, which can lead to a
better design and specification of a mitigation technique.

Real situation vs Simulation
It is important to mentioned that there is a noticeable difference between the simulations and the PQ mon-
itor device data. According to the simulations the harmonic spectrum is similar in both electric wiring (LV
and MV), in other words, harmonic orders at secondary side of the transformers are getting reflected at the
primary side. While in the data extracted from the PQ monitor device at bus 1M-A, harmonic orders 11th

and 13th at the secondary side of the transformers are not getting reflected at the primary side. Simulations
do not consider a harmonic cancellation effect, which could led to a harmonic reduction of those orders.
There is not cancellation effect in the simulations due to the fact that only one type of harmonic source is
considered. However when it would be considered different types of harmonic sources the THDi could be
reduced since it would allow greater interaction of the different harmonics arriving at the MV level side of
the installation (cancellation effect among themselves). This may lead to the same data extracted from the
PQ meter installed on site.

8.2 Future research

Even when a method for conducting a harmonic analysis study in an industrial power system has been
summarised and analyzed, future directions to improve and develop further this method can be identified:

• Efficiency and cost of different harmonic mitigation techniques: carry out an extensive eco-
nomic/benefit analysis for suitable harmonic mitigation techniques to provide engineers, consultants
and plant owners a tool to select the optimum economic mitigation technique. This must consider
the complexity of the installation, maintenance and troubleshooting, mitigation device dimensions and
physical space requirements, and market availability.

• Mitigation device placement depending on the topology of the network: investigate further
the harmonic content of the installation depending on the type of topology. The topology has an
influence on the resulting harmonic distortion as well as in the optimal location of the mitigation
device. Currently, the analyzed industrial power system has a meshed topology which does not affect
severely the best suitable location to improve the power quality system-wide. It is interesting to search
the impact of the location of the mitigation device when the distribution buses are not interconnected.

• Impact of possible future expansion: to asses the impact of the meshed network topology, various
loops should be added to the existing network. An expansion could increase or decrease the harmonic
absorption capacity in the system as it might affect the average THDu in the entire installation.

• Harmonic cancellation analysis: to assess the cancellation effect that occurs due to phase angle
dispersion between the same harmonic orders produced by different types of non-linear loads. This
analysis is a complex problem, which is highly influenced by the composition of the aggregate loads
and the network conditions/specifications (system impedance and voltage distortion).

• Improvement of the simulation model: based on data extraction from the new PQ monitor devices
at the points of interest (MV level) suggested.

37



References

[1] IEEE Industry Applications Society. Power Systems Engineering Committee. and Institute of Elec-
trical and Electronics Engineers. IEEE recommended practice for powering and grounding electronic
equipment. Institute of Electrical and Electronics Engineers, 1999, p. 414. isbn: 0738116602.

[2] Wei Hu, Yu Shen, Fan Yang, Yang Lei, and Min Zhang. “Power Quality Improvement Device for
Medium-Voltage Distribution Network”. In: 2019 IEEE Innovative Smart Grid Technologies - Asia
(ISGT Asia). IEEE, May 2019. isbn: 978-1-7281-3520-5. doi: 10.1109/ISGT-Asia.2019.8881556.

[3] Chang-Song Li, Zhi-Xuan Bai, Xian-Yong Xiao, Ya-Mei Liu, and Yi Zhang. “Research of harmonic
distortion power for harmonic source detection”. In: 2016 17th International Conference on Harmonics
and Quality of Power (ICHQP). IEEE, Oct. 2016. isbn: 978-1-5090-3792-6. doi: 10.1109/ICHQP.2016.
7783437.

[4] Michael Schael, Constantinos Sourkounis, Axel Rogat, and Christoph Neumann. “Industrial electric
grid evaluation regarding harmonics based on measurement data”. In: 2016 International Symposium
on Power Electronics, Electrical Drives, Automation and Motion (SPEEDAM). IEEE, June 2016. isbn:
978-1-5090-2067-6. doi: 10.1109/SPEEDAM.2016.7525902.

[5] M. Schael and C. Sourkounis. “Influences of power supply quality on electric equipment in production
processes”. In: IECON 2013 - 39th Annual Conference of the IEEE Industrial Electronics Society.
IEEE, Nov. 2013. isbn: 978-1-4799-0224-8. doi: 10.1109/IECON.2013.6699452.

[6] V. Suresh Kumar, P.S. Kannan, and V. Saravanan. “Harmonic distortion in a modern cement industry-
a case study”. In: 2006 IEEE Power India Conference. IEEE, 2006. isbn: 0-7803-9525-5. doi: 10.1109/
POWERI.2006.1632630.

[7] A. Moreno-Munoz, J.M. Flores-Arias, V. Pallares, and J. J. G. de la Rosa. “Power quality immunity
in factory automation”. In: 2009 Compatability and Power Electronics. IEEE, May 2009. isbn: 978-1-
4244-2855-7. doi: 10.1109/CPE.2009.5156006.

[8] A. Felce, G. Matas, and Y. Da Silva. “Voltage sag analysis and solution for an industrial plant with em-
bedded induction motors”. In: Conference Record of the 2004 IEEE Industry Applications Conference,
2004. 39th IAS Annual Meeting. IEEE. isbn: 0-7803-8486-5. doi: 10.1109/IAS.2004.1348838.

[9] Toomas Vinnal, Lauri Kutt, and Marek Jarkovoi. “harmonic Currents and Voltages in Industrial LV
Networks - Case Studies”. In: 2018 International Symposium on Power Electronics, Electrical Drives,
Automation and Motion (SPEEDAM). IEEE, June 2018. isbn: 978-1-5386-4941-1. doi: 10 . 1109 /
SPEEDAM.2018.8445234.

[10] Schneider Electric. Comparison of harmonic mitigation solutions. Tech. rep. 2012.

[11] S. F. Mekhamer, A. Y. Abdelaziz, and S. M. Ismael. “Design Practices in Harmonic Analysis Stud-
ies Applied to Industrial Electrical Power Systems”. In: Engineering, Technology & Applied Science
Research 3.4 (2013). issn: 2241-4487. doi: 10.48084/etasr.309.

[12] Muhyaddin J. H. Rawa, David W. P. Thomas, and Mark Sumner. “Background voltage distortion and
percentage of nonlinear load impacts on the harmonics produced by a group of Personal Computers”.
In: 2014 International Symposium on Electromagnetic Compatibility. IEEE, Sept. 2014. isbn: 978-1-
4799-3226-9. doi: 10.1109/EMCEurope.2014.6930981.

[13] Eric Clinton Asiedu. Causes, Effects and Mitigation of harmonics on Distribution Transformers. Tech.
rep. 2020. url: https://www.researchgate.net/publication/343135375.

[14] M M Battery and J J Dai. Industrial and commercial power system harmonic studies. Tech. rep. 2019.

[15] A. Eigeles Emanuel. “Harmonics in the early years of electrical engineering: a brief review of events,
people and documents”. In: Ninth International Conference on Harmonics and Quality of Power.
Proceedings (Cat. No.00EX441). Vol. 1. IEEE, pp. 1–7. isbn: 0-7803-6499-6. doi: 10.1109/ICHQP.
2000.896990. url: http://ieeexplore.ieee.org/document/896990/.

[16] E.L. Owen. “A history of harmonics in power systems”. In: IEEE Industry Applications Magazine 4.1
(Jan. 1998). issn: 1077-2618. doi: 10.1109/2943.644881.

38

https://doi.org/10.1109/ISGT-Asia.2019.8881556
https://doi.org/10.1109/ICHQP.2016.7783437
https://doi.org/10.1109/ICHQP.2016.7783437
https://doi.org/10.1109/SPEEDAM.2016.7525902
https://doi.org/10.1109/IECON.2013.6699452
https://doi.org/10.1109/POWERI.2006.1632630
https://doi.org/10.1109/POWERI.2006.1632630
https://doi.org/10.1109/CPE.2009.5156006
https://doi.org/10.1109/IAS.2004.1348838
https://doi.org/10.1109/SPEEDAM.2018.8445234
https://doi.org/10.1109/SPEEDAM.2018.8445234
https://doi.org/10.48084/etasr.309
https://doi.org/10.1109/EMCEurope.2014.6930981
https://www.researchgate.net/publication/343135375
https://doi.org/10.1109/ICHQP.2000.896990
https://doi.org/10.1109/ICHQP.2000.896990
http://ieeexplore.ieee.org/document/896990/
https://doi.org/10.1109/2943.644881


[17] Peter E. Sutherland and Barry Brusso. History of harmonics [History]. May 2015. doi: 10.1109/MIAS.
2015.2397350.

[18] D.B. Vannoy, M.F. McGranaghan, S.M. Halpin, W.A. Moncrief, and D.D. Sabin. “Roadmap for
Power Quality Standards Development”. In: Record of Conference Papers Industry Applications So-
ciety 52nd Annual Petroleum and Chemical Industry Conference. IEEE. isbn: 0-7803-9272-8. doi:
10.1109/PCICON.2005.1524563.

[19] S.M. Halpin. “Comparison of IEEE and IEC Harmonic Standards”. In: IEEE Power Engineering
Society General Meeting, 2005. IEEE, 2005. isbn: 0-7803-9157-8. doi: 10.1109/PES.2005.1489688.

[20] J.F.G. Cobben, D.A.M. Geldtmeijer, A.F.J Almering, and J.B.M. van Waes. “Evaluation and updating
of harmonic voltage limits”. In: 2015 IEEE Eindhoven PowerTech. IEEE, June 2015. isbn: 978-1-4799-
7693-5. doi: 10.1109/PTC.2015.7232822.

[21] Wilsun Xu. “Comparisons and comments on harmonic standards IEC 1000-3-6 and IEEE Std. 519”. In:
Ninth International Conference on Harmonics and Quality of Power. Proceedings (Cat. No.00EX441).
IEEE, 2002. isbn: 0-7803-6499-6. doi: 10.1109/ICHQP.2000.897036.

[22] M. McGranaghan and G. Beaulieu. “Update on IEC 61000-3-6: Harmonic Emission Limits for Cus-
tomers Connected to MV, HV, and EHV”. In: 2005/2006 PES TD. IEEE, 2006. isbn: 0-7803-9194-2.
doi: 10.1109/TDC.2006.1668668.

[23] J.P. Nelson. “A Better Understanding of Harmonic Distortion in the Petrochemical Industry”. In:
IEEE Transactions on Industry Applications 40.1 (Jan. 2004). issn: 0093-9994. doi: 10.1109/TIA.
2003.821802.

[24] Agus Purwadi, Nana Heryana, Dadan Nurafiat, Anang Mawardi, and Muhammad Firmansyah Prany-
oto. “A study of harmonic impacts on high voltage, medium voltage and low voltage networks in
PT. PLN distribution system”. In: 11th International Conference on Electrical Power Quality and
Utilisation. IEEE, Oct. 2011. isbn: 978-1-4673-0378-1. doi: 10.1109/EPQU.2011.6128938.

[25] IEEE. IEEE Recommended Practice and Requirements for Harmonic Control in Electric Power Sys-
tems. Tech. rep. 2013. url: http://standards.ieee.org.

[26] Alan R Wood, Neville Watson, Lance P Frater, and Neville R Watson. Linearisation of non-linear
loads by phase dependent frequency coupling admittance matrices. Tech. rep. 2008. url: https://www.
researchgate.net/publication/242569469.

[27] DIgSILENT. PowerFactory 2020 User Manual. Tech. rep. url: https://www.digsilent.de.

[28] DIgSILENT GmbH. PowerFactory 2020 Technical Reference Cable System ElmCabsys, TypCabsys.
Tech. rep. 2020. url: https://www.digsilent.de.

[29] Prysmian Group - Draka. Product Catalogue Power cables. Tech. rep. 2017.

[30] DIgSILENT GmbH. Rectifier / Inverter. Tech. rep. 2020. url: https://www.digsilent.de.

[31] Petr Stanicek and Radim Farana. “Chosen optimization methods for search data”. In: 2011 12th
International Carpathian Control Conference (ICCC). IEEE, May 2011. isbn: 978-1-61284-360-5. doi:
10.1109/CarpathianCC.2011.5945882.

[32] F. Jia and D. Lichti. “A COMPARISON of SIMULATED ANNEALING, GENETIC ALGORITHM
and PARTICLE SWARM OPTIMIZATION in OPTIMAL FIRST-ORDER DESIGN of INDOOR TLS
NETWORKS”. In: ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information
Sciences. Vol. 4. 2W4. Copernicus GmbH, Sept. 2017, pp. 75–82. doi: 10.5194/isprs-annals-IV-2-W4-
75-2017.

[33] M. Bettayeb and U. Qidwai. “A hybrid least squares-GA-based algorithm for harmonic estimation”.
In: IEEE Transactions on Power Delivery 18.2 (Apr. 2003). issn: 0885-8977. doi: 10.1109/TPWRD.
2002.807458.

[34] Sakshi Mishra, Subhojit Ghosh, and Arup Goswami. “A genetic algorithm tuned Kalman filter for
estimating harmonic and inter-harmonic attributes”. In: 2017 4th International Conference on Power,
Control & Embedded Systems (ICPCES). IEEE, Mar. 2017. isbn: 978-1-5090-4426-9. doi: 10.1109/
ICPCES.2017.8117652.

39

https://doi.org/10.1109/MIAS.2015.2397350
https://doi.org/10.1109/MIAS.2015.2397350
https://doi.org/10.1109/PCICON.2005.1524563
https://doi.org/10.1109/PES.2005.1489688
https://doi.org/10.1109/PTC.2015.7232822
https://doi.org/10.1109/ICHQP.2000.897036
https://doi.org/10.1109/TDC.2006.1668668
https://doi.org/10.1109/TIA.2003.821802
https://doi.org/10.1109/TIA.2003.821802
https://doi.org/10.1109/EPQU.2011.6128938
http://standards.ieee.org
https://www.researchgate.net/publication/242569469
https://www.researchgate.net/publication/242569469
https://www.digsilent.de
https://www.digsilent.de
https://www.digsilent.de
https://doi.org/10.1109/CarpathianCC.2011.5945882
https://doi.org/10.5194/isprs-annals-IV-2-W4-75-2017
https://doi.org/10.5194/isprs-annals-IV-2-W4-75-2017
https://doi.org/10.1109/TPWRD.2002.807458
https://doi.org/10.1109/TPWRD.2002.807458
https://doi.org/10.1109/ICPCES.2017.8117652
https://doi.org/10.1109/ICPCES.2017.8117652


[35] Lukas Motta and Nicolas Faundes. “Active / passive harmonic filters: Applications, challenges &amp;
trends”. In: 2016 17th International Conference on Harmonics and Quality of Power (ICHQP). IEEE,
Oct. 2016. isbn: 978-1-5090-3792-6. doi: 10.1109/ICHQP.2016.7783319.

[36] Philip E. C. Stone, Jingjiang Wang, Yong-June Shin, and Roger A. Dougal. “Efficient Harmonic Filter
Allocation in an Industrial Distribution System”. In: IEEE Transactions on Industrial Electronics 59.2
(Feb. 2012). issn: 0278-0046. doi: 10.1109/TIE.2011.2157279.
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A Data

A.1 Electrical variables

Data regarding the industrial loads was obtained from measurement and commissioning reports. These were
carry out at each distribution board in which there is an active filter installed. This provided an insight into
the power quality improvements by harmonic filters at LV levels. The summary of the commissioning results
are displayed in Table 12, 13, 14, 15 and 16.

Distribution Board Transformer P [kW] Q [kVAR] PF
4-3-PZT01 01 24 3 0.95
4-3-PZT02 02 24 3 0.96
4-3-PZT03 03 24 3 0.96
4-3-PZT04 04 300 15 0.99
4-3-PZT05 05 444 27 0.99
4-3-PZT06 06 483 35.4 0.99

Table 12: PQ Measurement at Busbar 1M-A (LV side)

Distribution Board Transformer P [kW] Q [kVAR] PF
4-3-PZT07 07 124 -3 0.99
4-3-PZT08 08 773 38.4 0.99
4-3-PZT09 09 848 40.4 1.0
4-3-PZT10 10 33.20 0 0.97

Table 13: PQ Measurement at Busbar 1M-B (LV side)

Distribution Board Transformer P [kW] Q [kVAR] PF
4-3-PZT11 11 29.1 -2.6 0.98
4-3-PZT12 12 433 38.9 0.99
4-3-PZT13 13 368 49.87 0.99
4-3-PZT14 14 420 32.1 0.99
4-3-PZT15 15 845.6 46.9 0.99

Table 14: PQ Measurement at Busbar 1M-C (LV side)

Distribution Board Transformer P [kW] Q [kVAR] PF
BTN-05I-211-HV-06 06 39 40 0.98
BTN-05I-211-HV-07 07 28.80 -0.3 0.99
BTN-05I-211-HV-08 08 426.30 54 0.99
BTN-05I-211-HV-09 09 36 4 0.97
BTN-05I-211-HV-10 10 39 3 0.98
BTN-05I-211-HV-22 22 360.80 29.80 0.99
BTN-05I-211-HV-23 23 849 227.6 0.96

Table 15: PQ Measurement at Busbar 1N-A (LV side)

Distribution Board Transformer P [kW] Q [kVAR] PF
BTN-05I-211-HV-01 01 136 -9.0 0.99
BTN-05I-211-HV-02 02 854.70 51.30 0.99
BTN-05I-211-HV-03 03 28.80 0 0.94
BTN-05I-211-HV-04 04 28.80 32 0.99
BTN-05I-211-HV-05 05 28.80 3 0.95

Table 16: PQ Measurement at Busbar 1N-B (LV side)
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A.2 Harmonic Spectrum’s

Figure 20: Harmonic current spectrum at LV side of a MV/LV transformer from distribution buses 1M-A,
1M-B and 1M-C

Figure 21: Harmonic current spectrum at LV side of a MV/LV transformer from distribution buses 1N-A
and 1N-B
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Figure 22: THDu% spectrum extracted from PQ monitor device at distribution bus 1M-A [MV]

Figure 23: THDi% spectrum extracted from PQ monitor device at distribution bus 1M-A [MV]
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B PowerFactory

B.1 Calculation tools

Load Flow
The ”Load Flow” calculation tool is used in the designing process of the network. This allows to prevent
overloading of cables and transformers, and to guarantee acceptable busbar voltages. For AC Load Flow
calculations, PowerFactory uses the Newton-Raphson method to solve non-linear equations. As designer,
two formulations choices were given: (1) current or (2) power equations. The selection of the method should
be based on the type of network to be calculated. According to the topology, size and load classification of
the system to be analyzed, the power equations are used which usually converge the best.

Harmonic Load Flow
The ”Harmonic Load Flow” tool is used to calculate harmonic voltages and currents. To use this tool, the
designer has to defined in advance the harmonic sources within the system. Then based on these, Power-
Factory is able to identify all harmonic orders present. On each harmonic order, a load flow calculation and
impedance matrix is calculated due to the network impedance change. These calculations generated har-
monic current and voltages spectra as well as THDu and THDi. This provides an overview of the harmonic
conditions in the network.

Frequency Sweep
With the previous tools (harmonic and load flow), PowerFactory only calculates the impedances for the
relevant frequencies. To understand the network impedances of the whole system, a ”Frequency Sweep” tool
must be used. The designer defines the upper and lower limits (frequency) and the incremental step size for
the calculation.

DIgSILENT Programming Language (DPL)
DPL is an internal programming language that offers an interface for automating tasks in PowerFactory.
The script language uses a syntax similar to the C++ programming language allowing designers to create
tailored simulation tools. The project uses DPL to construct a simulations setup, for the harmonic and
resonance analysis, which can be simulated through several network variations.

B.2 Industrial Power System

Figure 24: Industrial Power System - PowerFactory
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B.3 DIgSILENT Programming Language (DPL) - Scripts

Pseudo-codes (not suitable for compilation or execution) of the DPL scripts are presented as follow:

B.3.1 Harmonic Load Flow and Frequency Sweep

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
! Harmonic Load Flow/Frequency Sweep − DPL Simualt ion s c r i p t

! J . L . Are l lano Camacho
! Master th e s i s , Sus ta inab l e Energy Technology (SET)
! Research group : E l e c t r i c a l Energy System (EES)
! July , 2021
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!

sRec = Al lRe levant ( ’ ∗ . ElmRecmono ’ , 0 ) ; ! Load a l l R e c r i f i e r s
nRec=sRec . Count ( ) ; ! Count number o f r e c t i f i e r s
sACC = Al lRe levant ( ’ ∗ . ElmIac ’ , 0 ) ; ! Load a l l Current Sources
nACC=sACC. Count ( ) ; ! Count number o f cur r ent sour c e s
sGrid = Al lRe levant ( ’ ∗ . ElmXnet ’ ) ; ! Load ex t e rna l g r id in s e t sGrid
oGrid = sGrid . F i r s t ( ) ; ! Load ob j e c t with ex t e rna l g r id
Ldf=GetCaseObject ( ’ComLdf ’ ) ; ! Access load f low ob j e c t
SumGrid = SummaryGrid ( ) ; ! Load summary o f g r id !
sBus = Al lRe levant ( ’ ∗ . ElmTerm ’ , 0 ) ; ! Store a l l buses
sBus . SortToName ( 0 ) ; ! Sort ob j e c t s
sLine = Al lRe levant ( ’ ∗ . ElmLne ’ ) ; ! S to r e s a l l l i n e s
sLine . SortToName ( 1 ) ; ! Sort ob j e c t s

!−−−−−−−−−−−−−−−−−−−− Harmonic Ana lys i s ( R e c t i f i e r s ) −−−−−−−−−−−−−−−−−−−−!

i f ( nRec<>0) { ! I f r e c t i f i e r s are pre sent
Rese tCa l cu la t i on ( ) ;
ClearOutput ( ) ;
Lib = GetGlobalLib ( ’TypHmccur ’ ) ; ! S to r e s harmonic types
S = Lib . GetContents ( ) ; ! S to r e s harmonic types
h ld f = GetCaseObject ( ’ . ComHldf ’ ) ; ! Load h ld f handle with harmonic load f low
comres = GetCaseObject ( ’ . ComRes ’ ) ; ! Load comres handle with r e s u l t f i l e
comres : i op t exp = 6 ;
comres : i o p t c s e l = 0 ;
comres : from = 2 ;
comres : to = 49 ;

shee t =1;
num=0;
f o r ( oRec=sRec . F i r s t ( ) ; oRec ; oRec=sRec . Next ( ) ) { ! Access each r e c t i f i e r

e r r=x lS t a r t ( ) ;
i f ( e r r ){

p r i n t f ( ’ Error : Unable to s t a r t MS Excel app l i c a t i on ’ ) ;
e x i t ( ) ;
}

xlNewWorkbook ( ) ;
i f ( e r r ){

p r i n t f ( ’ Error : Unable to open Excel f i l e ’ ) ;
xlTerminate ( ) ;
e x i t ( ) ;
}

num+=1;
RecName = oRec : loc name ; ! Access r e c t i f i e r name
Rec = oRec : phmc : TypHmccur ;
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i f ( oRec : i i n t =1){
oRec : i i n t =0;
}

O = S . F i r s t F i l t ( ’6−Pulse Bridge (B6 ) ’ ) ; ! Obtain 6 pu l s e br idge
! shee t+=1;
oRec : phmc : TypHmccur =O; ! Set s 6 pu l s e br idge r e c t i f i e r
s t r 1 = O: loc name ; ! S to r e s harmonic source name
Rese tCa l cu la t i on ( ) ;
h l d f . Execute ( ) ;
x lAct ivateWorksheet ( shee t ) ; ! Act ivate s worksheet
xlSetWorksheetName ( sheet , s t r 1 ) ; ! Set s worksheet name
xlSetValue (1 , 1 , ’ Bus ID ’ ) ; ! Set s e x c e l c e l l with s t r i n g
xlSetValue (2 , 1 , ’THD % ’);
x lSetValue (3 , 1 , ’HD % ’);
x lSetValue (4 , 1 , ’RMS Voltage (pu ) ’ ) ;
row=2;
f o r ( oBus=sBus . F i r s t ( ) ; oBus ; oBus=sBus . Next ( ) ) { ! Loop through each bus

busname = oBus : loc name ; ! S to r e s bus name in s t r i n g busname
THD = oBus :m:THD;
HD = oBus :m:HD;
Urms = oBus :m: urms ;
x lSetValue (1 , row , busname ) ; ! Set s e x c e l c e l l with busname
xlSetValue (2 , row ,THD) ;
x lSetValue (3 , row ,HD) ;
x lSetValue (4 , row ,Urms ) ;
row+=1;
} ! End o f loop f o r buses

xlAddWorksheet ( ) ;
comres : f name = s p r i n t f . . . ! Se t s r e s u l t f i l e name
( ’C:\\ Resu l t s \\Harmonic Ana lys i s \\HA Re c t i f i e r %d %s . csv ’ , num, s t r 1 ) ;
comres . Execute ( ) ; ! Runs r e s u l t s f i l e

! Set s back o r i g i n a l harmonic source in r e c t i f i e r under study
oRec : phmc : TypHmccur =Rec ;
xlDeleteWorksheet ( 1 ) ;
FileName = s p r i n t f . . .
( ’C:\\ Resu l t s \\Harmonic Ana lys i s \\HA Re c t i f i e r %d . xlsx ’ ,num) ; ! Set s f i l e name
e r r = xlSaveWorkbookAs ( FileName ) ;
i f ( e r r ) { ! I f e r r o r in sav ing the ex c e l f i l e

Error ( ’Workbook could not be saved ’ ) ;
}

xlTerminate ( ) ; ! Terminates ex c e l c on t r o l
} ! End o f Main For Loop f o r nRec

} ! End o f nRec I f Statement

!−−−−−−−−−−−−−−−−−−−− Harmonic Ana lys i s ( Current Sources ) −−−−−−−−−−−−−−−−−−−−!

i f (nACC<>0) { ! I f cur r ent sour c e s e x i s t s
Rese tCa l cu la t i on ( ) ;
ClearOutput ( ) ;
Lib = GetGlobalLib ( ’TypHmccur ’ ) ; ! S to r e s harmonic sour c e s in Lib
S = Lib . GetContents ( ) ; ! S to r e s harmonic sour c e s in s e t S
h ld f = GetCaseObject ( ’ . ComHldf ’ ) ; ! Load harmonic load f low handle
comres = GetCaseObject ( ’ . ComRes ’ ) ; ! Load r e s u l t s handle
comres : i op t exp = 6 ; ! Set s r e s u l t f i l e p r op e r t i e s
comres : i o p t c s e l = 0 ;
comres : from = 2 ;
comres : to = 49 ;

shee t =1;
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num=0;
f o r (oACC=sACC. F i r s t ( ) ; oACC; oACC=sACC. Next ( ) ) { ! Loop through every source cur rent

e r r=x lS t a r t ( ) ;
i f ( e r r ){

p r i n t f ( ’ Error : Unable to s t a r t MS Excel app l i c a t i on ’ ) ;
e x i t ( ) ;
}

xlNewWorkbook ( ) ;
i f ( e r r ){

p r i n t f ( ’ Error : Unable to open Excel f i l e ’ ) ;
xlTerminate ( ) ;
e x i t ( ) ;
}

num+=1;
ACCName = oACC: loc name ; ! S to r e s cur rent source
ACC = oACC: phmc : TypHmccur ; ! S to r e s harmonic cur rent source
O = S . F i r s t F i l t ( ’ Userdef ined ’ ) ; ! Current source

! shee t+=1;
oACC: phmc : TypHmccur =O; ! Set s harmonic cur rent source type
s t r 1 = O: loc name ; ! S to r e s name o f harmonic cur rent source type
Rese tCa l cu la t i on ( ) ;
h l d f . Execute ( ) ;
x lAct ivateWorksheet ( shee t ) ;
xlSetWorksheetName ( sheet , s t r 1 ) ;
x lSetValue (1 , 1 , ’ Bus ID ’ ) ; ! Set s bus ID in ex c e l c e l l
x lSetValue (2 , 1 , ’THD % ’);
x lSetValue (3 , 1 , ’HD % ’);
x lSetValue (4 , 1 , ’RMS Voltage (pu ) ’ ) ;
row=2;
f o r ( oBus=sBus . F i r s t ( ) ; oBus ; oBus=sBus . Next ( ) ) { ! Loop through every bus

busname = oBus : loc name ; ! S to r e s bus name
THD = oBus :m:THD;
HD = oBus :m:HD;
Urms = oBus :m: urms ;
x lSetValue (1 , row , busname ) ; ! Set s busname in ex c e l c e l l
x lSetValue (2 , row ,THD) ;
x lSetValue (3 , row ,HD) ;
x lSetValue (4 , row ,Urms ) ;
row+=1;
} ! End o f loop f o r buses

xlAddWorksheet ( ) ;
comres : f name = s p r i n t f . . .
( ’C:\\ Resu l t s \\Harmonic Ana lys i s \\HA Current Source %d %s . csv ’ , num, s t r 1 ) ;
comres . Execute ( ) ; ! Runs r e s u l t s f i l e

oACC: phmc : TypHmccur =ACC; ! Set back o r i g i n a l harmonic cur rent source type
xlDeleteWorksheet ( 1 ) ; ! d e l e t e s ext ra worksheet from exc e l
FileName = s p r i n t f ( ’C:\\ Resu l t s \\Harmonic Ana lys i s \\HA Current Source %d . xlsx ’ ,num) ;
e r r = xlSaveWorkbookAs ( FileName ) ; ! saves workbook with f i l ename
i f ( e r r ) {

Error ( ’Workbook could not be saved ’ ) ;
}

xlTerminate ( ) ;
} ! End o f Main For Loop f o r nRec

} ! End o f nRec I f Statement

!−−−−−−−−−−−−−−−−−−−− Resonance with l i n e l ength va r i a t i o n −−−−−−−−−−−−−−−−−−−−!

FS=GetCaseObject ( ’ComFsweep ’ ) ;
FS : i o p t n e t =0;
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FS : f s t a r t =0.1 ;
FS : f s t op=2500 ;
FS : f s t e p =0.5 ;
FS : i adapt =0;
comres = GetCaseObject ( ’ . ComRes ’ ) ;
comres : i op t exp = 6 ;
comres : i o p t c s e l = 0 ;
oLine = sLine . F i r s t F i l t ( ’ E734 ∗ . ElmLne ’ ) ;
l ength=oLine : d l i n e ;
p r i n t f ( ’ Or i g i na l Length Found = %.3 f ’ , l ength ) ;
L . I n i t ( 7 , 1 , 0 ) ;
L . Set (1 , 1 , length −3);
L . Set (2 , 1 , length −2);
L . Set (3 , 1 , length −1);
L . Set (4 , 1 , l ength ) ;
L . Set (5 , 1 , l ength +1);
L . Set (6 , 1 , l ength +2);
L . Set (7 , 1 , l ength +3);
l inename = oLine : loc name ;
f o r ( i =1; i<=7; i=i +1){

Mag=L . Get ( i , 1 ) ;
p r i n t f ( ’Now proc e s s i ng l ength %.3 f . . . . ’ , Mag ) ;
oLine : d l i n e=Mag ;
Rese tCa l cu la t i on ( ) ;
FS . Execute ( ) ;
comres : f name = s p r i n t f ( ’C:\\ Resu l t s \\Freq Sweep\\%s %.3 f . csv ’ , l inename ,Mag ) ;
comres . Execute ( ) ;
}

oLine : d l i n e=length ;

!−−−−−−−−−−−−−−−−−−−− Frequency Sweep Ana lys i s ( R e c t i f i e r s ) −−−−−−−−−−−−−−−−−−−−!

i f ( nRec<>0) { ! I f r e c t i f i e r s e x i s t
Rese tCa l cu la t i on ( ) ;
ClearOutput ( ) ;
Lib = GetGlobalLib ( ’TypHmccur ’ ) ; ! Load type o f harmonic sour c e s l i b r a r y
S = Lib . GetContents ( ) ; ! Loads s e t S with harmonic sour c e s type
FS=GetCaseObject ( ’ComFsweep ’ ) ; ! Access ing f requency sweep ana l y s i s
comres = GetCaseObject ( ’ . ComRes ’ ) ; !Make comres handle f o r r e s u t l s
comres : i op t exp = 6 ; ! Set s r e s u l t p r op e r t i e s
comres : i o p t c s e l = 0 ;
num=0;
f o r ( oRec=sRec . F i r s t ( ) ; oRec ; oRec=sRec . Next ( ) ) { ! Loop through every r e c t i f e r

e r r=x lS t a r t ( ) ;
i f ( e r r ){

p r i n t f ( ’ Error : Unable to s t a r t MS Excel app l i c a t i on ’ ) ;
e x i t ( ) ;
}

xlNewWorkbook ( ) ;
i f ( e r r ){

p r i n t f ( ’ Error : Unable to open Excel f i l e ’ ) ;
xlTerminate ( ) ;
e x i t ( ) ;
}

num+=1;
RecName = oRec : loc name ; ! Store r e c t i f e r name
Rec = oRec : phmc : TypHmccur ; ! Set s harmonic source type
i f ( oRec : i i n t =1){ ! I f i d e a l

oRec : i i n t =0; ! Then s e t u s e rd e f i n ed
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}
O = S . F i r s t F i l t ( ’6−Pulse Bridge (B6 ) ’ ) ; ! F i l t e r s 6 pu l s e r e c t i f i e r

! Set s r e c t i f i e r with Object f o r harmonic source type
oRec : phmc : TypHmccur =O;
s t r 1 = O: loc name ; ! S to r e s type name
FS . Execute ( ) ; ! Executes f requency sweep ana l y s i s
comres : f name = s p r i n t f . . .
( ’C:\\ Resu l t s \\Frequency Sweep Ana lys i s \ \ . . .
Freq Sweep %d %s . csv ’ , num, s t r 1 ) ;
comres . Execute ( ) ; ! S to r e s r e s u l t s

oRec : phmc : TypHmccur =Rec ; ! Set s harmonic source type
} ! End o f Main For Loop f o r nRec

} ! End o f nRec I f Statement

!−−−−−−−−−−−−−−−−−−−− Frequency Sweep Ana lys i s ( Current source ) −−−−−−−−−−−−−−−−−−−−!

i f (nACC<>0) {
Rese tCa l cu la t i on ( ) ;
ClearOutput ( ) ;
Lib = GetGlobalLib ( ’TypHmccur ’ ) ; ! Load type o f harmonic sou r c e s l i b r a r y
S = Lib . GetContents ( ) ; ! Loads s e t S with harmonic sour c e s type
FS=GetCaseObject ( ’ComFsweep ’ ) ; ! Access ing f requency sweep ana l y s i s
comres = GetCaseObject ( ’ . ComRes ’ ) ; !Make comres handle f o r r e s u t l s
comres : i op t exp = 6 ;
comres : i o p t c s e l = 0 ;
num=0;
f o r (oACC=sACC. F i r s t ( ) ; oACC; oACC=sACC. Next ( ) ) { ! Loop through every cur rent source

e r r=x lS t a r t ( ) ;
i f ( e r r ){

p r i n t f ( ’ Error : Unable to s t a r t MS Excel app l i c a t i on ’ ) ;
e x i t ( ) ;
}

xlNewWorkbook ( ) ;
i f ( e r r ){

p r i n t f ( ’ Error : Unable to open Excel f i l e ’ ) ;
xlTerminate ( ) ;
e x i t ( ) ;
}

num+=1;
ACCName = oACC: loc name ; ! Store cur r ent source name
ACC = oACC: phmc : TypHmccur ; ! Set s harmonic source type
O = S . F i r s t F i l t ( ’ Userdef ined ’ ) ;

oACC: phmc : TypHmccur =O;
s t r 1 = O: loc name ;
FS . Execute ( ) ; ! Executes f requency sweep ana l y s i s
comres : f name = s p r i n t f . . .
( ’C:\\ Resu l t s \\Frequency Sweep Ana lys i s \ \ . . .
%s Freq Sweep %d %s . csv ’ ,ACCName,num, s t r 1 ) ;
comres . Execute ( ) ;

oACC: phmc : TypHmccur =ACC;
} ! End o f Main For Loop f o r nRec

} ! End o f nRec I f Statement

! End o f DPL Sc r i p t
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
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B.3.2 Genetic Algorithm (GA)

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
! Genet ic Algorithm GA − DPL Simualt ion s c r i p t

! J . L . Are l lano Camacho
! Master th e s i s , Sus ta inab l e Energy Technology (SET)
! Research group : E l e c t r i c a l Energy System (EES)
! July , 2021
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!

sACC = Al lRe levant ( ’ ∗ . ElmIac ’ , 1 ) ; ! S to r e s a l l AC current sour c e s in sACC se t
oACC = sACC. F i r s t F i l t ( ’AHF∗ . ElmIac ’ ) ; ! S to r e s the mi t i ga t i on dev i ce in oACC ob j e c t
nACC=sACC. Count ( ) ; ! Counts number o f AC Current Sources
oACC: I r = R Curr ; ! Set s the rated cur rent o f m i t i ga t i on dev i ce
oACC: i c u r r e f = 1 ; ! Set s h . cur rent r e f e r e n c e o f m i t i ga t i on dev i ce
sGrid = Al lRe levant ( ’ ∗ . ElmXnet ’ ) ; ! S to r e s Grid in s e t sGrid
oGrid = sGrid . F i r s t ( ) ; ! S to r e s the only g r id in oGrid ob j e c t
oGrid : iHmcType=1; ! Di sab le Harmonic Background
h ld f = GetCaseObject ( ’ . ComHldf ’ ) ; ! Access harmonic load f low ob j e c t

!−−−−−−−−−−−−−−−−−−−− Balanced/Unbalance Type −−−−−−−−−−−−−−−−−−−−!

i f (Type=0) { ! I f balanced −−> balanced harmonics
h l d f : i o p t n e t = 0 ; ! Set harmonic load f low to balanced type
Mit : i usym = 0 ; ! Set m i t i ga t i on dev i ce to balanced type
Mit . GetSize ( ’ kbal ’ , s i z e ) ;
f o r ( i =0; i<s i z e ; i+=1) {

Mit . SetVal ( 0 , ’ kbal ’ , i ) ;
Mit . SetVal ( 0 , ’ cba l phase ’ , i ) ;
}

}
e l s e { ! Unbalanced harmonics

h l d f : i o p t n e t = 1 ;
Mit : i usym = 1 ;
Mit . GetSize ( ’ i f r e q s ’ , s i z e ) ; ! Get s i z e o f m i t i ga t i on dev i ce matrix
f o r ( i =1; i<=s i z e ; i+=1) {

Mit . SetVal ( i , ’ i f r e q s ’ , i −1);
Mit . SetVal ( 0 , ’ ka ’ , i −1);
Mit . SetVal ( 0 , ’ kb ’ , i −1);
Mit . SetVal ( 0 , ’ kc ’ , i −1);
Mit . SetVal ( 0 , ’ ca phase ’ , i −1);
Mit . SetVal ( 0 , ’ cb phase ’ , i −1);
Mit . SetVal ( 0 , ’ cc phase ’ , i −1);
}

}
comres = GetCaseObject ( ’ . ComRes ’ ) ; ! Access r e s u l t s ob j e c t
comres : i op t exp = 6 ; ! Export Al l v a r i a b l e s in r e s u l t f i l e
oACC: phmc : TypHmccur = Mit ;
oRec = sRec . F i r s t ( ) ;

Rese tCa l cu la t i on ( ) ;
h l d f . Execute ( ) ;
case = GetActiveStudyCase ( ) ; ! Get a c t i v e study case
i f ( case ) {

aF i l e s = case . GetContents ( ’ ∗ . ElmRes ’ ) ; ! Get a l l ElmRes i n s i d e a c t i v e case
N f i l e s = aF i l e s . Count ( ) ;
i f ( N f i l e s >0) {
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check=1;
f o r ( r e s=aF i l e s . F i r s t ( ) ; r e s ; r e s=aF i l e s . Next ( ) ) {

s t r = r e s : loc name ;
check = strcmp ( s t r , ’ Harmonics ’ ) ;
i f ( check=0){

break ;
}

}
f o r (H=3; H<=LHO; H+=1) {

rem = modulo (H, 2 ) ;
H index=H−1; ! Set H index va r i ab l e to a c c e s s r e s u l t from r e s u l t f i l e
i f ( rem =0) ! Skip even harmonic o rde r s

cont inue ;
i f (Type=0){ ! I f balanced harmonics

check=0;
f o r ( i =1; i <=16; i +=1){ ! Finds the index o f balanced harmonic order

HO=Hrm Index . Get ( i , 2 ) ;
i f (H=HO){

check=1;
! Store the index o f harmonic order s to r ed in Hrm Index Matrix
index = Hrm Index . Get ( i , 1 ) ;
H index=index+1;
break ;
}

}
i f ( check=0) ! I f harmonic order i s not balanced then sk ip that order

cont inue ;
}

p r i n t f ( ’ Harmonic Order= %d ’ ,H) ;

! Mi t i ga t i on dev i ce OFF s t a t e ( f o r c a l c u l a t i n g the base harmonic cur rent )
oACC: outse rv=1;
Rese tCa l cu la t i on ( ) ;
h l d f . Execute ( ) ;
LoadResData ( r e s ) ; ! Load r e s u l t f i l e data
c = ResIndex ( res , oGrid , 0 ) ; ! Search index o f the r e s u l t r e l a t e d to g r id
e r r = GetResData (HC, res , H index , c ) ; ! Picks h . cur r ent magnitude @H index
p r i n t f ( ’HC = %.3 f ’ ,HC) ;
i f (HC <=0.09) cont inue ; ! I f HC i s l e s s than 0 .09 magnitude then sk ip

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
!−−−−−−−−−−−−−−−−−−−− Populat ion Generation −−−−−−−−−−−−−−−−−−−−!
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!

i f (Type=0){ ! I f balanced type
LL = 0 . 1 ; ! s e t lower l im i t
UL = (HC∗2/0.4)∗10000/R Curr ; ! s e t upper l im i t

}
e l s e { ! I f unbalanced type

LL = 0 . 1 ;
UL = (HC∗1 .75/0 .4)∗10000/ R Curr ; ! Set upper l im i t
}

! Populat ion Generation f o r percentage o f harmonic i n j e c t i o n cur rent
f o r ( i =1; i<=Popu la t i on S i z e ; i+=1) {

Ran Mag = Random(LL ,UL) ;
A. Set ( i , 1 , Ran Mag ) ;
}

f o r ( i =1; i<=Popu la t i on S i z e /4 ; i+=1) {
Ran Ang = Random( 0 . 1 , 3 5 9 . 9 ) ;
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A. Set ( i , 2 , Ran Ang ) ;
}

! Populat ion Generation f o r ang l e s
f o r ( i =(Popu la t i on S i z e /4)+1; i<=Popu la t i on S i z e /2 ; i+=1) {

Ran Ang = Random( −0.1 , −359.9) ;
A. Set ( i , 2 , Ran Ang ) ;
}

f o r ( i =(Popu la t i on S i z e /2)+1; i<=Popu la t i on S i z e ; i+=1) {
Ran Ang = Random(−0.1 ,−110);
A. Set ( i , 2 , Ran Ang ) ;
}

oACC: outse rv=0; ! Switch On Mit iga t i on Device
p2=0; P=0; p=0;

f o r ( i =1; i<=Popu la t i on S i z e ; i+=1) { ! Loop − Evaluat ion o f each pa i r
Mag1=A. Get ( i , 1 ) ; ! Get % o f harmonic i n j e c t i o n cur rent (Matrix A)
Ang1=A. Get ( i , 2 ) ; ! Get ang le from Matrix A
i f (Type=0){

Mit . SetVal (Mag1 , ’ kbal ’ , index ) ; ! Set magnitude o f m. dev i c e
Mit . SetVal (Ang1 , ’ cba l phase ’ , index ) ; ! Set ang le o f m. dev i c e
}

e l s e {
Mit . SetVal (Mag1 , ’ ka ’ ,H−1); ! Set magnitude o f m. dev i ce
Mit . SetVal (Mag1 , ’ kb ’ ,H−1);
Mit . SetVal (Mag1 , ’ kc ’ ,H−1);
Mit . SetVal (Ang1 , ’ ca phase ’ ,H−1); ! Set ang le o f m. dev i c e
Mit . SetVal (Ang1 , ’ cb phase ’ ,H−1);
Mit . SetVal (Ang1 , ’ cc phase ’ ,H−1);
}

h ld f . Execute ( ) ; ! Execute harmonic Load f low
LoadResData ( r e s ) ; ! Load r e s u l t f i l e data
e r r = GetResData (Mag, res , H index , c ) ; ! Get magnitude o f h . cur rent
A. Set ( i , 3 ,Mag ) ; ! Store magnitude o f h . cur rent in matrix A
p1=A. Get ( i , 3 ) ; ! Get l a t e s t h . cur rent magnitude from A & s t o r e in p1
i f ( i >1) ! I f i>1 s t o r e magnitude in p2

p2= A. Get ( i −1 ,3) ;
i f ( p1−p2<=0.0001) ! I f d i f f e r e n c e between adjacent 2 magnitudes

P+=1; ! I n c r e a s e P by 1
e l s e

P=0; ! Re− I n i t i a l i z e P with 0
i f (P>=6){ ! I f no change in r e s u l t a n t h . cur r ent mag . terminate code

p r i n t f ( ’ This order couldnt be mit igated . Moving to Next Order ’ ) ;
p=1;
break ; ! Breaks the loop i f P>=6
}

} ! End o f f o r loop f o r eva lua t i on o f each pa i r

e r r = A. SortToColumn ( 3 ) ; ! Sort Popul . Matrix A with Column 3 low to high
N=1;
f o r ( i t e r =1; i t e r<=Num iter ; i t e r+=1) { ! For loop f o r i t e r a t i o n s

i f (p=1) ! i f the re i s no change in adjacent s i x magnitudes
break ; ! t e rminates the order loop

p r i n t f ( ’ I t e r a t i o n No : %d ’ , i t e r ) ; ! Pr in t s i t e r a t i o n number

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
!−−−−−−−−−−− Of f sp r ing Generation ( Cross Over ) −−−−−−−−−−−−−−−−−!
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!

! Cross over o f some populat ion
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f o r ( i =1; i<=Popu la t i on S i z e /4 ; i+=1) {
! Generates random number from populat ion i n d i c e s
Ran = Random(1 , Popu la t i on S i z e / 4 ) ;
! Get random % of h . i n j e c t i o n cur rent
Mag1=A. Get (Ran , 1 ) ;
! Generates random number from populat ion i n d i c e s
Ran = Random(1 , Popu la t i on S i z e / 4 ) ;
Ang1=A. Get (Ran , 2 ) ; ! Get random angle
! Set random % of h . i n j e c t i o n cur rent at random index in matrix A
A. Set ( i+Popu la t i on S i z e /4 ,1 ,Mag1 ) ;
! Set random at random index in matrix A
A. Set ( i+Popu la t i on S i z e /4 ,2 ,Ang1 ) ;
}

! Cross over o f some populat ion with smal l v a r i a t i o n
f o r ( i =1; i<=Popu la t i on S i z e /2−2; i+=2) {

Mag1=A. Get ( i , 1 ) ;
Ang1=A. Get ( i , 2 ) ;
A. Set ( i+Popu la t i on S i z e /2 ,1 ,Mag1+8);
A. Set ( i+Popu la t i on S i z e /2 ,2 ,Ang1+0.1) ;
A. Set ( i+1+Popu la t i on S i z e /2 ,1 ,Mag1+5);
A. Set ( i+1+Popu la t i on S i z e /2 ,2 ,Ang1+0.2) ;
}

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
!−−−−−−−−−−−−−−−−−−−−−−−−−− Mutation −−−−−−−−−−−−−−−−−−−−−−−−−−−!
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
!Random mutation which changes some % h . i n j e c t i o n cur rent
! . . . & with smal l amounts

f o r ( i =1; i<=Popu la t i on S i z e /4 ; i+=1) {
! Generates random index o f populat ion entry
Ran = Random( Popu la t i on S i z e /6 , Popu la t i on S i z e ) ;
! Get random % of h . i n j e c t i o n cur rent
Mag1=A. Get (Ran , 1 ) ;
! Mutate randomly acce s s ed % h . i n j e c t i o n cur rent with subt ra c t i ng
A. Set (Ran , 1 ,Mag1−15);
Ran = Random( Popu la t i on S i z e /4 , Popu la t i on S i z e ) ;
! Mutate randomly acce s s ed ang le with subt ra c t i ng
Ang1=A. Get (Ran , 1 ) ;
A. Set (Ran , 1 ,Ang1+1);
}

f o r ( i =1; i<=Popu la t i on S i z e /20 ; i+=1) {
Mag1=A. Get ( i , 1 ) ; ! Get random % h . cur rent
Ang1=A. Get ( i , 2 ) ; ! Get random angle
! Subtract from random % h . cur rent
A. Set ( i+Popu la t i on S i z e /2 ,1 ,Mag1−0 .5 ) ;
!Add in random angle
A. Set ( i+Popu la t i on S i z e /2 ,2 ,Ang1+7);
}
Mag1=A. Get ( i , 1 ) ;

f o r ( i =1; i <=10; i+=1) {
Ang1=A. Get ( i , 2 ) ;
Ran = Random( Popu la t i on S i z e /2 , Popu la t i on S i z e ) ;
!Add in random percent harmonic cur rent
! Subtract from random angle
A. Set (Ran , 1 ,Mag1+0.2) ;
A. Set (Ran , 2 ,Ang1−0 .1 ) ;
Ran = Random( Popu la t i on S i z e /2 , Popu la t i on S i z e ) ;
A. Set (Ran , 1 ,Mag1−0 .1 ) ;
A. Set (Ran , 2 ,Ang1+0.1) ;
Ran = Random( Popu la t i on S i z e /2 , Popu la t i on S i z e ) ;
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A. Set (Ran , 1 ,Mag1+0.8) ;
A. Set (Ran , 2 ,Ang1−0 .01) ;
Ran = Random( Popu la t i on S i z e /2 , Popu la t i on S i z e ) ;
A. Set (Ran , 1 ,Mag1−0 .4 ) ;
A. Set (Ran , 2 ,Ang1+0.01) ;
}

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
!−−−−−−−−−−−−−−−−−−−−−−−−− Evaluat ion −−−−−−−−−−−−−−−−−−−−−−−−−−!
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
! I t eva lua t e s a l l populat ion e n t r i e s with s imu la t ing harmonic load f low

f o r ( i =1; i<=Popu la t i on S i z e ; i+=1) {
Mag1=A. Get ( i , 1 ) ; ! Get magnitude from matrix A’ s i t h index ’
i f (Mag1<0){ ! I f % o f harmonic i n j e c t i o n cur rent
! Re−I n i t a l i z e that % with random number between lower and upper l im i t

Ran Mag = Random(LL ,UL) ;
A. Set ( i , 1 , Ran Mag ) ;
}

Ang1=A. Get ( i , 2 ) ;
i f (Type=0){

Mit . SetVal (Mag1 , ’ kbal ’ , index ) ;
Mit . SetVal (Ang1 , ’ cba l phase ’ , index ) ;
}

e l s e {
Mit . SetVal (Mag1 , ’ ka ’ ,H−1);
Mit . SetVal (Mag1 , ’ kb ’ ,H−1);
Mit . SetVal (Mag1 , ’ kc ’ ,H−1);
Mit . SetVal (Ang1 , ’ ca phase ’ ,H−1);
Mit . SetVal (Ang1 , ’ cb phase ’ ,H−1);
Mit . SetVal (Ang1 , ’ cc phase ’ ,H−1);
}

Rese tCa l cu la t i on ( ) ;
h l d f . Execute ( ) ;
LoadResData ( r e s ) ;
! S to r e s r e s u l t a n t magnitude o f H. cur rent
e r r = GetResData (Mag, res , H index , c ) ;
A. Set ( i , 3 ,Mag ) ;
}

e r r = A. SortToColumn ( 3 ) ; ! Sort the matrix A with column 3
N Value=A. Get ( 1 , 3 ) ; ! S to r e s sma l l e s t va lue o f r e s u l t a n t magnitude
p r i n t f ( ’ Current Stage Best Value = %.3 f ’ , N Value ) ;
i f ( i t e r=Num iter ) { ! I f cur r ent i t e r a t i o n = to t o t a l number i t e r a t i o n s

Mag=A. Get ( 1 , 3 ) ; ! Get lowest r e s u l t a n t h . cur rent
! I f l owest r e s u l t a n t h . cur rent i s g r e a t e r than the mag . in base case . . .
! ( without mi t i ga t i on dev i ce )

i f (Mag>HC) {
i f (N<=1){ ! I f the re i s no r o l l i n g back executed be f o r e

N+=1; ! I n c r e a s e r o l l i n g back va r i ab l e by 1
i t e r =0; ! Set back the i t e r a t i o n to zero
p r i n t f ( ’ Ro l l i ng back ’ ) ;

! Re−I n i t i a l i z a t i o n o f populat ion matrix whi l e r e t a i n i n g 1 s t 10 r e s u l t s
f o r ( i =10; i<=Popu la t i on S i z e ; i+=1) {

Ran Mag = Random(LL−10,UL+10);
A. Set ( i , 1 , Ran Mag ) ;
}

f o r ( i =10; i<=Popu la t i on S i z e /4 ; i+=1) {
Ran Ang = Random( 0 . 1 , 3 5 9 . 9 ) ;
A. Set ( i , 2 , Ran Ang ) ;
}

f o r ( i =(Popu la t i on S i z e /4)+1; i<=Popu la t i on S i z e /2 ; i+=1) {
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Ran Ang = Random( −0.1 , −359.9) ;
A. Set ( i , 2 , Ran Ang ) ;
}

f o r ( i =(Popu la t i on S i z e /2)+1; i<=Popu la t i on S i z e ; i+=1) {
Ran Ang = Random(−0.1 ,−110);
A. Set ( i , 2 , Ran Ang ) ;
}

}
}

}
} ! End o f I t e r a t i o n loop

e r r = A. SortToColumn ( 3 ) ; ! So r t ing populat ion matrix A with 3 rd column
Mag1=A. Get ( 1 , 1 ) ; ! Taking 1 s t entry % h . cur rent ( which i s the best r e s u l t )
Ang1=A. Get ( 1 , 2 ) ; ! Taking 1 s t entry ang le ( which i s the best r e s u l t )
N Value=A. Get ( 1 , 3 ) ; ! S to r e s 1 s t r e s u l t a n t magnitude
i f (Type=0){ ! I f balanced harmonic load f low
! I f % h . cur r ent i s g r e a t e r than zero and lowest r e s u l t a n t . . .
! magnitude i s l e s s than base magnitude

i f ({Mag1>0}.and .{N Value<HC} . and . p=0){
p r i n t f ( ’ Fol lowing Current and Angle has been s e t f o r Mit i ga t i on o f
. . .% d Harmonic Order ’ ,H) ;
p r i n t f ( ’ Current Set at %.3 f ’ ,Mag1 ) ;
p r i n t f ( ’ Angle Set at %.3 f ’ , Ang1 ) ;

}
e l s e

{ Mag1=0; Ang1=0; }
Mit . SetVal (Mag1 , ’ kbal ’ , index ) ;
Mit . SetVal (Ang1 , ’ cba l phase ’ , index ) ;
}

e l s e { ! I f unbalanced harmonic load f low
i f ({Mag1>0}.and .{N Value<HC} . and . p=0){

p r i n t f ( ’ Fol lowing Current and Angle has been s e t f o r Mit i ga t i on o f
. . .% d Harmonic Order ’ ,H) ;
p r i n t f ( ’ Current Set at %.3 f ’ ,Mag1 ) ;
p r i n t f ( ’ Angle Set at %.3 f ’ , Ang1 ) ;

}
e l s e

{ Mag1=0; Ang1=0; }
Mit . SetVal (Mag1 , ’ ka ’ ,H−1);
Mit . SetVal (Mag1 , ’ kb ’ ,H−1);
Mit . SetVal (Mag1 , ’ kc ’ ,H−1);
Mit . SetVal (Ang1 , ’ ca phase ’ ,H−1);
Mit . SetVal (Ang1 , ’ cb phase ’ ,H−1);
Mit . SetVal (Ang1 , ’ cc phase ’ ,H−1);
}

p r i n t f ( ’\n ’ ) ;
} ! End o f Harmonic Order Loop

}
e l s e {Warn( ’ There are no r e s u l t f i l e s s to r ed in the a c t i v e study case ’ ) ; }

}
e l s e {Warn( ’ There i s no a c t i v e study case ’ ) ; }

oACC: outse rv=0; ! After s e t t i n g the best r e s u l t s in mi t i ga t i on dev i ce turn i t ON
EchoOn ( ) ;
h l d f . Execute ( ) ; ! Executes load f low
oGrid : iHmcType=0;

! End o f DPL Sc r i p t
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!

55



C Definitions

For the purpose of this thesis (harmonic analysis), the following terms and definitions apply. The definitions
are extracted from the IEEE std.519 [45].

• Harmonic: a sinusoidal component of a periodic wave or quantity having a frequency that is an
integral of multiple of the fundamental frequency.

• Fundamental (component): component of an order 1 (e.g. 50 Hz, 60 Hz) of the Fourier series of a
periodic quantity.

• Harmonic (component): component of order greater than one of the Fourier series of a periodic
quantity. For example, in a 50 Hz system, the harmonic order 3, also known as the third harmonic, is
150 Hz.

• Point of Common Coupling (PCC): point on a public power system, electrically nearest to a
particular load, at which other loads are, or could be, connected. It is a point located upstream of the
considered installation.

• Short circuit ratio: at a particular location, the ratio of the available short circuit current to the
load current.

• Power Quality: the concept of powering and grounding electronic equipment in a manner that is
suitable to the operation of that equipment and compatible with the premise wiring system and other
connected equipment.

• Voltage distortion: any deviation from the nominal sine wave form of the AC line voltage.

• Cable: a conductor with insulation, or a stranded conductor with or without insulation and other
coverings (single conductor cable) or a combination of conductors insulated from one another (multiple
conductor cable).

• Substation: an enclosed assemblage of equipment (e.g. switches, circuit breakers, buses, and trans-
formers) under the control of qualified persons, through which electric energy is passed for the purpose
of switching or modifying its characteristics to increase or decrease voltage or control frequency or
other characteristics.

• Utility: an organization responsible for the engineering and supervision (design, construction, opera-
tion, and maintenance) of a public or private electric supply.

• Transmission system: an interconnected group of electric transmission lines and associated equip-
ment for the movement or transfer of electric energy between points of supply and points for delivery.
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