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SUMMARY

Harmonic emission evaluation has been known as a complex problem for many decades.
Fluctuating nature of harmonics, high level of diversity and additional implications which
arouse with interconnection of renewable generation require improvement of the exist-
ing assessment and measurement methods. The closely linked problem is determina-
tion of the origin of harmonic distortion in case when multiple sources of harmonics
are connected to the network. The system-wide studies of harmonic propagation phe-
nomena and emission assessment present challenges for researchers and engineers. In
essence, the broad term ’propagation’ includes several specific harmonic-related mech-
anisms among which are: harmonic interaction, phase angle diversity and cancellation,
harmonic attenuation and impact of system and load impedance. In this thesis it has
been shown that the application of synchronized multi-point distributed measurement
system is a suitable technique for investigating the harmonic propagation in low voltage
and medium voltage electrical networks.
In order to establish a foundation for the various applications of synchronized measure-
ment infrastructure for harmonic monitoring the requirements for such system need
to be defined. In this research work the impact of a time synchronization error on mea-
sured harmonic magnitudes and phase angles has been studied experimentally. Through
applying a correlation technique based on Fast Fourier Transform the quantification of
time error translated to magnitude and angle measurements has been given. Based on
these experiments, literature review and comparative studies a minimum time accuracy
leading to meaningful harmonic measurements has been proposed.
Medium and high voltage power networks frequently have only limited number of mea-
surement devices, especially for the purpose of power quality monitoring. This often
leads to the necessity of calculating or estimating voltages or currents based on the har-
monic models of power system components. These models in turn are the source of the
uncertainty which needs to be considered not only in calculations but also for harmonic
simulations. With provision of field measurements by enabling Phasor Measurement
Units infrastructure an indication of the uncertainty of single π model of a 50 kV under-
ground cable has been estimated. To accomplish this task a current transducer output
needed to be corrected for the certain ratio and phase angle bias at different harmonic
frequencies.
For low voltage distribution systems underground cables are the bottleneck for accurate
emission evaluation due to the lack of representative data on their impedance at fre-
quencies higher than fundamental. In this thesis a novel non-invasive method for mea-
suring harmonic impedance has been proposed. The measurements were recorded syn-
chronously at both ends of the cable and impedance was estimated in a complex form
as a transfer function based on the notion of linear time invariant system. In addition an
uncertainty of the measurement system has been evaluated with assigning confidence
intervals to estimated harmonic impedance.

ix



x SUMMARY

An impact of supply voltage on harmonic current injections of various power electron-
ics based loads has been investigated. New models of these harmonic loads have been
derived based on the measurements. The models accurately describe response of the
harmonic current phase angle to the angle of background voltage at the corresponding
frequency. To demonstrate the applicability of derived models they have further been
used in harmonic simulations of a low voltage distribution feeder. The modelling of the
feeder and simulation conditions were focused on overcoming typical assumptions used
in previous simulation studies.
At last, a wide-area harmonic measurement campaign has been executed in the low volt-
age and medium voltage grid characterized by high level of flexibility and control. Syn-
chronized waveform recorders with high accuracy were placed at various nodes of the
network. Based on these synchronized data voltage and current harmonics have been
analyzed and conclusions were drawn on transfer of distortions, harmonic interaction
and cancellation phenomena.



1
INTRODUCTION

An efficient network harmonic observability serves as the instrument for identifying and
mitigating voltage distortion in power grids. Over the past years, primarily due to the
paradigm of sustainable development, electrical technologies have seen a remarkable
advancement. Curiously enough, whilst this technical progress without any doubts fa-
cilitates the reduction of a harmful anthropogenic impact on our planet, it shifts the
conventional operation of electrical networks towards more complicated scenarios. One
of the inevitable consequences of this process of transition is an increasing fraction of
power quality issues manifesting themselves in voltage and current distortions. In our
attempt to respond to the influence of these changes on power quality in electrical grids
new methods of harmonic monitoring should be adopted. Rather than relying mainly
on conventional measurement techniques broadly described in various technical rec-
ommendations and standards, the changes in engineering perception of the problem
are required. That being said, complex processes ongoing in modern powers networks
and future smart grids would require not only rapid development of fundamental tech-
nologies, but merely the change in a mindset of the main actor involved therein – a hu-
man. For existence of innovations cannot reveal its full potential without the conscious
acceptance by the end user.

1.1. HARMONIC OBSERVABILITY

R ELEVANCE, accuracy and reliability are amongst crucial parameters describing some
representative set of data. When these data are meant to be used in critical appli-

cations the requirements for data quality are stringent. Since secure, reliable and effi-
cient operation of modern power systems is a binding motive to satisfy the demands
of contemporary society, the significance of data acquired by electrical measurement
equipment is undoubtedly paramount. When the focus of a measurement campaign is
voltage and current harmonics – components which are “integrated” within accustomed
power frequency waveform yet distinguished by frequencies at multiples of fundamen-
tal, specific requirements shall be met. On the one hand, the very existence of these

1
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requirements owes to the dynamic nature of frequency components which are present
in modern power grids. On the other, an additional factor to account for is the sporadic
response of power system components, also including an instrumentation chain when
exposed to current and voltage distortions. To take into consideration the statement
of harmonic fluctuations it is suggested (and widely accepted) to make use of aggrega-
tion intervals over longer periods of time. Such the aggregations of measurement data
are mathematically approachable when operating with magnitudes of measurands but
demonstrate ambiguity with respect to phase angles. Nevertheless, even prior to reck-
oning on any algorithms original data shall be acquired given physical constraints of
the measurement equipment – the measurement errors. The statement of uncertainty
is what makes findings plausible and relevant. Whilst at first glance, quantifying accu-
racy requirements for voltages and currents at power frequency seems valid, it becomes
apparent that this is the necessary condition for measuring components at higher fre-
quencies. Yet bringing into the statements the condition of sufficiency – by estimating
uncertainties for frequencies other than fundamental, is what could take into consid-
eration abrupt effects of frequency-dependence of the instrumentation chain. In other
words, the ability of the measurement system to meet these necessary and sufficient con-
ditions is the first essential link in the chain known as observability. The term observabil-
ity conveys the idea of describing the complete system behavior while utilizing outputs
of this system. Particularly for voltage and current harmonic components this would
mean identifying values of the dynamically changing variables across the distributed
system. Such an approach without any doubts would demand the shift in conventional
harmonic distortion assessment and measurement techniques.

1.2. RESEARCH OBJECTIVES
The main objectives of this research can be formulated as follows:

• To enable application of synchronized Power Quality measurements for various pur-
poses.

While the first objective is aimed to facilitate the transition towards complete harmonic
observability, it is also intent on promoting renewed perception of analyzing power qual-
ity phenomena. Diverse details are included in this goal rendering the scope of the prob-
lem wider than merely metrology. Prior to setting up requirements for such measure-
ment infrastructure, the most significant issues regarding the phenomena in question
shall be determined and carefully investigated. Having in spotlight voltage and cur-
rent distortions, a close link between peculiarities of metrological systems and nature
of evolving power quality disturbances should be established.

• To develop models of harmonic sources and components serving as input to ad-
vanced power quality studies.

When the foremost goal is to acquire a deeper understanding of the underlying pro-
cesses leading to or being a consequence of a power quality disturbance, an inevitability
of mathematical interpretations is prominent. Moreover, if we were to connect these
two objectives with each other, a genuine synergy would occur. This synergy allows to
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enhance a grasp of the necessity in pattern change with respect to metrological impli-
cations applicable to harmonic measurements. The change which could be possible by
providing meaningful validation of potential disturbance processes.

1.3. RESEARCH MOTIVATION

F OR power system analysis (not specifically power quality) synchronized measure-
ments have already been proposed as the method for resolving several engineering

tasks such as stability assessment, fault location, distribution state estimation, and event
detection [1–3]. For these purposes, phasor measurement units (PMU) based infrastruc-
ture proved to be an efficient solution. Synchronized phasors reported by each PMU
must comply with synchronization accuracy requirement of not worse than ±31.7 µs [4]
which is satisfactory for most of the applications sought by power system engineers. On
the other hand, while carrying out power quality analysis and taking into consideration
complex phenomena of harmonic interaction between background voltage harmonic
distortion and harmonic current injections of the nonlinear sources [5–7], strict prereq-
uisites in terms of an accuracy of the measurement system shall be satisfied. This also
holds for the time synchronization accuracy, for it is essential to accurately process not
only magnitudes of harmonic components but also their phase angles. As it was proved
by the authors of [8, 9] the well-known effect of harmonic cancellation is what eventually
governed by the diversity of phase angles of different harmonic-producing sources. All
the same, it appears from these studies that evaluation of harmonic current and volt-
age components requires an improvement over the existing practices. The grid mea-
surement techniques which rely on time synchronization can provide the conventional
power quality assessment with such an improvement. The configuration of this type of
measurement infrastructure can moreover allow for a time correlation between voltage
harmonic distortion and harmonic current injections at different locations. Additionally,
distributed harmonic measurement systems can be used for the estimation and evalu-
ation of electrical parameters of power system components, particularly impedance of
the underground cables.

1.4. RESEARCH APPROACH

U LTIMATELY this research work is built on three key parts, each of these contributing
coherently to the subsequent parts.

1. Metrology. Whilst being focused on investigations about novel measurement in-
frastructures recording voltage and current harmonics in time-synchronized man-
ner across distributed systems, this block of studies offers also extensive examina-
tions of accuracy of measurements. Not less important is survey on signal pro-
cessing methods, involving both conventional broadly used and more advanced
techniques. This major part required theoretical studies, comparison methods,
and laboratory and field measurement experiments;

2. Power system components. The concept of observability calls for knowledge on
control vectors. For the purpose of distortion analysis in power grids this implies
awareness of the impedance values of major components – underground cables,
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overhead lines and power transformers. On the one hand, it is crucial to under-
stand how these components determine and drive the harmonic behavior of the
entire system. On the other, it is advantageous to have instruments for estimating
parameters of the network components when the data are not available. By em-
ploying data acquired both from laboratory and real power systems, we demon-
strate how judgement on the correctness of models can be made; how estimation
techniques can resolve the lack of information on true values of required control
vectors; how in general conclusions on transfer of voltage distortions can be de-
duced. By means of respective computer simulations we study, validate and test
hypotheses which were written for experimental work we performed;

3. Harmonic producing sources. Without doubts, accurate models of harmonic pro-
ducing sources are essential for studying their impact on voltage distortion lev-
els. Such models should allow to represent harmonic current injections of the de-
vice in question when fluctuating voltage harmonics are supplied to its terminals.
This insinuates that modelling procedure eventually shall provide mathematical
derivation of harmonic phase angle response to various supply conditions. Curi-
ously enough, while such models in first place are truly designed to perform com-
puter simulation studies, they can also contribute to our understanding of har-
monic processes in the fully observable system. This research task is a combina-
tion of laboratory-performed measurements, mathematical modelling and com-
puter simulations.

1.5. THE MEAN4SG PROJECT
MEAN4SG — Metrology Excellence Academic Network for Smart Grids is a European ini-
tiative within Horizon 2020 framework aiming to address research challenges for smart
grids metrology. This project is a platform for the interdisciplinary research and trans-
fer of knowledge and experiences between different parties. In attempt to deal with the
shortage of highly-skilled professionals in the field of power systems metrology and re-
lying on the support of International Electrotechnical Commission, eleven early-stage
scientists were admitted to the program. The researchers were provided with the oppor-
tunity to create knowledge in various subjects: power quality, smart grid modelling and
management, advanced monitoring with phasor measurement units and smart cable di-
agnosis. It is expected that outcomes of this European Union action will push forward
the smart grid concept and sustainable development.

1.6. THIS THESIS

T HE research objectives are addressed in the main six chapters of this thesis. The
chapters are organized as follows.
Chapter 2: Time Synchronization – Requirements and Advantages

In this chapter the concept of distributed measurement systems is introduced. Such sys-
tems feature measurement instruments which are typically synchronized to the external
or internal time source. On applying these devices for the purpose of capturing high fre-
quency components the certain requirements shall be met. Through investigating exist-
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ing synchronization protocols and evaluating state-of-the-art a gap in the requirements
for time synchronization accuracy applicable to harmonic measurements is identified.
By adjusting the parameters of specifically designed laboratory setup the impact of syn-
chronization error on measured harmonic magnitudes and phase angles is studied. To
demonstrate the advantages of distributed measurement system a wavelet-based algo-
rithm is proposed for harmonic analysis.

Chapter 3: Uncertainty of Harmonic Modelling
Elaborating further on synchronized spectrum measurements, a field experiment at medium
voltage (MV) level enabling phasor measurement unit (PMU) infrastructure is estab-
lished. The significance of evaluating uncertainty associated with conventional power
system component models is discussed. It is demonstrated that at frequencies higher
than fundamental inaccuracy of the models becomes substantial. Whilst PMU brings
the system to observable state, it is proven in this chapter that a field instrumentation
chain consisting of current and voltage transducers gives rise to the additional source of
the uncertainty naturally caused by frequency dependence of these devices.

Chapter 4: Harmonic Impedance of a Low Voltage Cable
In low voltage (LV) distribution systems the impact of power system components on volt-
age distortion is likewise necessary to evaluate. It is stressed in this chapter that erro-
neous information on cable harmonic impedance values leads to incorrect conclusions
about power quality issues. More often than not, the data on cable impedance are not
available or in some cases difficult to retrieve. By engaging time-synchronized waveform
recorders installed at the laboratory a method for estimating harmonic impedance of LV
underground cable is developed. The uncertainty of estimated harmonic impedance is
evaluated based on metrological characterization of the utilized measurement system.

Chapter 5: Modelling of Non-linear Sources
To strengthen methods of voltage and current distortion analysis in electrical networks,
relevant models of harmonic-producing sources can be incorporated into the computer
simulations. Frequency-domain measurement-based models are favorable because of
the relatively low complexity, fast performance and moderate amount of initial input
data needed to accomplish the modelling. However, when the ultimate goal of such
models is to represent harmonic behavior of a load in the presence of fluctuating voltage
distortion at its terminals, the computational burden and the model accuracy are among
determinative requirements to consider. In this chapter it is explained how the LV mod-
els characterized by low complexity can be mathematically derived from measurement
routines by applying novel methods of circular statistics.

Chapter 6: Case Study: Distribution System Modelling
To further develop an understanding of harmonic processes the frequency-domain mod-
els developed in previous chapter are used in a computer simulation of low voltage dis-
tribution feeder. The renewed technique for distribution system modelling implicates
that typical assumptions used in conventional simulations’ methods shall be dealt with.
In this technique the complete consideration is given to the interaction between back-
ground harmonic voltages and emitted harmonic currents of non-linear devices. That
is, over the course of time the diversity between phase-corrected non-linear injections
is evaluated whilst their impact on voltage distortion along distribution feeder is calcu-
lated given uncertainties of frequency-dependent impedance.
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Chapter 7: Wide-area Harmonic Measurements
In the book finale the quintessence of knowledge creation as the outcome of this re-
search project is shared. A highly accurate distributed measurement system is used to
synchronously record voltage and current waveforms in the power grid featuring un-
precedented controlability and flexibility. The dynamic interaction of harmonic-producing
sources with the medium and low voltage electrical networks is studied and profound
conclusions on transfer of voltage distortions between various parts of the distribution
network are drawn.
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2
TIME SYNCHRONIZATION —

REQUIREMENTS AND ADVANTAGES

The ongoing transition from the conventional centralized power grid to the new type of
electrical system involving distributed generation poses new requirements on the mea-
surements of electrical quantities and observability of the power system. This is due to
the desire to manage new decentralized networks embracing bi-directional power flows
instead of the “fit and forget” policy. The process of integrating renewable generation
into distribution networks together with increasing amount of non-linear loads brings
also new complications for power quality monitoring, particularly harmonic distortions.
The new measurement approach featuring synchronization of waveform recorders dis-
tributed across power networks brings superior performance over conventional har-
monic monitoring techniques. Nevertheless, many peculiarities associated with new
measurement infrastructures shall be carefully studied and considered. In this chap-
ter, after having investigated the influence of a time synchronization error on harmonic
measurements and defined the requirements we demonstrate an advantage of the dis-
tributed measurement system through a case study.

2.1. SURVEY ON TIME SYNCHRONIZATION: APPLICATIONS

S INCE the time when first Phasor Measurement Units (PMU) were introduced into
power grids, various applications of these devices have been sought and eventually

implemented. It is interesting to mention, that the original idea to utilize PMU-based in-
frastructure for state estimation in transmission systems did not impose high accuracy
requirements to the measurement chain. It was related to the performance of developed
state estimation algorithms which were actually meant to deal with the uncertainty of
redundant measurements in high voltage networks. In this sense it is different from the
state estimation in distribution systems where significant amount of network nodes typ-
ically lacks measurement equipment which creates scarcity of representative data. For
the latter, understanding complex power flows would contribute to better active man-

7
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agement of distributed generators. As it was shown by authors of [1] this application
surely demanded strict accuracy levels of the instrumentation chain.

Further, in order to evaluate power system response to a certain event it is necessary
to compare data recorded at different points of the grid precisely at the same moment of
time when event occurs. An ability of PMUs to accurately estimate phasors at geographi-
cally separated locations is strongly dependent on time synchronization accuracy which
is stipulated by [2]. This accuracy must be not worse than ±31.7 µs for 50 Hz power
frequency in order to maintain Total Vector Error (TVE) lower than 1% and phase angle
difference not higher than 0.573◦. With relation to that fact, the authors of [3] demon-
strated the influence of asynchronization and the complete instrumentation chain on
the phase displacement. All the same, in [4] authors demonstrated that combined in-
strumentation channel error together with timing error imposed by standard can make
TVE larger than 1%. Consequently, it has been proposed to keep time-synchronization
accuracy at sub-microsecond level for the majority of power system applications.

When considering monitoring of various power quality phenomena among which
are voltage and current distortions, the synchronized measurement infrastructure can
equip power quality experts with unprecedented tools. Additionally, where conventional
PQ recorders might provide ambiguous results - synchronized data can conveniently
support the assessment of a PQ problem. As it was shown in [5] the dynamic interaction
between different harmonic sources might jeopardize harmonic emission assessment
when implemented truly in accordance with [6]. Specifically, it has been demonstrated
that within a power network with several distorting loads a certain source of harmonics
may be regarded as both injecting and absorbing harmonics, which makes the general
summation law impractical for evaluating harmonic emission. By using synchronized
PQ recorders, the authors have separated the current emissions of distributed generators
from other harmonic loads and used them as input for accurate emission assessment.

Precisely as for other applications the quality of resolving harmonic phase angles
between distributed recorders relies upon accuracy of time synchronization. In [7] it was
pointed out that a time error leading to X degrees of phase displacement at fundamental
frequency translated to the X*n degrees at harmonic frequency, where n is a harmonic
order. We shall, therefore, focus on methodologies which allow us to characterize the
impact of time synchronization error on the measurements of frequency components.

In [8] several techniques on assessing the synchronization time delay have been ex-
amined with respect to the synchronization protocol IEEE 1588. Naturally, these tech-
niques in belong in three different categories: evaluating time stamps of both sent and
received message; comparing common sinusoidal signal sent to each measurement node;
comparing signal generated at each measurement node.

Perhaps, the most prevalent synchronization technology for power system measure-
ments is commonly built on GPS. Theoretically, GPS time source provides the highest
possible accuracy of ± 100 ns among other synchronization strategies [9], [10]. How-
ever, the performance of this method is extremely dependent on the quality of GPS sig-
nal. This might be impaired due to certain atmospheric conditions or obscuring an
antenna itself. Curiously enough, it is absolutely not straightforward to quantify how
certain time error can impact measurement estimates of frequency components at mul-
tiple locations. As an example, in [11] authors deduced amplitude and phase differences
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for harmonic synchrophasors assuming ideal case of direct link connection between de-
vices. The more realistic case with two devices having connected to GPS time source was
tested against complete loss of one or both timing sources. All the same, the conclusions
were deduced only with respect to TVE corresponding to power frequency. The latter
compliance tests of PMUs are in line with what is stated in standard [2] only with respect
to power frequency. If the goal, however, is to engage extra functionality not covered in
this standard, for instance to utilize harmonic synchrophasors, it is important to under-
stand that all measurements are bound not to zero crossings of the signals, but instead
to the absolute time. Therefore, this technical detail raises the question about direct in-
fluence of time error on potential estimates of voltage and current phasors at harmonic
frequencies.

For aggregated power quality measurements, as per standard [12], it is possible (but
not very common) to choose for synchronization of power quality recorders (not PMU),
should this be deemed beneficial for aggregation of measurement intervals of class A in-
struments. Thereby the recommendation is to keep time-clock uncertainty of ±20 ms.
As each measurement typically begins at zero crossing of the fundamental component of
voltage at a certain location of the grid, the variation of fundamental phase angle across
the grid renders an additional error for multi-point harmonic measurements when per-
formed in accordance with the recommendation of [12]. This, in turn, hinders the capa-
bility of such devices to provide accurate output beyond what is stipulated by standard
for the aggregated harmonic output.

2.2. QUALITY OF SYNCHRONIZATION AND ITS IMPACT ON HAR-
MONIC MEASUREMENTS

T O investigate how various time errors can influence acquisition of frequency com-
ponents at distributed locations we shall rely upon flexible measurement setup with

known and quantifiable synchronization accuracy. Let us first look at the Figure 2.1
which comprises two NI cRIO waveform recorders with their input voltage channels
connected to real-time simulator OPAL-RT. Within this setup the OPAL-RT is used for
generating coded time-sequence based on Inter-Range Instrumentation Group (IRIG-B)
protocol. This protocol is widely accepted for distribution of clock signals across various
control and monitoring devices at electrical substations. As IRIG-B protocol requires de-
coding upon acquisition of this signal by a receiver, it is preferable to execute decoding
algorithm on the hardware with deterministic capabilities. We shall perform it therefore
directly on the FPGA of the two cRIO devices. The hardware limitations and the decoding
algorithm introduce to the measurement system ±12.5 µs of uncertainty in time. Addi-
tional source of the error arises from the minimum step size of the mathematical solver
of OPAL-RT which equals to 10 µs. Thus, on combining these two, we may conclude that
for this setup the best achievable accuracy of the synchronization is ±22.5 µs.

We then supply voltage signal simultaneously to the both acquisition devices trig-
gered by IRIG-B time source. The fundamental frequency of the signal is characterized
by negligible deviation since we make use of the programmable voltage source. We
then impose set of stationary voltage harmonics on top of the fundamental achieving
"clipped" shape of the output waveform.
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To compare harmonic content measured by each of the devices we first estimate
power spectral densities of the acquired signals. As the next step these estimates are used
as an input to Magnitude Squared Coherence (MSC) function which provides a mean-
ingful measure of the similarities between magnitudes of frequency components of the
signals. The MSC can be calculated as follows:

Cx y ( f ) = |Px y ( f )|2
Pxx ( f )Py y ( f )

(2.1)

where Pxx and Py y are power spectral densities and Px y is cross power spectral den-
sity. The Magnitude Squared Coherence is a dimensionless quantity and values close to
1 would indicate that magnitudes of the one signal strongly correlated with the magni-
tudes of another.

On the other hand, a phase angle between frequency components of two signals can
be evaluated also from cross power spectral density. However, for this electrical quan-
tity we make use of estimates of cross power spectral density calculated with averaged
periodogram technique [13]. The periodogram is the Fourier transform of the aperiodic
correlation of the windowed data sequence and it provides a good balance between the
frequency resolution and variance while eliminating a noise. In general case, it can be
calculated as follows:

Pxx (ω) =
∞∑
−∞

cv v [m]e− jωm (2.2)

where

cv v [m] =
L−1∑
n=0

x[n]w[n]x[n +m]w[n +m] (2.3)

and L is a length of the signal, x[n] is a given signal and w[n] is a window sequence.
We then introduce user-controlled time errors of 100 µs and 1 ms into the generated

IRIG-B sequence and evaluate their impact on measured magnitudes and phase angles
of frequency components.

2.2.1. ESTIMATES OF HARMONIC MAGNITUDES
We first present MSC values as per equation 2.1 for central bins of odd harmonic orders
from 1 through 15. Based on the information presented in Table 2.1 we can conclude that
in the majority of cases the MSC deviates from 1 only slightly. This implies high level of
correlation between harmonic magnitudes of two voltage signals regardless of the time
error.

But how does the picture look like for adjacent spectral components? In Figure 2.2
we may notice that the magnitude correlation near central odd frequency bins becomes
lower, especially for the harmonic orders higher than 11. In turn, and as the Figure 2.3
proves, if the time delay is increased further to 1 ms, the magnitudes of adjacent spectral
lines become extremely uncorrelated even for harmonics of low orders. This observation
brings the discussion over the procedure recommended by the standard IEC 61000-4-7
for harmonic grouping. The grouping method advocates the Parseval’s relation which
postulates the equality between signal power in the time domain and signal power in
the frequency domain. Non-ideal measurement conditions and algorithms contribute
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Programmable
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Analog voltage
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Figure 2.1: Synchronized measurement structure.

Table 2.1: Impact of synchronization error on harmonic magnitudes.

h
Magnitude Squared Coherence
22.5 µs 100 µs 1 ms

1 1.0000 1.0000 1.0000
3 0.9998 0.9998 0.9998
5 0.9995 0.9995 0.9995
7 0.9990 0.9990 0.9988
9 0.9983 0.9984 0.9985

11 0.9975 0.9974 0.9953
13 0.9965 0.9966 0.9963
15 0.9955 0.9952 0.9938
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to a fact that components of a signal are not strict multiple of the fundamental - rather
they are "spread" to adjacent spectral lines considering 5 Hz frequency distance (for 50
Hz power frequency). In theory the grouping method accounts for the fluctuations and
possible spectral leakage by ensuring that the total power is evaluated upholding Parse-
val’s statement. This is done by taking into consideration not only integer multiples of
main harmonic orders but rather all adjacent spectral lines with "central" bin frequency
therefore comprising the average power. Consequently, in non-ideal conditions when
substantial time synchronization error is present and spectral leakage is inherent the
grouping will not restore the loss of frequency content. That being said, the desired ac-
curate preservation of signal power will render meaningless as there will exist signifi-
cant differences between two measured signals. Figures 2.2 and 2.3 confirm that final
harmonic indices are subject to an error due to susceptibility of frequency components
around the main odd orders to the time synchronization error.
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Figure 2.2: Magnitude Squared Coherence function — synchronization accuracy 100 µs.
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Figure 2.3: Magnitude Squared Coherence function — synchronization accuracy 1 ms.
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2.2.2. MEASUREMENT OF HARMONIC PHASE ANGLE

In comparison with magnitudes, harmonic phase angles are strongly susceptible to the
imperfections of a time source. Any whatever small angle difference between two mea-
sured signals at fundamental frequency will translate to larger values at higher harmonic
orders. An example of this dependence is demonstrated in Figure 2.4. With no additional
delay introduced we observe that with the initial uncertainty of ±22.5 µs the difference
between angles at 15th harmonic order equals to 2.2422◦. Additionally, an increase of
relative angles demonstrates nearly linear trend with the increasing frequencies. We fur-
ther look at the case with the time error of 100µs. From the Figure 2.5 we understand that
even angle difference of 2.0315◦ at fundamental frequency will correspond to 30.5803◦
at 750 Hz. Finally, to prove that phase lag between estimated harmonic components of
the same signal becomes significant when time error is no more within sub-millisecond
range, we show in Figure 2.6 cross power phase angles measured synchronously with
time error of 1 ms between two waveform recorders.
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Figure 2.4: Phase angles between two signals for synchronization accuracy of ±22.5 µs.
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Figure 2.6: Phase angles between two signals for synchronization accuracy in the range of 1 ms.

2.3. CASE STUDY: WAVELET ANALYSIS BASED ON SYNCHRONIZED

DATA

T HE wavelet transforms have been introduced to power systems experts as a power-
ful tool for the analysis of harmonic distortions already some time ago. Unlike the

Fast Fourier Transform (FFT), wavelets provide time-frequency information of the ana-
lyzed signal. This valuable time information allows to assess the evolution of harmonic
components in power systems over the course of time [14–17]. Wavelets are localized
waves which decay to zero after finite amount of time. A continuous wavelet transform
(CWT) involves application of basis functions w j k (t ) which are rescaled (or dilated) j
times and translated (or shifted) k times. This process is recursive in its nature and pro-
duces basic feature of wavelets - multi-resolution, allowing to separate an input signal
into different scales of resolution. The multi-resolution provides short times with high
frequencies and long time with low frequencies. The time-scale plane can then be trans-
formed to time-frequency plane depending on sampling frequency. For the analysis of
power system harmonics the resulting accuracy of this multi-resolution is dependant on
the choice of mother wavelet w(t ) [18].

Considering these unique features of this signal processing method with relation to
harmonic time analysis, distributed waveform recorders which are synchronized to the
precision time source can provide us with additional power quality assessment tools.
To demonstrate the advantage of the synchronized measurement infrastructure we have
set a laboratory experiment with a low voltage distribution feeder. In Figure 2.7 the dis-
tributed data acquisition system consists of National Instruments cRIO chassis with all
channels being synchronized. Taking into account time error requirements investigated
for harmonic measurement in the previous section, the synchronization across the sys-
tem was performed connecting all the chassis via digital line with master clock generated
on one of the devices. This ensured time error of no more than 200 ns. Furthermore, we
recorded synchronously current waveforms of 3 kW photovoltaic inverter operating un-
der the emulated irradiance level of 1000 W /m2 and 11 kW induction motor powered by
variable speed drive (VSD). Additionally, we have acquired voltages and currents at the
point of common coupling (PCC). With this feeder being energized by the public grid
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with total harmonic distortion (THD) of 3% we then process recorded waveforms with
analytic Morlet continuous wavelet transform [19].
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Figure 2.7: Low voltage feeder with distributed waveform recorders.

Aiming to demonstrate the correlation between time-varying harmonic injections
of a particular load and its influence on harmonic voltage at different point of the net-
work we provide graphical visualizations of CWT. We first estimate wavelet cross-power
spectrum of different electrical quantities to obtain distribution of powers of two signals.
These cross-powers in turn can be used as an input to Magnitude Squared Coherence
(MSC). In combination with continuous wavelet transform the correlation between sig-
nals features additionally a valuable information in the time-frequency plane allowing
us to analyze non-stationary fluctuating frequency components. This enhanced MSC
function is mathematically a dimensionless value, however, it technically represents a
portion of the output signal power which is generated by the input at the corresponding
frequency [20].

The results of such an analysis are conveniently represented in the form of a scalo-
gram. For the test setup depicted in Figure 2.7 we present three scalograms of correlated
spectra of voltages and currents. The information in Figures 2.8, 2.9 and 2.10 shall be
read as follows: values close to zero over specific frequency range denote that powers of
the harmonics are not correlated at that certain time (blue color), whilst values close to
the unity suggest that harmonic powers are correlated (yellow color). Different to MSC
functions derived from FFT, the wavelet counterpart ensures that phase lag information
is also preserved. The phase lag between the signals is shown by the black arrows over
the areas with high correlation.

It is visible that correlated spectrum of individual current of VSD depicted in Figure
2.9 contains similar components which are present in the correlated pair of combined
current and voltage at PCC (Figure 2.8). For this case the largest values of correlation co-
efficients correspond to the frequencies 250 Hz and 550 Hz. Therefore, we can conclude
that the powers at these harmonic frequencies are produced by VSD. On contrary, by
examining wavelet coherence between UPCC and IPV (Figure 2.10) we observe different
spectral content at frequencies between 250 Hz and 550 Hz. These are only visible in Fig-
ure 2.8 as a set of coherent spectral lines. To conclude, the employment of synchronized
waveform recorders combined with advanced signal processing methods can facilitate
power quality analysis in distribution networks.
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Figure 2.8: Wavelet Magnitude Squared Coherence between UPCC and IPCC.
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Figure 2.9: Wavelet Magnitude Squared Coherence between UPCC and IVSD.
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Figure 2.10: Wavelet Magnitude Squared Coherence between UPCC and IPV.
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2.4. CONCLUSION

A CCORDING to the commonly accepted and recommended practise for harmonic emis-
sion evaluation initial data are gathered by conventional single point measurement

equipment. The valuable harmonic phase angle information is typically suppressed,
thus making it challenging to accurately deduce conclusions about emissions of a cer-
tain harmonic source. Synchronized measurement infrastructure can in turn broaden
the instrument portfolio of power quality experts and bring new opportunities for ad-
vanced emission analysis methods. Nevertheless, upon installing new measurement de-
vices a time synchronization error shall be carefully accounted for, for harmonic distor-
tion in modern power systems is characterised by fast dynamic nature and typically non-
stationarity. Keeping synchronization accuracy at sub-millisecond level might compro-
mise plausibility of harmonic measurements and an appropriate balance between com-
plexity (cost) of the system and its performance shall be sought. In that sense, it can
be reasonable to impose a maximum phase angle difference of 0.573◦ at 40th order of
harmonics, but not for fundamental frequency as it is currently accepted for PMU mea-
surements. This will require time synchronization accuracy of minimum ± 500 ns. Such
a level of accuracy might be achieved with GPS time source, or in the laboratory condi-
tions by connecting several acquisition devices via digital line.
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3
UNCERTAINTY OF HARMONIC

MODELLING

One of the important aspects in the control of power quality disturbances in electrical
networks is network observability. To be able to predict the emission and propagation
of disturbances, network operators install power quality monitors in a subset of substa-
tions, depending on the needs and regulatory requirements – for instance when a repre-
sentative sample is needed to benchmark the quality of supply in the network. The main
reason to limit the number of monitoring points is the price, both in terms of equip-
ment and installation efforts. An additional restriction in power quality monitoring is
the number of channels per measurement device. Typically, voltages at substation bus-
bars need to be monitored for regulatory purposes, while currents are not obligatory
and are installed per needs, where the choice is sometimes made between a number
of incoming and outgoing feeders in the substation. In power quality assessment it is
not uncommon practise to calculate variables based on the limited measurements and
specifically chosen models. The latest developments in research in addition also allow
for various state estimation techniques. In either case, the awareness of the uncertainty
associated with the chosen model is of paramount importance since it gives an indica-
tion about plausibility of the results. Moreover, the aforementioned statement holds for
models used in the simulation studies.

3.1. SINGLE π MODEL OF A MEDIUM VOLTAGE CABLE

T O characterize the propagation of power quality phenomena, disturbance levels at
non-monitored locations feeders often need to be estimated, which requires mod-

elling based on limited measurements and network parameters. Whilst the modelling of
predominantly linear network elements such as transformers, cables, lines and genera-
tors is mature knowledge [1–5], the validity of these models in field operation conditions
can be compromised. This is mainly due to the fact that deviations in performance of
these models from theoretical frequency dependence are rarely verified practically, with

21



3

22 3. UNCERTAINTY OF HARMONIC MODELLING

Figure 3.1: Single π harmonic model of a cable.

few of these tested in laboratory conditions. It seems logical to generalize these devia-
tions, however, this task is challenging due to several factors, for example uncertainty of
cable length, conductivity of surrounding soil and complex behaviour of resistance and
reactance when exposed to different frequencies.

To sum up, the accuracy of harmonic modelling shall be quantified given the pres-
ence of aforementioned factors. One of the most frequently employed models by power
quality experts is the model of a medium voltage underground cable. In a majority of
study cases it is opted for the lumped impedance model — or in other words single π
model. For low-frequency spectra studies it is often chosen for because of its relative
simplicity and minimum amount of initial data required for the modelling [4]. The pa-
rameters and variables of this model are shown in Figure 3.1

In this model, Xh is the total inductive reactance of the cable, Rh is the resistance,
and Yh is the admittance, all for the observed harmonic order h. The variables which
can be either measured or calculated are the harmonic voltages and currents at both
ends of the cable – Vh1, Vh2, Ih1 and Ih2. With known cable parameters and three out of
four variables measured, the fourth variable (in this case current) can be calculated as:

Ih1 =
Yh

2
(Vh1 +Vh2)− Ih2 (3.1)

From equation 3.1 we can infer that involved electrical variables correspond to geo-
graphically separated locations. To be able to utilize this equation (and hence the model
itself) the measurands need to be synchronized in time with the ability to resolve phase
angle information. When the fourth variable has been calculated it can be in turn com-
pared with its measured value — a reference, and conclusion about difference between
them can drawn. From this equation it becomes clear that for calculating the unknown
current value the cable model parameters are limited to shunt capacitance which is pro-
vided per unit length. Thus, within singleπmodel the source of uncertainty translated to
the cable parameters can be attributed to the frequency dependence of capacitance and
cable length. Assuming that all measurands are assigned with quantifiable uncertainty,
the uncertainty of the cable model can be indicated.

3.2. MEASUREMENT INFRASTRUCTURE

T HE synchronization of conventional power quality meters is uncommon practice.
However, a number of manufacturers of phasor measurement units offers nowadays
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Figure 3.2: Topology of 50 kV ring network.

the functionality of synchronized spectra measurements. In certain cases it is possible
already today to obtain such field data on a large scale. An example of the 50 kV network
featuring PMU infrastructure is shown in Figure 3.2.

This network is operated by Dutch company Enduris located in Zeeland.Overall, there
are six synchronized PMUs installed at five substations. Next to the functionality of re-
porting voltage and current phasors in accordance with [6] these devices are equipped
with power quality functionality allowing among others for reporting every second har-
monic voltage and current phasors [7]. In order to be able to derive worthwhile conclu-
sions over uncertainty of the lumped impedance model while applying equation 3.1, we
have to rely on at least one current transducer with highest possible accuracy class acting
as a reference [8]. From the network shown in Figure 3.2 such a requirement was possi-
ble to meet at the substation Oosterland where at one end of the underground cable the
accuracy class of current transducer equals to 0.1 for power frequency. For conclusive
comparisons we shall closely investigate this cable leading to substation Tholen with
another PMU connected to current transducer with accuracy class of 1. With approxi-
mate cable length of 15 km and maximum studied frequency of harmonic voltages and
currents equaled to 550 Hz, the choice of single section π model is justifiable. The cri-
teria is based on the evaluation of proportion of a line length to the wavelength of the
frequency of interest. Typically, for nominal π models it is required that the length of a
line does not exceed quarter of the calculated wavelength [9]. The low order harmonics
in this network have significant excitation level and lead therefore to lesser sensitivity
issues. However, one of the aspects affecting accuracy of measurements in medium and
high voltage grids is the utilization of the voltage and current transformers. The impact
of these instrument transformers on the measurements performed at power frequency
is well described in the literature and standards [10]. The problem is, however, amplified
at frequencies higher than fundamental with these transducers demonstrating different
behavior. We must, therefore, focus on reducing uncertainty arising from the current
and voltage instrumentation transformers at harmonic frequencies.
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Figure 3.3: Histogram of differences for the 5th harmonic of the current.

3.2.1. CORRECTION FACTORS
Upon applying equation 3.1 on measured data at fundamental frequency we observe
that difference between calculated and measured reference currents are limited to 2%
for the majority of data samples. Looking further at currents at 5th harmonic order we
notice that the difference between calculated and measured values are further increased
to approximately 6%. A convenient way to demonstrate this fact is by plotting a his-
togram of values presented in Figure 3.3.

At this stage we can assume that such a difference in observed results between fun-
damental and harmonic frequency is dictated by uncertainty arising from current trans-
ducers. By fixing one side of instrumentation chain as reference we reduce the uncer-
tainty of another by calculation and application of correction factors. The calculation
process of these correction factors is based on a step-wise incorporation of magnitude
and phase angle biases to the measured values. This is a perturbation procedure aiming
to find an optimum value of biases leading to the minimum difference between mea-
sured and calculated harmonic current phasors. Every subsequent perturbation applied
to the set of harmonic phasors is followed by computation of the new estimated dif-
ference between measured and calculated currents for the end of the cable with low
accuracy current transducer. The mean values of these differences based on the fitted
probability distribution function are then collected in the form of the curve where the
minimum of the function corresponds to the calculated magnitude or phase angle cor-
rection factors. Such curves are shown in Figure 3.4 and Figure 3.5 reflecting ratio and
phase errors, respectively.

From these figures we can conclude that sensitivity of harmonic measurements to
phase displacement errors of the current transducer is larger in comparison with impact
of ratio error. It is, however, to note that influence of both biases are non-negligible
nevertheless and in general, the variation of final result is significant.

As we mentioned early, the one side of measurement chain containing current trans-
ducer with high accuracy shall be fixed as reference and we are bound to impose the
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Figure 3.4: Estimated ratio bias of current transducer at 5th harmonic order.
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Figure 3.5: Estimated phase angle bias of current transducer at 5th harmonic order.
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Figure 3.6: Estimated ratio bias of voltage transducer at 5th harmonic order.

same condition on voltage measurements. At substation Oosterland the accuracy class
of voltage transducer at power frequency is 0.5 whilst at substation Tholen it equals to
1. Thus, this necessary condition is satisfied. But what is the actual impact of voltage
transducer on the harmonic measurements with regards to the considered model? To
answer this question we perform the same procedure of correction factor estimation,
but this time for voltage transducers. In Figures 3.6 and 3.7 the dependencies between
estimated current differences and biases applied to the measured voltage are shown. As
it can be seen, even upon applying the ratio and phase biases of a wider range, the im-
pact of this operation does not lead to the significant changes at the output. We can,
therefore, infer that in this particular case the sensitivity of measurements to the devia-
tions in ratio and phase associated with the voltage transducer are either not significant
or alternatively not found by the executed correction factor algorithm. It is why in this
chapter we will not consider impact of voltage transducers any further. However, it is
known that especially in high voltage systems voltage transducers can be a bottleneck
in performing emission assessment for various frequencies and even might have and
internal resonance at certain frequency range.

3.3. MODEL UNCERTAINTY

H AVING estimated required correction coefficients for all considered harmonic fre-
quencies we can now incorporate these corrections into the Equation 3.1 and get

the final value of model uncertainty. Figure 3.8 is characterized by mean value of the dif-
ferences of approximately 4.95%. We notice that the correction method has contributed
to the improvement of the result with more than 1% at 5th harmonic order.

For 7th harmonic order since the corrected measurements show significant devia-
tions from raw harmonic current phasors we present data in the form of probability den-
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Figure 3.7: Estimated phase angle bias of voltage transducer at 5th harmonic order.
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Figure 3.8: Histogram of differences after correction for 5th harmonic of the current.
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Figure 3.9: Probability density functions of initial and corrected values of current for 7th harmonic.

Table 3.1: Single π model uncertainty based on corrected measurements for selective harmonics.

h Ratio error Phase error I relative error initial I relative error corrected
# % deg % %
5 -4.6 -1.2 6.12 4.95
7 -35.3 -16.4 39.46 11.54

11 -79 16.3 80.47 10.05

sity curves in order to emphasize the differences. Figure 3.9 shows plots of probability
density functions for harmonic current differences between reference values and model-
based calculations. It is visible that these differences become larger with increasing har-
monic frequencies. At these higher frequencies the measurement accuracy plays crucial
part with correction coefficients eliminating not only uncertainty associated with the
current transducer but also uncertainty arising from the whole instrumentation chain
including control cables.

With this straightforward mathematical operations we at last arrive to the final val-
ues of uncertainty attributed to the single π model at several harmonic frequencies. We
present these results along with required magnitude and and phase angle correction fac-
tors in Table 3.1. The remaining relative error of current included in this table gives an
indication of the uncertainty introduced by single π harmonic model of the cable. Based
on the presented results we may conclude that starting from 7th harmonic order the un-
certainty of studied cable model becomes significant - but so do the errors at the output
of current transducer.

3.4. CONCLUSION

T HE single π model of underground cable is without any doubts attractive for har-
monic propagation studies due to its clarity and simplicity. In this chapter we demon-
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strated by means of practical experiments and simple calculations that even upon study-
ing harmonics of low-frequency order and having a cable or relatively short length, the
model gives rise to the non-negligible uncertainty. Since there exist more complex mod-
els providing higher accuracy levels and requiring larger computational efforts - an ex-
ample here is the equivalent π model of a cable derived from the equations describing
wave propagation [9], it is our sole understanding that in every particular model-based
study a great deal of attention shall be given to uncertainty of instrumentation chain.
The uncertainty of current transducers is found to be significant confirming that their
broad frequency response is not known. The absence of awareness about this fact can
lead to deceptive results of harmonic emission assessment. We, thus, conclude that cal-
ibration of measurement transformers and likewise their characterization for harmonic
frequencies must be integral part of model-based harmonic emission assessment for
medium and high voltage electrical networks.
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4
HARMONIC IMPEDANCE OF A LOW

VOLTAGE CABLE

Incorrect values of cable harmonic impedance can lead to wrong conclusions when as-
sessing impact of current distortion on the power network. A simple theoretical deriva-
tion of resistance and reactance for harmonic frequencies often is not sufficient as it
neglects type and cross-section of cables as well as their configuration and actual instal-
lation pattern. In some cases if cable design data are available, it is possible to obtain es-
timates of impedance through application of certain modelling techniques. Often, these
data are difficult to acquire and approximation of impedance values remains uncertain.
Therefore, accurate measurements of resistance and reactance at different frequencies
are required. Moreover, in order to take into account all the deciding factors including
cable laying, its configuration, neutral grounding strategy and given the asymmetrical
distribution of the eddy currents, the impedance measurement shall be performed on-
site on already installed cables. In this chapter the focus is on low voltage distribution
systems, though the fundamental principles discussed in here can be considered and
applied for medium voltage level.

4.1. LINE IMPEDANCE IN A NUTSHELL

T HE harmonic impedance of cables and transmission lines plays critical role in har-
monic analysis. Accurate impedance at all frequencies of interest is necessary for

evaluation of harmonic emission levels, identification of potential resonance problems
and design of adequate mitigation measures. It is known that cable impedance under
non-sinusoidal conditions can deviate significantly from theoretical values derived from
50 Hz resistance and reactance. Among factors influencing impedance at high frequen-
cies are skin and proximity effects with the latter requiring ample modelling. The ana-
lytical expressions and Finite Element methods presented in literature demonstrate that
it is the proximity effect which is responsible for unique harmonic behavior of cables. As
authors of [1] pointed out in their investigation on subsea power transmission cable, the
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proximity effect in multi-conductor cables leads to a drastic increase of both resistance
and reactance with raising frequencies. The results of this paper were confirmed in [2]
with additional regard to the asymmetrical distribution of eddy currents in a three-core
submarine cable.

Fundamentally, the harmonic behavior of the subsea cables is different from under-
ground ones. In [3] authors provided a thorough survey on existing modelling strategies
of underground low-voltage distribution cables. It was proved that sufficient discrepan-
cies in results can occur at harmonic frequencies when employing models with different
complexity levels. Moreover, another important observation concerned the impact of
the ground path on zero-sequence resistance, which can be altered sufficiently depend-
ing on the grounding strategy. Further, the measurements performed on disconnected
low voltage cables by utilization of external signal generator revealed additional impact
of cable configuration and installation practice on final harmonic impedance values [4],
[5]. Additionally, a steel wire armor has been accounted as responsible for extra increase
of cable resistance due to eddy current losses.

Several papers address the issue of determining parameters of lines at fundamen-
tal frequency without putting them out of service. The most recent state-of-the-art fo-
cuses on state estimation techniques involving synchronized phasor data. Among others
are contributions [6–9] which presented methodology for estimating line parameters for
high voltage transmission systems with provision of phasor measurement units (PMUs).
Further, a method applicable to distribution system level was proposed in [10]. In this re-
search work authors determined the parameters of medium voltage feeders considering
uncertainties associated with transducer errors.

It can be concluded that modelling of cables constitutes mature knowledge given
different cable technologies (and voltage levels). From the viewpoint of practical appli-
cability, especially in low voltage distribution systems, often simplified models are taken
for calculations. The reasons could stretch from the lack of representative input data for
modelling to trivial absence of time of experts performing modelling and calculations.

It seems, consequently, plausible to work on measurement-based methods aiming
to resolve resistance and reactance values of low voltage cables at different frequencies
in presence of fluctuating harmonics in the system.

4.2. ESTIMATION ALGORITHM

I N laboratory environment we have developed a non-invasive procedure for estimat-
ing parameters of the low voltage cable. The procedure subsequently does not require

an external source of harmonic excitation and thus it does not introduce additional dis-
turbances to the system. It employs natural variations of harmonic currents and voltages
and due to the availability of synchronized data ensures the integrity of impedance an-
gle.

4.2.1. CIRCUIT THEORY

The fundamental idea behind the calculation of cable harmonic impedance is utilization
of natural excitation of the system provided by operation of non-linear loads. Thus, the
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Figure 4.1: Equivalent circuit.

following equation is sufficient:

Z ( f ) = V1( f )−V2( f )

I ( f )
(4.1)

where V1( f ) and V2( f ) are voltages measured at the beginning and end of the cable,
respectively, and I ( f ) is a line current measured at the sending end of the cable. For
low-voltage systems it is reasonable to assume that current difference between sending
and receiving end of the cable is negligible. This follows from the fact that capacitance
of LV cables is typically low, thus ensuring that capacitive (or charging) currents do not
affect phase angle values. It is evident from equation 4.1 that for correct calculation of
the line harmonic voltage drop and subsequently estimation of the impedance, all the
values must be recorded synchronously.

The cable impedance can be estimated within certain degree of accuracy when par-
ticular non-linear load provides sufficient harmonic excitation levels. These harmonic
currents in turn cause line voltage drop at different frequencies. The impedance is es-
timated up to the point of connection of dominant harmonic producing source, that is,
for obtaining the value which corresponds to the full length of the cable, the load must
be connected at the end of it.

This idea is illustrated in Figure 4.1, where a dominant harmonic source represented
by complex admittance Y ( f ) is connected to the point B after the impedance section
ZAB ( f ). Given the source voltage Vs ( f ) and voltage at the end of the cable Ve ( f ), the
goal of the proposed methodology is to estimate the value of ZAB ( f ) over which the har-
monic voltage drop occurred during the operation of dominant harmonic load Y ( f ). At
the same time, the critical part is to filter out uncorrelated noise and impact of another
harmonic producing loads Ie ( f ).

4.2.2. SIGNAL PROCESSING
One of the main issues for accurate estimation of harmonic impedance with non-invasive
methods is voltage background harmonics. These background harmonic components
introduce an error in final estimated value of the impedance. Due to the fast dynamic na-
ture of background distortion the elimination of their impact is a non-trivial task. When
the harmonic impedance of the cable is of concern, another origin of error is the com-
bined effect of simultaneous operation of all the other loads connected along the feeder.
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The level of excitation provided by this loads can be quite low, yet reasonably enough to
act as a source of noise. In these conditions in order to ensure the robust performance
of the algorithm a continuous assessment of the impedance over the range of frequen-
cies shall be executed. For this purpose, and as it was already given in chapter 2, power
spectra estimators derived from periodograms can be used. The basic concept of pe-
riodogram calculation is to establish a correlation estimate of the signal and after that
apply Fourier transform. The correlation sequence in general representation:

cv v [m] =
L−1∑
n=0

x[n]w[n]x[n +m]w[n +m] (4.2)

where L is a length of the signal, x[n] is a given signal and w[n] is a window sequence.
Thus, both pure windowed sequence of a signal and its shifted version are used in esti-
mation procedure.

The fundamental property of the periodogram estimate is the increase of variance
with the frequency when the length of a window m approaches a signal length L. On the
other hand, obtaining smooth estimate of the power spectrum requires decreasing the
length of the signal and number of Discrete Fourier Transform (DFT) points, which leads
to poor frequency resolution. For balancing these factors Welch [11] suggested to reduce
random variations of the estimate by breaking the signal into several independent pe-
riodograms and then averaging their output. According to Welch the equation 4.3 for
auto-correlated power spectrum can be written as follows:

Pxx (ω) =
∞∑
−∞

cv v [m]e− jωm (4.3)

This type of signal processing algorithm is best suitable for working with noisy sig-
nals, for any uncorrelated noise can be removed from the system. At the same time, the
important features of the input and output are conveniently represented by averages.

In order to apply the described algorithm for harmonic impedance estimation the
notion of Linear Time Invariant (LTI) system is used. The attributes of that system are
such that it is fully described by its impulse response. This impulse response in turn can
be utilized to calculate the output of the system due to any input occurred. The following
general equation 4.4 is applied:

y[n] = x[n]h[n] (4.4)

where y[n] is the output of the system, x[n] is the input and h[n] is the impulse response.
Further, the concept of LTI system implies that output y[n] is expressed by means of all
the samples of impulse response and input sequences, which are linearly superimposed
and shifted accordingly in time. This feature provides a foundation for continuous as-
sessment of harmonic impedance [12]. The impulse response h(ω) is then can be esti-
mated as:

h(ω) = Px y (ω)

Pxx (ω)
(4.5)

where Px y (ω) is cross-correlated power spectrum of line voltage drop and line current
and Pxx (ω) is auto-correlated power spectrum of current. The output of the equation
4.5 is equivalent to the impedance values calculated at different frequencies.
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Welch averaged periodogram may be also considered as a tool allowing to mitigate
the severity of spectral leakage phenomenon. The algorithm is characterised by a num-
ber of variable parameters, whose values can be determined experimentally. These es-
sential parameters were tuned according to the following logic:

• The cable under the study and one non-linear load were energized by the external
power source providing stable voltage with constant frequency of 50 Hz without
background distortion;

• Resistance and reactance values were extracted for selective frequencies by apply-
ing proposed algorithm;

• Aforementioned steps were performed after substituting the external power source
with a public grid which is characterized by deviating power frequency and a cer-
tain background distortion;

• The parameters of the algorithm were established by analyzing differences in impedance
results between the two cases with an assumption that the case with sinusoidal
power source with stable frequency was considered as the reference.

Consequently, based on 25 kHz sampling frequency, the 1-cycle Hamming window
and 500 DFT points were used. Moreover, 10-second segments of a signal were further
broken to 500 independent periodograms with 10% overlap. In that manner, the impact
of spectral leakage was reduced and smooth averaged output was obtained.

4.3. MEASUREMENTS IN THE PRESENCE OF UNCERTAINTY

T O achieve accurate impedance estimation of a low voltage cable at harmonic fre-
quencies a system characterized by high accuracy levels shall be utilized. This holds

not only for time synchronization error, but rather for the whole instrumentation chain
in question. However, since the best technical characteristics of the equipment are al-
ways bound to the increased cost, in selective cases it might seem only reasonable to be
aware of the combined uncertainty associated with the system. That is, by characteriz-
ing the performance of the measurement system and by assigning confidence intervals
to derived values (in this case impedance) the awareness of plausibility of final results
can be achieved. In the following sections we will discuss this in details.

4.3.1. FEEDER CONFIGURATION
The established power network infrastructure includes low-voltage power source and
underground low voltage 70 mm2 Al feeder with approximate length of 150 m. Overall,
there are six connection points along the cable realized with 16 mm2 Cu of 30 m length
each. These connections act as conventional “households” and different types of loads
can be connected thereto. This configuration represents a part of a typical low voltage
network in the urban environment.

At the end of the feeder we connected a programmable load California Instruments
3091LD which acts as an emulator of large power electronics-based load. This load pro-
vides necessary harmonic current injections. Additionally, two identical solar inverters
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Figure 4.2: Experimental setup.

Mastervolt Soladin 3000 Web are connected towards the beginning of the feeder. These
inverters are supplied by Solar Power Simulator TerraSAS ETS, which can emulate op-
eration of the solar power plant under different irradiation levels. The purpose of the
inverters is to provide small current distortions and therefore to act as a source of addi-
tional noise in the system. These solar inverters operate with rated THD level less than
3%, therefore ensuring only little impact on harmonic voltage drop. The one-line con-
figuration of the setup with measurement points is depicted in Figure 4.2.

4.3.2. SYNCHRONIZED WAVEFORM RECORDING

The distributed fast data acquisition system consists of two National Instruments cRIO-
9038 chassis. Voltage and current waveforms are recorded at 25 kHz sampling frequency
with all the samples synchronized across all channels and chassis to the precision time
source. The clock signal is generated on a field-programmable gate array (FPGA) of the
master device and then distributed via high-speed digital interface to the slave device.
The digital modules used for this procedure are NI-9401. It is essential that both of the
acquisition devices are triggered synchronously at the start of the data recording. The
accuracy of time synchronization is at the range of 200 ns.

Voltage signals are measured directly at both ends of the cable whereas line current
is provided by rogowsky coil type PEM LFR 03/3. The chassis are equipped with input
voltage NI-9225 and current NI-9234 measurement cards with 24-bits analog-to-digital
converters (ADC) based on delta-sigma technology. This implies that output of ADC is
characterized by unequal amount of samples produced from one cycle to another. Thus,
a resampling algorithm is utilized as a part of developed synchronization software pack-
age. Further, the voltage cards contain three differential input channels with channel-
to-channel isolation excluding the possibility of ground loop influence. In contrast, all
four input channels of current measurement cards are referenced to the chassis ground
through resistor. In order to avoid possible impact of ground loops we connected the
chassis to the common ground. For the impedance estimation only current of one phase
is sufficient to measure. This measurement is set at the beginning of the cable.

The recorded data are stored directly on the hard drive of each measurement device,
therefore eliminating all potential delays associated with transfer of data via Ethernet or
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Table 4.1: Equipment specifications.

Component Gain error, % Offset error, % Noise, mV
Voltage card ±0.05 ±0.008 2
Current card ±0.05 ±0.006 0.05

Current probe ±0.3 ±0.05 3

other means of communication.

4.3.3. EVALUATION OF MEASUREMENT UNCERTAINTY
We have evaluated measurement uncertainty based on the metrological specifications of
a measurement equipment. A Type B uncertainty is calculated according to Guide to the
expression of uncertainty in measurement [13] recommendations. Typical calibration
values for each component of the measurement chain are given in Table 4.1. The anti-
alias bandwidth of voltage and current cards is 22 kHz and reported values for current
probes are valid for frequency range from 0.45 Hz to 20 kHz.

Firstly, a standard uncertainty associated with each component of voltage and cur-
rent measurements is evaluated. Further, a combined standard uncertainty for current
is computed through application of summation in quadrature:

uc (I ) =
√

u1(I )2 +u2(I )2 (4.6)

where u1(I ) and u2(I ) are standard uncertainties of input current card and current probe,
respectively.

The uncertainty of the impedance estimation involves correlated input quantities,
therefore, the degree of correlation shall be estimated with correlation coefficient ac-
cording to:

r (V , I ) = uc (I )δV

uc (V )δI
(4.7)

where uc (I ) and uc (V ) are combined standard uncertainties of current and voltage mea-
surements, respectively and δI , δV are current perturbation and associated voltage drop,
respectively. The combined standard uncertainty for correlated input quantities is given
as:

uc (Z ) = c2
V u2

c (V )+ c2
I u2

c (I )

+2uc (V )uc (I )r (V , I )cV cI
(4.8)

Where cV and cI are sensitivity coefficients. The sensitivity coefficients are calculated as
follows:

cV = ∂Z

∂V
(4.9)

cI = ∂Z

∂I
(4.10)

The correlation coefficient in equation 4.7 is frequency dependent and therefore its
value will be increasing with increased frequency due to higher value of impedance. Fur-
ther, the second term of equation 4.8 takes negative sign and thus, the final uncertainty is
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Table 4.2: Uncertainty budget.

Quantity Standard uncertainty Probability Expanded uncertainty
u(xi ) k factor = 2

Minimum excitation, I = 9.05 A
V 70 mV normal 140 mV
I 2.9 mV normal 5.8 mV
Z 7.7 mΩ normal 15.4 mΩ

Medium excitation, I = 10.84 A
V 70 mV normal 140 mV
I 3.3 mV normal 6.6 mV
Z 5.9 mΩ normal 11.8 mΩ

Maximum excitation, I = 13.38 A
V 70 mV normal 140 mV
I 3.6 mV normal 7.2 mV
Z 5.2 mΩ normal 10.4 mΩ

expected to decrease with higher order of harmonics, provided that voltage and current
readings are above the uncertainty level of the measurement system. The estimated un-
certainty budget for different excitation levels at power frequency is presented in Table
4.2.

4.3.4. REFERENCE MEASUREMENTS

Low voltage cable systems are characterized by higher values of resistive component of
the impedance which leads to low X/R ratio at power frequency. In laboratory conditions
this fact presents exceptional opportunity to perform highly accurate measurements for
the sole purpose of deriving reference value of cable resistance. This can be served as
a reference for all subsequent experiments with harmonic impedance measurements.
One of the most efficient methods of obtaining reference resistance is through direct
current injections. We have connected a DC source to the studied feeder and provided
controlled excitation from 1 A to 10 A and current measurements with calibrated ac-
curacy 0.5% + 2 digits. The DC current was drawn by precision current measurement
shunts with calibrated resistances of 10 mΩ and 100 mΩ which were connected to the
last household (Figure 4.2). We have installed two identical digital multimeters Agilent
34401A at the beginning of the feeder and at the last connection point to measure value
of the voltage drop across the DC resistance. These multimeters are characterized by
0.0030% gain error and 0.0005% offset error as per data provided by the manufacturer.

We repeated measurements 13 times for different current levels while calculating re-
sistance after each subsequent step. The majority of results has fallen between bound-
aries of 0.0934 Ω and 0.0936 Ω. Based on this, we have taken 0.0935 Ω as the reference.
On the other hand, the reactance at fundamental frequency was calculated based on the
layout and data sheet specifications. The value of 0.023 Ω was accepted as reference
reactance.
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Table 4.3: Load operating scenarios1.

# 1 2 3 4 5 6 7 8 9
I1, A 13.0 10.8 11.7 12.8 11.3 12.6 13.0 9.0 13.9

P1, kW 2.9 2.5 2.6 2.9 2.6 2.9 3.0 2.0 3.0
1 constant power load with crest factor of current 1.8 and T HDi =44%

4.4. IMPEDANCE UNDER SINUSOIDAL SUPPLY CONDITION

T O evaluate stability of the non-invasive impedance estimation methodology we first
energize our distribution feeder by means of a programmable power source. By per-

forming this experiment we make sure that supply frequency is fixed at 50 Hz with min-
imal deviations. The harmonic excitation is only provided by 3-phase balanced non-
linear load connected to the household #6, which corresponds to the connection point
at the end of the feeder and no background voltage distortion present in the system. By
adjusting crest factor of the load we provide harmonic current excitation to the system.
The respective load settings are presented for 9 different test stages in Table 4.3. As an ex-
ample, Figure 4.3 and Figure 4.4 show pattern of the harmonic load current together with
associated voltage distortion at the sending end of a cable for 7th and 13th harmonic or-
ders, respectively. The overshoots are due to imperfections in the control of load bank
during rapid change of load demand.
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Figure 4.3: 7th harmonic 1-cycle RMS values: (a) Load current; (b) Voltage at the beginning of cable.

The visual analysis of these graphs confirms that lower harmonic current values at
higher harmonic orders contribute to a larger voltage distortion due to increased value
of the impedance. Additionally, a valuable information can be extracted from the graph
demonstrating cable voltage drops at different harmonic frequencies (Figure 4.5). The
recorded voltage drop values for 5th and 11th harmonic components are significantly
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Figure 4.4: 13th harmonic 1-cycle RMS values: (a) Load current; (b) Voltage at the beginning of cable.
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Figure 4.5: Voltage drop at different frequencies.

smaller than corresponding values of 7th and 13th and are close to the uncertainty level
of voltage acquisition cards. As the next step, these components shall be excluded from
impedance estimation algorithm.

While applying estimation algorithm to the acquired data we observed that the out-
come was significantly impacted by the value of phase angle between voltage drop ∆V
and corresponding current I at different frequencies. We conveniently demonstrate se-
lective angle distributions in the form of histogram charts in Figure 4.6 and Figure 4.7
for 7th and 11th harmonic orders, respectively. For 11th harmonic it is to notice that
associated voltage drop is caused by imaginary component only. This practically means
that an insufficient harmonic excitation by the real part of current will lead to very high
uncertainty values for resistance estimates.

Since three-phase balanced non-linear load could inject among others zero-sequence
harmonics, an uneven voltage drop over zero-sequence impedance is expected. This
phenomenon is related to the fact that zero-sequence components tend to add in neu-
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Figure 4.6: Angle between ∆V and I at 7th harmonic.
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Figure 4.7: Angle between ∆V and I at 11th harmonic.
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Figure 4.8: Magnitudes of cable impedance values at different frequencies.

tral wire. In theory, these components are expected to be exactly three times of the cor-
responding phase value. However, in practical situation due to the leakage effect to the
ground the magnitude of current in neutral wire can demonstrate some deviations from
anticipated value. Another influencing factor is that typically all three phases are not
perfectly balanced at all frequencies so zero-sequence components do not necessarily
correspond to triple harmonic orders. In order to complement the impedance method
it is suggested to use neutral wire measurement for compensation of zero-sequence cur-
rents.

In Figure 4.8 we present estimated magnitudes of cable impedance for several har-
monic orders in the form of 3-d plot reflecting both time and frequency scales. This
graph is meant to demonstrate features of continuous online assessment of harmonic
impedance. It can be inferred for this plot that estimates of impedance are stable over
the course of time.

Finally, in Table 4.4 we include estimated impedance for harmonic orders from 1 to
19 along with standard uncertainties and harmonic current values. From this table it
can be inferred that the magnitude of estimated fundamental impedance is close to the
reference value of 0.0963Ω. The difference between two values is 7.9 mΩwhich is within
the evaluated expanded uncertainty for 95% of values (coverage factor k = 2). The main
difference lies in the reactive part of impedance and this is due to the initially low X/R
ratio which requires higher excitation levels in imaginary part of current. As it can be
seen, the harmonic impedance estimates demonstrate consistent increasing behavior
and rising levels of standard uncertainty with decreasing excitation level.

In addition, the consistency of impedance estimates over the course of time can be
further checked by evaluating vector plots of harmonic impedance. These plots for some
of the frequencies are presented in Figure 4.9 and Figure 4.10. Each figure contains 40 es-
timates of complex impedance values and each value corresponds to 10 seconds period,
over which averaged periodogram was calculated. From these graphs it can be inferred
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Table 4.4: Complex impedance estimates.

h R + i X | Z | Standard uncertainty I
# Ω Ω mΩ A
1 0.1037 + 0.0097i 0.1042 7.7 9.05
3 0.0953 + 0.0363i 0.1020 3.8 3.93
7 0.1478 + 0.0814i 0.1687 25.5 0.5
9 0.0982 + 0.1092i 0.1469 62.1 0.25

13 0.1894 + 0.1417i 0.2365 82.3 0.16
15 0.1050 + 0.1783i 0.2069 442.4 0.04
19 0.2418 + 0.1964i 0.3115 274.5 0.06

that variation of impedance estimates is negligible.

4.5. IMPACT OF BACKGROUND DISTORTION

W HILST experiments with ideal sinusoidal power source and minimum deviation of
supply frequency constitute conditions which are perfect for evaluating perfor-

mance of online impedance estimation, we shall also focus on scenarios resembling
practical operation of distribution feeder. To do so, we energize it with the public grid
with THD equal to 1.7% with dominating 5th and 7th harmonics. Later, we put into op-
eration two identical solar power inverters connected the households #1 and #2. We then
apply a slow ramp irradiation profile ensuring common DC input for both inverters. The
current injected by one of the inverters is shown in Figure 4.11. The fundamental current
measured at the sending end of the cable is shown in Figure 4.12.

The solar inverters introduce variations into measured current. At the same time
fluctuations of voltages at harmonic frequencies are resulted from harmonic interaction
with background voltage distortion. These patterns are reflected in Figure 4.13 and Fig-
ure 4.14 for 5th and 11th harmonic orders, respectively.

After collecting all the required waveforms we perform continuous harmonic impedance
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Figure 4.11: Inverter fundamental output current.
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Figure 4.13: 5th harmonic voltage and current (1-cycle RMS).
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Figure 4.15: 5th harmonic resistance and reactance.

assessment. For this case we split complex impedance into resistive and reacitve parts.
Figure 4.15 illustrates the outcome of the cable 5th harmonic impedance estimation.
The calculated difference between extreme points is no more than 10 mΩ for R and X
which indicates that substantial part of the noise introduced by background voltage dis-
tortion and solar power was filtered out, whereas the operation of a dominant harmonic
source fully contributed to the determination of cable impedance.

All the same, the impact of noise becomes more pronounced at higher harmonic
orders characterized by lower excitation levels. We look at the 11th harmonic resistance
and reactance estimates which are plotted against different modes of operation in Figure
4.16 and Figure 4.17 in the form of box plots over 100 seconds observation time. The
upper and lower bounds of the boxes correspond to 75th percentile and 25th percentile,
respectively and red lines indicate median values. The following modes of operation are
considered:

1. NL – only non-linear load operating;

2. 1 PV – first solar inverter switched on;

3. LD – changes in load demand;

4. 2 PVs - second solar inverter switched on and both are now in operation;

5. LD (2) – changes in load demand

From Figure 4.16 we can deduce that operation of photovoltaic inverters introduces
variation into resistance estimates. However, this variation reduces during fast changes
of load demand indicating that estimate can be improved in noisy environment with
low excitation levels. One of the possible reasons of improvement is increased correla-
tion between current of dominant harmonic source and its contribution to the voltage
distortion. According to the results, the difference between two extreme median values
of resistance estimates is no more than 20 mΩ.

As for the reactance estimates, we can conclude based on Figure 4.17 that variance
of estimates minimal during first phase of step changes in load demand indicating an
accurate estimate with median value of 0.11 Ω (indicative uncertainties are presented
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Figure 4.16: Resistance at 11th harmonic.
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Figure 4.17: Reactance at 11th harmonic.

in Table 4.4). In contrast, the largest deviations in reactance values correspond to the
second phase of load step changes. The underlying reason is insufficient excitation of
reactive component of the cable during this particular regime of operation. Finally, for
this case we demonstrate the absolute values of impedance magnitude in Figure 4.18.
We can conclude, therefore, that proposed online procedure for continuous cable har-
monic impedance evaluation is characterized by stable performance in presence of the
uncorrelated noise.
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Figure 4.18: Magnitudes of 11th harmonic impedance.
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4.6. CONCLUSION

I N this chapter we put our focus on discussion over the important parameter in distor-
tion analysis - harmonic impedance of underground cable in low voltage distribution

systems. A parameter whose importance is typically overlooked due to a number of fac-
tors. It goes without saying that amount of low voltage cable systems comprising assets
of modern distribution systems operators is strikingly large. On one side, keeping tech-
nical details over each cable including its precise length and power frequency impedance
values seems reasonable, but not always feasible. On the other, the availability of tech-
nical specifications for harmonic frequencies definitely constitutes a gap. We consider it
important to not only propose new methods for efficient estimation of such quantities
for frequencies other than fundamental, but to merely raise a situational awareness of
all experts involved in distribution systems power quality analysis. Therefore, in the line
of this duty, and as the main contribution of this chapter, we demonstrated one of the
ways to measure harmonic impedance of the cable.

Undoubtedly, while utilizing synchronized measurement infrastructure for harmonic
impedance estimation, characterization of uncertainty of instrumentation chain must
be of paramount importance. Whilst time synchronization error must be kept at sub-
microsecond level, meaningful confidence intervals should be assigned to every esti-
mated impedance value at each harmonic order. If the aim is to estimate one in a non-
invasive manner, then it is needed to provide a way of differentiating contributions of
dominant distortion source from any other fluctuations, including uncorrelated noise.
The data proves also that treating harmonic systems at low voltage level as linear time
invariant is justified and may be used as basis for many an algorithm. In this chapter
the output of the developed algorithm is a transfer function which describes frequency
response of LTI system. This transfer function contains real and imaginary components
at different frequencies which correspond to harmonic impedance values. Lastly, cal-
culation of final impulse response of the system is based on the injections of dominant
harmonic source.
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5
MODELLING OF NON-LINEAR

SOURCES

Accurate models of harmonic producing sources are essential for studying their impact
on voltage distortion levels. The challenge in developing a model suitable for harmonic
propagation studies in the distribution networks is to accurately represent the impact of
background voltage distortion on harmonic current emission of a certain device. This
challenge is governed by a trade-off between the complexity of a model and its level of
details. Moreover, not only the modelling approach itself is important but also the con-
venience of practical applicability of the developed model in the commercially available
simulation packages. To meet these requirements in this chapter a modelling methodol-
ogy is investigated which makes use of a certain deterministic function derived from the
reasonable amount of field measurements. The outcome of this modelling procedure
represents the behavior of a harmonic source in the form of a compact algebraic equa-
tion. A strong advantage of such an approach is its ease of application in a simulation
environment and reckoning on a large amount of simulation scenarios.

5.1. REVIEW OF THE EXISTING MODELLING TECHNIQUES

T HE current modelling practice encompasses several approaches but among the most
efficient and preferable is the Norton coupled frequency admittance matrices (FCM)

[1]. This modelling method accounts on the sensitivity of harmonic currents to the
angle and the magnitude of a background voltage distortion. Additionally, it allows to
consider harmonic interaction between voltages and currents of different harmonic or-
ders. A thorough attention to this method was given in [2] where coupled capacitor-
smoothed bridge rectifiers were modelled as a coupled admittance. The authors of this
study proved that harmonic current is influenced significantly by applied harmonic volt-
age amplitudes and phase angles. Moreover, complex deviations of model output vector
from the measurements were used to evaluate accuracy of the investigated models. The
results showed 10-20% average deviations for 50% quantiles of data.
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In [3] the authors emphasized the importance of metrological requirements to the
measurement system used for obtaining initial data for Norton models. They demon-
strated that derivation of FCM depends strongly on the accuracy of such a system.

The properties of admittance elements with respect to the topology of power elec-
tronics equipment have been studied in [4] and [5]. The Fourier descriptors were pro-
posed for estimating and analyzing FCM. It was found out that depending on the topol-
ogy of power electronic device, specifically on the type of power factor correction (PFC)
some equipment types can indicate wide linear range in the coupled Norton approach -
a brilliant observation leading to the prediction of harmonic behavior of certain devices.
Based on the measured values the authors of these papers proposed the quantification
of linearity - a non-linearity harmonic current response index (NLI).

To conclude, the Norton frequency-coupled matrices is a powerful modelling ap-
proach, which de facto requires significant amount of accurate measurement sets and
ample mathematical derivations. Its implementation in commercial simulation pack-
ages can be somewhat limited since an iterative harmonic load flow would require a
large number of admittance matrices comprised in advance in order to take into consid-
eration all scenarios of interest.

As an alternative to Norton FCM a component-based modelling of harmonic loads
is capable of reproducing the instantaneous input current waveform of each individ-
ual power electronic device. Such models require the fundamental knowledge about
topology of studied devices and numerical values of the components. In [6] a method
for modelling residential aggregate loads for harmonic analysis was presented. Generic
models based on the equivalent circuits of the power electronics-driven equipment have
been developed. Based on the results authors of this paper concluded that proposed ag-
gregate models were suitable for preserving full information on the electrical character-
istics of the modelled load mix. This approach was further developed in [7]. The main
contribution of this work is a combination of detailed component-based modelling ap-
proach with the Markov-chain Monte Carlo routine allowing to account on user-load
interaction. The case study involved modelling of groups of compact fluorescent light-
ing (CFLs) and important observation concerned diversity factors to quantify harmonic
cancellation effects between different groups.

A rigorous component-based modelling of modern switched-mode power supply,
photovoltaic inverter (PV) and electric vehicle charger (EV) has been shown in [8]. In
this work authors also introduced an influence of changing power operating mode on
resulting harmonic emission levels as well as gave an important remark to test modern
power electronics equipment in presence of non-sinusoidal supply voltage waveform.
This modelling approach in combination with probabilistic methods was also applied in
[9] for studies of the commercial load sector.

As it can be deduced from these works, the component-based models introduce high
level of details and associated complexity into the simulation scenario but they, never-
theless, require knowledge on generic underlying equipment topology, type of the con-
trol system and values of the base components. Being able to accurately reproduce har-
monic content of a certain device or a group of individual devices, they are bound to be
used within specialized simulation software, for instance EMTP.

Finally, deterministic modelling methods are complemented by harmonic finger-
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prints. This modelling process was firstly described in [10] where harmonic current
injections were comprised in look-up table according to the applied individual voltage
background harmonics. The phase and magnitude of each individual harmonic voltage
were changed step-wise providing at the end of procedure full harmonic current spec-
trum of equipment under study. The measurement approach is quite similar to the one
used for FCM models, yet the post-processing part does not require complex mathemat-
ical equations. The idea was further developed in [11] for aggregate models of photo-
voltaic inverters.

Next, stochastic aggregate harmonic load models form a distinct family of methods
focusing on application in stochastic harmonic propagation studies. Among research
works involving development of such probabilistic models are [12] and [13]. These meth-
ods are best suited for simulating an impact of large bulk of aggregate low-voltage load
on medium-voltage networks with both composition and participation factor of loads
usually modelled as random variables. As it was shown in these works, the accuracy of
such models relies on the extent of measurement campaign typically lasting weeks at
one particular location. On the other hand, the uncertainty of probabilistic models can
be large if part of the measured data is substituted with historical or typical values.

Some work has been done in order to apply data-fitting routines to the measured
sets of data. In [14] authors presented a method based on a linear least-square (LLS)
estimator performed on the decoupled Norton admittances matrices of CFL. Due to the
numerical instability of the algorithm it was not possible to obtain either accurate esti-
mates of full Norton model or coupled admittance model. The results of this particu-
lar case study demonstrated reasonably good accuracy of the derived model in terms of
current magnitudes but omitted angle derivation. The underlying reason in disregarding
angle of harmonic is the nature of LLS, which requires modifications in order to resolve
phase information.

In [15] an excellent method for modelling background harmonic voltage source has
been presented. A non-linear least-square (NLSF) was applied to the sets of field data
after statistical processing which involved smoothing and filtering the data with Gaus-
sian distribution. While the output of this algorithm in the form of normal distribution
deemed to be appropriate for representing current magnitudes of combined operation
of many harmonic sources, a different approach is required to model a response of the
certain harmonic load.

To conclude, despite the research aiming to derive algebraic equations associated
with harmonic sources, there is currently a lack of harmonic models of that type.

5.2. FUNDAMENTALS OF CIRCULAR STATISTICS

I N this chapter, we propose a novel method for modelling individual harmonic produc-
ing sources based on the foundations of circular statistics. A measurement procedure

attributed to the harmonic fingerprinting [10] is used for obtaining the initial sets of data
for three modern power electronics devices: photovoltaic inverter, battery charger and
a group of CFLs. After that, coefficients of the models are estimated with the applica-
tion of circular regression algorithm. The output of the modeling process is compared
with the measured data to check for satisfactory performance. The methodology is fo-
cused on the derivation of relationships between applied harmonic background voltage
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angle and the phase angle response of the harmonic current emission of the device. The
described modelling process brings an improvement over the fingerpint method [10].

In this chapter we prove that an accurate modelling of harmonic angles cannot be
performed on the base of Gaussian distribution of linear data but rather needs to be
tackled by approach of circular (directional) statistics. Naturally, circular statistics meth-
ods lay a foundation for explaining relationships between dependent and independent
angular variables.

Owing its origins to Medicine and Astronomy and later finding applications in Biol-
ogy, Geology and Meteorology, circular or directional statistic methods have been mostly
untouched by power system engineers and researchers. In the latter, the basic electrical
parameters - currents and voltages are represented fundamentally by magnitudes and
angles, making the linear approximations in analysis of such data possible, but not suf-
ficient for routine data processing.

Approximate linearity may serve its purpose in large variety of power system analysis
cases, but specific fields - for instance analysis of harmonic distortions would require
a different approach. This is merely due to the fact that harmonic-producing sources
exhibit non-linear behavior and harmonic phase angles therefore can be analysed as
two-dimensional orientations on a unit plane. Whilst partially based on the theoretical
knowledge included in [16], this chapter emphasizes the applicability of the directional
statistics methods to the power systems harmonic analysis.

5.2.1. FUNDAMENTAL PARAMETERS
The fundamental step in analyzing directional sets of data is identifying whether or not
measured set contains certain modal (directional) group or, perhaps, several modes (mul-
timodal data). One of the most important quantities is a mean direction of circular data
given as:

cosθ̄ =C /R, si nθ̄ = S/R (5.1)

where

C =
n∑

i=1
cosθi , S =

n∑
i=1

si nθi , R2 =C 2 +S2 (5.2)

and θi is individual angle measurement. Furthermore, the next descriptive quantity as-
sociated with the mean direction θ̄ is the mean resultant length R̄ given by:

R̄ = R/n (5.3)

where n is the number of samples and R is a sum of variables of representative data set
defined on a cyclic interval [0, 2π]. Thus, the mean resultant length is the outcome of
vectorial summation but not arithmetic. Its value lies in range (0,1) and R̄ = 0 can po-
tentially but not necessarily imply uniform distribution of samples around the circle. On
the other hand, values close to R̄ = 1 indicate rather large concentration of data points.
In other words, R̄ is an estimator measuring the concentration.

These two quantities form angular and amplitude components of the first trigono-
metric moment:

m1
′ = C̄ + i S̄ = R̄e i θ̄ (5.4)

and trigonometric moment m1
′ is a basic population characteristic describing the un-

derlying probability distribution function.
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5.2.2. PROBABILITY DISTRIBUTION ON THE CIRCLE
From section 5.2.1 it follows that circular data cannot be described by Normal Gaussian
distribution since all basic statistical parameters are presented in vectorial rather than
scalar form. The most often used model is von Mises symmetric unimodal distribution
for which dispersion equals to a concentration parameter k on contrary to the Normal
distribution, where dispersion is represented by the variance σ2. It is worth noting that
increasing k value indicates rising concentration around reference direction and typi-
cally if k Ê 2 it is reasonable to fit measured data to von Mises distribution and apply
corresponding statistical methods.

The probability density function is given as:

f (θ) = [2πI0(k)]−1exp[kcos(θ−µ)]

0 É θ < 2π, 0 É k <∞ (5.5)

where k is a concentration parameter and µ is a mean direction and

I0(k) = (2π)−1
∫ 2π

0
exp[kcos(φ−µ)]dφ (5.6)

is the Bessel function. Finally, the distribution function of von Mises distribution is rep-
resented by:

F (θ) = [2πI0(k)]−1
∫ θ

0
exp[kcos(φ−µ)]dφ (5.7)

If k approaches 0, the distribution converges to the uniform distribution whilst if k = 1,
the distribution tends to the point distribution concentrated in the direction µ.

The evaluation of these equations requires working with Bessel functions and this
can be conveniently executed by R software package allowing among others the analysis
of circular data.

It is worth of noting that in some cases the von Mises distribution can be closely ap-
proximated by Wrapped Normal distribution which can be obtained by wrapping Nor-
mal distribution around the circle [16].

5.2.3. STATISTICAL TESTS
In order to decide whether or not the particular set of angular data can be fit to uni-
modal distribution a number of tests must be performed. Test of uniformness against
a unimodal alternative or Rayleigh test is a suitable formal tool for that purpose. The
Rayleigh test statistic is then given as:

R̄0 = R̄cos(θ̄−µ0) (5.8)

where R̄ is a mean resultant length, θ is a mean direction and µ0 is the mean direction of
the alternative unimodal model. It is typical to reject the null hypothesis of uniformity if
R̄0 is large and exceeds the significance probability of R̄0 defined as P0 and calculated as:

P0 = 1−pz + fz [(3Z0 −Z 3
0 )/(16n)

+ (15Z0 +305Z 3
0 −125Z 5

0 +9Z 7
0 )/(4608n2)] (5.9)
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where Z0 = (2n)
1
2 R̄0, n is a number of samples and pz = Φ(Z0) is table values which

define percentiles of the Normal distribution.

Other tests exist to verify specific alternative assumptions, for instance Watson test
aiming to check null hypothesis of randomness against von Mises distribution.

5.3. ANALYSIS OF THE MEASURED DATA

I NJECTIONS of three distinct types of low-voltage power electronics equipment were
modelled, namely 1 kW single-phase photovoltaic inverter, Li-Ion battery charger with

rated input current of 16 A and a group of CFL lamps comprised of 36 pieces of different
brands.

The measurements were performed according to [10] for every equipment type. Firstly,
a harmonic source is connected to the undistorted voltage supply and the emission level
at this condition is measured. Further, individual harmonics with magnitudes between
0.5% and 5% depending on the harmonic order are added one by one. Next, within each
level of harmonic voltage magnitude a phase shift is being varied between 0 and 360
degrees with standard step of 30 degrees and the harmonic current response of equip-
ment under test is recorded. Finally, all the obtained data are organized into convenient
look-up tables.

In order to investigate the shape of distributions of measured values the harmonic
currents were split into the magnitude and phase angle components. After that, har-
monic phase angles were organized on a unit circle pane. Figure 5.1 presents measured
harmonic current angles of PV inverter in response to voltage background angles varied
as 0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300 and 330 degrees. The composition of
these plots is typical for representing angular data by means of circular statistics. On
the shown unit panes every black dot corresponds to the one specific value of an an-
gle of emitted harmonic current. Whenever the phase of harmonic current falls within
the same sector multiple times - the dots are plotted on a "stacked" manner. At the
later stages this technique allows to assess the modes of distribution. The magnitude of
voltages was kept at the same level. The recorded data are then analyzed with circular
statistics methods.

5.3.1. EXPLORATORY ANALYSIS

At this stage, the purpose of the initial graphical analysis is to merely assess the funda-
mental harmonic behavior of equipment under test and to conclude if there are certain
patterns in angle distribution. The black filled circles in Figure 5.1 designate directions
of harmonic phase angles. The prevailing direction is clearly visible for 5th harmonic,
where points falling under the same group are drawn in a stacked manner. Furthermore,
the spread of angles is increased for 7th and 9th harmonic and becomes nearly evenly
distributed for 13th harmonic component.

For visual evaluation of the presence of certain directional modes, another nonpara-
metric statistical instrument is apllied. Figure 5.2 shows kernel density etimates of the
measured data. In general, the influence of each data point is stretched over reasonably
small arc containing this data point. Next, the final density estimate for prevailing di-
rection is then represented as the sum of all the contributions of smoothed points. The
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Figure 5.1: Fingerprint of measured current angles of PV inverter.
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Figure 5.2: Kernel density estimate of PV inverter current angles. (a) Fifth harmonic; (b) seventh harmonic; (c)
ninth harmonic; (d) thirteens harmonic.
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Figure 5.3: von Mises Q-Q plot for the PV inverter harmonic angles. (a) Fifth harmonic; (b) seventh harmonic;
(c) ninth harmonic; (d) thirteens harmonic.

unimodal groups falling between 0 and 75 degrees are clearly observable in Figure 5.2a,
Figure 5.2b and Figure 5.2c. Some irregularities in the form of additional bumps can be
visible in Figure 5.2d corresponding to 13th harmonic order.

Based on this initial analysis it can be concluded there is an evidence of prevailing
directions of harmonic phase angles as consequence of changing background voltage
distortion angle.

Furthermore, once the presence of unimodal groups in measured data is established,
a graphical assessment of goodness-of-fit for the von Mises model is performed. One
way to check whether samples of data belong to a specified distribution is quanitle-
quantile (Q-Q) plots. Along the y-axis the input data is plotted versus the x-axis which is
a collection of theoretical values of expected distribution. In case when the resulting plot
shows signs of linearity it can be concluded that the data sample comes from the sought
distribution. Figure 5.3 demonstrates that studied circular distribution model is suitable
for the representing measured set of data. There is little evidence of the departure from
the model for 5th (Figure 5.3a) and 13th (Figure 5.3d) harmonic orders, however, Q-Q
plots can be fluctuating and therefore formal statistical tests are required.

The exploratory phase of analysis was performed in a similar fashion for the other
two equipment types and results are shown in Figures 5.4 through Figure 5.7. It is inter-
esting to note the spread of harmonic current angles of the battery charger (Figure 5.4).
From these directional plots it is observable that for 7th and 9th harmonic the angles
are distributed visually evenly, and this is confirmed by Figure 5.5b and Figure 5.5d. The
latter Kernel density estimate graphs demonstrate the presence of several modes of dis-
tribution. This in theory can point to the lesser goodness-of-fit, however, at this stage the
data samples cannot be discarded based only on the visual analysis. It will be shown in
the following section that formal mathematical tests identify the presence of one large
mode. Moreover, the effect of even spread of the majority of current harmonic angles
can possibly be referred to the notion of linearity studied in [1] and [4] and can be at-
tributed to the underlying topology of power electronic equipment, to be more specific
to the type of PFC.

On the other hand, a group of CFLs demonstrates highly nonlinear behavior with
angles being concentrated strictly in certain quadrants (Figure 5.6). As it was mentioned
before, a current angle response belonging to the same sector is being stacked on the
response of previous test scenarios of changing voltage background angle with a step
of 30 degrees. The fact is confirmed by kernel density plots (Figure 5.7) showing quite
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Figure 5.4: Fingerprint of measured current angles of battery charger.
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Figure 5.5: Kernel density estimate of battery charger current angles. (a) Fifth harmonic; (b) seventh harmonic;
(c) ninth harmonic; (d) thirteens harmonic.
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Figure 5.6: Fingerprint of measured current angles of CFLs.
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Figure 5.7: Kernel density estimate of CFLs current angles. (a) Fifth harmonic; (b) seventh harmonic; (c) ninth
harmonic; (d) thirteens harmonic.
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narrow modal groups for selective harmonics.

5.3.2. FORMAL TESTS

Having concluded graphical analysis of measured angular data it is reasonable to calcu-
late all fundamental statistic values and perform tests of null hypothesis. In this section,
the statistic quantities are calculated as it is explained in section 5.2 and Rayleigh tests
are performed as per Section 5.2.3. The results for every studied device are summarized
in Table 5.1.

The calculated statistical quantities are in a good agreement with theoretical infor-
mation of section 5.2 stating that mean resultant vector length R̄ close to 0 does not
necessarily imply uniform distribution of phase angles. Looking at the rows related to
battery charger in Table 5.1 it is visible that mean resultant lengths equal to 0.11 and 0.13
for 7th and 13th harmonic orders, respectively, correspond to large values of Rayleigh
statistics. Moreover, the outcome of the Rayleigh test shows that significant probability
values P0 are exceeded by R̄0 by several orders of magnitudes for these harmonics. It
can be concluded therefore that unimodal directional groups are indeed present in the
measured set of data, however, initial graphical analysis can be insufficient for drawing
this conclusion.

On the other hand, R̄ = 0.11 of 13th harmonic PV current angles corresponds to R̄0

= 0.18 and is less than calculated significance probability P0 = 0.29. This confirms the
visual analysis presented in Figure 5.2d and can indicate ambiguity in determining pre-
vailing phase angle directions.

Finally, the results presented for a group of CFL in Table 5.1 implicate high level of
data concentration in relation to prevailing directions for every harmonic order.

Table 5.1: Calculated statistical quantities.

Equipment type Harmonic order R̄ θ̄ R̄0 P0

Battery charger 5 0.29 52.37 0.91 0.078
7 0.11 173.09 3.02 0.3
9 0.35 12.01 0.21 0.04

13 0.13 134.55 2.35 0.26
PV inverter 5 0.94 35.1 0.61 0

7 0.54 24.1 0.42 0.0036
9 0.67 14.6 0.25 0.0002

13 0.11 10.24 0.18 0.29
CFLs 5 0.99 134.16 2.34 0

7 0.98 32.93 0.57 0
9 0.98 -21 5.91 0

13 0.50 123.02 2.15 0.0057

R̄ - mean resultant length, θ̄ - mean direction (deg), R̄0 - Rayleigh statistic, P0 - significance probability of R̄0.
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5.4. CIRCULAR REGRESSION MODEL

T HE analysis of measured data which was carried out in section 5.3 proves that cur-
rent harmonic angles measured with fingerprint approach can be used as the input

for circular modelling process. In fact, one of the advantages of treating data as a sample
of von Mises distribution is the possibility to model a circular response variable with re-
spect to the explanatory variable. In the case of harmonic modelling it means that within
fixed background voltage magnitude level there will be a distinct response of equipment
current angle to the change of applied voltage angle. In other words, a circular regression
model can be derived which explains the systematic variability of harmonic current an-
gles. This means that the response of estimated model for any input value of background
voltage angle can be predicted.

A fundamental assumption in the modelling process is that all data points have been
taken from von Mises distribution with specified prevailing mean direction. The general
purpose of the model therefore is to estimate the mean direction with relation to the
explanatory variables. In essence, the mean direction can be calculated as:

µi =µ+ g (β′Xi ) =µ+ g (β1X1 + ...βk Xk ) (5.10)

where Xi is the explanatory variable, β = (β1, ...βk ) is the vector of coefficients to be es-
timated and g is the link function, subject to selection in advance. This model explains
the behavior of response variable when explanatory variables are in the form of linear
covariates.

Given the case when both response and independent variables, u and ν , are circular,
the general regression model was modified by the authors of [17]. The following model
was proposed:

E(e iν|u) = ρ(u)e iµ(u) = g1(u)+ i g2(u) (5.11)

with e iν = cosν+ i si nν being the conditional expectation of estimated mean direction,
µ(u) is the conditional mean direction of ν with respect to u and ρ(u) is the conditional
concentration parameter for periodic functions g1(u) and g2(u). It is interesting to note
that model proposed in [17] estimates not only mean direction but also the concentra-
tion parameter.

The predicted value of mean direction is derived as:

µ(u) = ν̂= tan−1 g2(u)

g1(u)

=


tan−1 g2(u)

g1(u) , i f g1(u) > 0

π+ tan−1 g2(u)
g1(u) , i f g1(u) ≤ 0

unde f i ned , i f g1(u) = g2(u) = 0

(5.12)

The trigonometric polynominals are then utilized as the approximations of g1(u) and
g2(u):

g1(u) ≈
m∑

k=0
(Ak cosku +Bk sinku)

g2(u) ≈
m∑

k=0
(Ck cosku +Dk sinku) (5.13)
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where k is the trigonometric order and Ak , Bk , Ck , Dk are the parameters to be esti-
mated.

Finally, the generalized least squares estimation algorithm is used for estimating pa-
rameters of (5.13). If ε = (ε1,ε2) is the vector of random errors then the following is in
order:

cosν= g1(u)+ε1

sinν= g2(u)+ε2 (5.14)

As it can be deduced from the (5.14) the final circular regression model is represented by
both cosine and sine terms. According to (5.12) the estimated mean direction is given as:

ν̂= tan−1 sinν

cosν
(5.15)

This model is conveniently integrated in the "Circular" package of R software. The pro-
posed algorithm is summarized in the flow chart of Figure 5.8.

5.4.1. MODEL OF PHOTOVOLTAIC INVERTER
Figure 5.9 shows the results of deriving circular regression model from the measured
sets of data for selective harmonics produced by PV inverter. The presented scatter plots
provide convenient way of visualizing the dependence of one variable on another, i.e. the
response of harmonic current angle to the changes of background voltage phase angle.
In Figure 5.9 the measured values (designated with colored bullet •) are plotted together
with fitted data (designated with colored plus +).

The regression models are estimated separately for different levels of magnitudes of
voltage background distortion. It can be seen that harmonic injection patterns are sig-
nificantly different for every studied frequency. Additionally, at 5th harmonic the mag-
nitude of the applied background voltage impacts to the great extent the pattern of har-
monic current angle evolution.

On the other hand, nearly linear trend is observable for thirteens harmonic, with all
points being quite close to each other regardless of the magnitude of voltage.

All in all, the fitted model demonstrates good agreement with measured data. More-
over, in certain cases of manifested linearity (thirteens harmonic) the estimated har-
monic angles overlap the measured ones.

Figure 5.10 shows the residual analysis corresponding to the derived regression mod-
els, where fitted data are plotted against estimated residuals. Fifth harmonic plot (Figure
5.10a) suggests there are some outlying points corresponding to -40 and 40 degrees, but
the majority of residuals is enclosed between -10 and 10 degrees. A similar behavior is
observed for seventh (Figure 5.9b) and ninth (Figure 5.10c) harmonics. Figure 5.10d, on
contrary, is characterized by the residuals mostly concentrated between -3 and 3 degrees
indicating good performance of the regression model.

5.4.2. MODEL OF BATTERY CHARGER
Figure 5.11 and Figure 5.12 demonstrate the fitted data together with measured values
and model residuals for the battery charger. It is observable that for every plotted har-
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Figure 5.8: Modelling algorithm.
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monic order the linear trends are explicit, with the exception of ninth harmonic. Fur-
thermore, some outlier points are clearly present in the thirteens harmonic. Once again,
the nearly linear behavior of harmonic current angle response is in agreement with the
analysis presented in section 5.3.

The spread of residuals is mostly enclosed between -10 and 10 degrees with some
outlier points visible in Figure 5.12d (13th harmonic).

5.4.3. MODEL OF CFL
The studied group of energy-efficient lights is characterized by strong nonlinear and
asymmetric harmonic patterns. Figure 5.13 allows to conclude that for 5th and 7th har-
monic order the current angle response alternates drastically under the influence of dif-
ferent harmonic voltage magnitudes. On the other hand, this is not the case for 9th and
13th harmonic components. For the former it can be observed that all data points are
roughly concentrated within one prevailing direction regardless of the magnitude of ap-
plied voltage. Furthermore, in agreement with Fig. 5.7d the dispersion of the current
angles for 13th harmonic order is larger than for other frequencies, nevertheless, differ-
ent voltage magnitudes levels do not influence significantly the response of harmonic
current phase angles.

An analysis of the residuals presented in Figure 5.14 shows that most of the points lie
between -2.5 and 2.5 degrees suggesting that measured set of data is represented well by
derived circular regression model. An exception to this is however, 13th harmonic with
its residuals being enclosed between -10 and 10 degrees.

5.5. ADDITIONAL CONSIDERATIONS

O NE of the fundamental assumptions allowing to make progress in modelling method
described in this chapter is that all measured values fit to the underlying von Mises

distribution for circular data. While this distribution is a natural choice for many theo-
retical problems, it can be difficult to use in practise, in particular when concentration
parameter k associated with measured data set is less or approaching the value of 2.
However, since circular statistics includes vast varieties of methods and analysis capa-
bilities, it can be reasonable to estimate confidence intervals associated with estimated
prevailing direction of current harmonic angles and uncertainty of concentration pa-
rameter. For the specific case presented here, i.e. when the amount of samples in every
data set is small, the so-called parametric bootstrap method is in order.

Furthermore, since proposed modelling method concerns derivation of algebraic
equations with respect to the harmonic phase angles, a distinct procedure for handling
harmonic current magnitudes must be applied. An influence of circular variable (volt-
age phase angle) on a linear variable (current magnitude) presents a separate class of
a problem not falling under directional statistics methods. Based on the observations,
this relationship for the most of cases demonstrates periodic trends. This allows to ap-
proximate current magnitude as a function of background voltage by simply applying
interpolation or appropriate curve-fitting procedure. As an example, Figure 5.15 shows
an evolution of fifth harmonic current magnitude with respect to the voltage angle as
measured at the terminals of battery charger.
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Figure 5.9: PV Inverter model. •Measured data +Fitted data
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Figure 5.10: Model residuals of PV Inverter. (a)Fifth harmonic; (b)Seventh harmonic; (c)Ninth harmonic;
(d)Thirteens harmonic.
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Figure 5.11: Battery charger model. •Measured data +Fitted data
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Figure 5.12: Model residuals of battery charger. (a)Fifth harmonic; (b)Seventh harmonic; (c)Ninth harmonic;
(d)Thirteens harmonic.
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Figure 5.13: CFL model. •Measured data +Fitted data
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Figure 5.14: Model residuals of CFL. (a)Fifth harmonic; (b)Seventh harmonic; (c)Ninth harmonic; (d)Thirteens
harmonic.
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Figure 5.15: Battery charger fifth harmonic current magnitudes as a function of voltage phase angle.

5.6. CONCLUSION

S YSTEM studies which analyze large networks often require the use of a relatively large
number of harmonic source models. Power-flow based calculation engines use itera-

tions to reach a solution, which can be further complicated, and have their convergence
jeopardized, in case of additional iterations of each source model due to e.g. frequency
coupling [3]. For this reason an analytic relation between the supplied voltage and the
injected harmonic current is a very useful simplification to use in studies on large net-
works.

The regression technique based on von Mises distribution provides algebraic rela-
tionship between explanatory variable - voltage phase angle and response variable - har-
monic current angle. This relationship is valid within certain level of harmonic voltage
magnitude to which regression technique is applied. The models derived from the de-
scribed procedure are characterized by reduced level of complexity, yet providing stable
output with regard to any input harmonic background voltage. It is, therefore, possible to
reduce the models to an analytic dependency on the supplied voltage, which leads to the
improvement of the iteration process in load-flow based solvers for harmonic analysis,
as it avoids additional iterations in the simulations. This also allows to exclude possible
convergence problems with the algorithm in case of large system studies with a signifi-
cant number of sources present.

Generally, the accuracy of these models depends on how well theoretical von Mises
distribution fits to the measured data. In most of the cases this is attributed to the under-
lying equipment topology which in turn affects harmonic behavior. The results in this
chapter demonstrate that derived models are characterized by fair performance with
residuals falling between -2.5 and 2.5 degrees in best case and between -10 and 10 de-
grees for the worst situation.
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6
CASE STUDY: DISTRIBUTION

SYSTEM MODELLING

The procedures for performing harmonic studies for medium-voltage distribution feed-
ers have become relatively mature topic since early 1980s. The efforts of various electric
power engineers and researchers were mainly focused on handling large harmonic non-
linear loads connected scarcely at several buses of medium-voltage feeders. In order to
assess impact of these loads on voltage quality of distribution system, specific modeling
and simulation strategies were proposed since then. These methodologies could deliver
a reasonable estimation accuracy given the requirements of least computational efforts
and reduced complexity. To uphold these requirements the certain analysis assump-
tions have been made which became de facto standards for establishing guidelines for
harmonic analysis. These modelling practices were proven to be adequately effective
for medium-voltage levels and laid the foundation for the harmonic modelling of low-
voltage distribution systems. The changes that modern low-voltage networks had been
facing recently, indicated that new modelling approaches overcoming previously made
assumptions are required.

6.1. HARMONIC SIMULATIONS IN LOW-VOLTAGE SYSTEMS: AN

OVERVIEW

A S a general rule, harmonic simulations are typically executed for perfectly balanced
system. More often than not for such a system the frequency-dependant impedance

of various power system components is not modelled completely. In some cases for
these components the detailed calculations of skin and proximity effects are not per-
formed and resistance and reactance values are modeled based on the theoretical equa-
tions [1, 2]. The simplifications of the modelling routine have led to the commonly ac-
cepted practice of neglecting phase angle diversity effects [1–5]. This is mainly asso-
ciated with developed load models which only in handful of cases are representing the
complete harmonic behavior of the certain device as well as accounting on the harmonic
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interaction between grid harmonic voltages and harmonic currents [6]. Currently, stan-
dard IEC 61000-3-14 suggests usage of summation coefficients which were introduced
as a way to deal both with load fluctuations and the phase angle diversity. The sug-
gested methodology includes set of approximate exponential coefficients for different
harmonic orders. For medium-voltage systems having these assumptions in place for
modelling and simulations in most cases does not result into significant deviation from
true values [7].

However, harmonics in modern low-voltage distribution networks are characterized
by high degree of variability and demonstrate sufficient diversity leading to certain level
of cancellation effects [8]. What changed over the last several decades is clearly a massive
increase in usage of residential electronic devices, recent and ongoing boom of electric
vehicles and large-scale installing of distributed solar power. It is why the harmonic in-
teraction, phase-angle diversity and uncertainty of system harmonic impedance shall be
considered as the factors influencing performance and accuracy of harmonic load flow.

6.2. MODELLING AND SIMULATION APPROACH

T HE harmonic models derived in chapter 5 bear remarkable quality — they describe
a specific harmonic behavior of the certain device when exposed to different voltage

harmonic magnitudes and angles. It is, therefore, feasible to create a quasi-static har-
monic background voltage profile and use it as an input to the specific simulation sce-
narios. The load models’ harmonic current injections in that case will always respond to
the changes of supplied voltage. Commercial simulation package PowerFactory devel-
oped by DIgSILENT offers superior level of control over the simulation scenarios when
paired to scripts written in Python. The simulation conditions including time-varying
harmonic profiles give an opportunity to run harmonic calculations in a quasi-static
way allowing to track evolution of frequency components in time. An example of the
supplied 100 second-long background voltage distortion is demonstrated in Figure 6.1.
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Figure 6.1: Background voltage distortion as continuous input for the simulation.



6.2. MODELLING AND SIMULATION APPROACH

6

75

By utilizing technical data of practical low-voltage distribution feeder and taking
into account its real configuration the following model depicted in Figure 6.2 was built
in PowerFactory environment. The total length of the feeder is 500 m and its type is
4x150AL. The system is supplied by 400 kVA MV/LV transformer with uk equal to 4%.
Since in PowerFactory initial background distortion has to be entered at the medium-
voltage level, the primary winding of transformer was changed to YN in order to be able
to evaluate propagation of zero-sequence harmonic components. Furthermore, three
separate connection points designated as H1, H2 and H3 were modelled as per initial
layout at different distances. These connections are realized with EXVB 4x25 copper 3-
phase cables approximately 10 m length each. The circular regression models of a pho-
tovoltaic inverter operating at constant power of 1 kW and single-phase battery charger
were employed to simulate harmonic current source injections as described in chapter
5.
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Figure 6.2: Network model.

To evaluate the performance of these loads in complete low-voltage distribution sys-
tem we first look into their separate impact on the voltage quality. On figure 6.3 it is
shown how each type of the studied device influences 7th harmonic voltage. The loads
are connected towards the end of the feeder (point H3). The continuous simulation sce-
nario of 100 seconds duration is based on the harmonic profile of Figure 6.1. For the PV
inverter it is to mention that its impact is only observable at the end of the feeder with
periodic fluctuations following the change of background harmonic voltage angle. The
impact is more pronounced with the rising value of the magnitude of supplied 7th har-
monic. On contrary, a sensitivity of current injections of a battery charger to the changes
of harmonic phase angle at the terminals is significantly higher. The highest final val-
ues of harmonic voltage at the end of the feeder count about 4% with initial magnitude
of 3%. The constantly sweeping phase angle can also lead to the cancellation between
background voltage and harmonic distortion produced by the battery charger. For these
periods of simulation time this resulted in the fact that harmonic voltage reduced to 2%
at the end of the feeder while supplying 3%. Moreover, the moderate impact is also to
observe at the location close to the PCC.
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Figure 6.3: 7th harmonic voltages with respect to supplied background distortion.

6.2.1. BASE SIMULATION SCENARIO

To evaluate the simultaneous impact of distributed harmonic loads connected along the
feeder, the simulation scenario is established with the configuration reflected in Table
6.1.

From Figure 6.4 we deduce that over the course of the simulation time both deteri-
oration and improvement of the voltage quality towards the end of the feeder can take
place. In essence, this is governed by the interaction of devices with the background dis-
tortion and in the first place dependent on voltage phase angle. The overall phenomena
is, however, more complex due to the diversity of injected currents leading to cancella-
tion or addition of the frequency components. To comprise more representative picture
with regards this simulation case, we further calculate THD values. Figure 6.5 shows that
worst case takes place at the end of the feeder with THD level close to 12%. At the same
time 9% of total harmonic distortion is present at the beginning of the feeder. On the
other hand, THD at the end of the feeder counts as low as 2.2% whilst at PCC we record
4.7% close to the end of simulation time.

PowerFactory executes harmonic power flow calculations taking into account stan-
dard theoretical values of frequency-dependent inductance of various power system com-

Table 6.1: Base simulation scenario.

Connection Distance, m PV, # units Charger, # units Linear load, kVA
H1 18 2 1 10
H2 200 3 2 0
H3 477 4 1 0

Linear load is 3-phase constant current with PF 0.9 (inductive).
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Figure 6.4: Harmonic voltages at the end of the feeder.
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Figure 6.5: Total harmonic distortion.

ponents. As impedance of these components plays crucial role in impacting the voltage
quality, their inaccurate estimates can compromise the outcome of power quality as-
sessment. Therefore, it is important to adjust simulation conditions for accounting on
this uncertainty.

6.2.2. IMPACT OF A FREQUENCY-DEPENDENT IMPEDANCE ON VOLTAGE QUAL-
ITY

The frequency-dependence of underground cables and power transformers impacts the
levels of harmonic voltage distortion. When not considered in calculations and sim-
ulations it can cause a substantial deviation between measured and expected values,
especially if there is a large chance of the resonance condition in studied network.

One of the methods to consider harmonic impedance of network components in
simulations is to apply approximation functions, which are conveniently integrated into
the PowerFactory environment. These functions together with coefficients for different
types of components have been derived by authors of [9] and proven to be effective at
frequencies below 5 kHz.
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The following polynominal equations were proposed in [9]:

L( f ) = (1−a)+a(
f

fnom
)b (6.1)

R( f ) = 1+a((
f

fnom
)−1)b (6.2)

Where (6.1) and (6.2) represent frequency-dependent inductance and resistance, respec-
tively, and a and b are coefficients derived from measurements.

By introducing variations into the coefficients it is possible to simulate different sce-
narios with respect to frequency-dependent impedance. Table 6.2 comprises coeffi-
cients a and b used in harmonic load flow calculations. Whilst parameters of distribu-
tion transformer remained fixed, the frequency coefficients of main feeder were changed
as per Table 6.2 for every subsequent case.

Table 6.2: Coefficients of approximation functions.

R( f ) L( f )
a b a b

Set 1 Transformer 0.2 1.5 1 -0.03
Cable 0.1 0.9 1 -0.25

Set 2 Transformer 0.2 1.5 1 -0.03
Cable 0.2 0.9 1 -0.35

Set 3 Transformer 0.2 1.5 1 -0.03
Cable 0.3 0.9 1 -0.45

Set 4 Transformer 0.2 1.5 1 -0.03
Cable 0.4 0.9 1 -0.55

The results of performed simulations in comparison with base case are presented in
Figure 6.6 with respect to the end of the feeder.
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Figure 6.6: Impact of frequency-dependence of network components on T HDv .
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Figure 6.7: T HDv levels as a function of linear loads — end of the feeder.

By evaluating THD levels it is possible to conclude that even small changes in fre-
quency coefficients can introduce a deviation in estimation of voltage harmonic distor-
tion. At certain moments of time this difference counted 1%.

In addition to assigning frequency characteristics to network components and hav-
ing taken into consideration skin and proximity effects, the next step is to evaluate an
impact of linear loads on voltage quality. In harmonic studies, linear loads with high
fraction of resistive loads are known for providing damping to the system.

Fig. 6.7 shows comparison of THD levels with low share of resistive loads (as per Table
6.1) and when additional 12 kVA and 14 kVA loads are connected to locations H2 and H3,
respectively. Thus, the maximum level of resistive loads denoted in Fig. 6.7 corresponds
to a total of 36 kVA of apparent power.

The outcome of the simulation shows that reduction of system harmonic impedance
does not necessarily lead to the reduced levels of voltage distortion. Quite contrary, the
THD exhibits increase at 85 seconds through 95 seconds.

6.2.3. UNIFORM VARIATION OF BACKGROUND VOLTAGES

In this simulation scenario voltage background magnitudes and angles are distributed
randomly (uniformly) over 600 seconds period of time. This case allows to evaluate the
general performance of the simulation model and voltage-dependent harmonic loads.
Although, for practical studies a harmonic voltage background source is usually repre-
sented as a stochastic model with Gaussian distribution characterised by a prevailing
angle [10, 11], in this section we input background voltages in accordance with statistical
rules of random variation. This was deemed to be appropriate for the sake of methodol-
ogy demonstration and for deducing certain statistical parameters.

Figure 6.8 shows histogram of THD levels at the end of the feeder. The simulation
time is 10 minutes. In order to assess 95% probability values a cumulative distribution
function has been plotted and is shown in Figure 6.9. For this random distribution THD
level of less than 7.85% is recorded for the 95% values whilst maximum THD falls close
to 9%.
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Figure 6.8: Distribution of harmonic voltages at the end of the feeder during 10 minutes.
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Figure 6.9: Cumulative distribution function.
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6.2.4. COMPARISON WITH IEC-BASED SIMULATION SCENARIO

To compare the performance of the investigated phase-corrected modelling and simu-
lation methodology with standard simulation option offered by PowerFactory function-
ality (IEC) we first choose 95% non-exceeding values for every harmonic order out of
complete harmonic spectrum of the battery charger model. Based on these magnitude-
angles pairs, respective background voltages causing the device to inject these harmonic
currents are identified. In turn, these background harmonic voltages are also used to
model the associated injections of PV inverter. After filling in all the required fields for
voltage and current magnitudes the static harmonic load flow is run with a standard set
of summation exponents as per IEC 61000-3-6.

Figure 6.10 and Figure 6.11 demonstrate results of the simulations for the PCC and
end of the feeder, respectively.
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Figure 6.10: Harmonic voltages at the PCC.
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Figure 6.11: Harmonic voltages at the end of the feeder.
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As it can be seen, at both locations the IEC-based simulations give results which are
different from the phase-corrected scenario for all presented harmonic orders. Addition-
ally, we observe that differences between two approaches are more pronounced towards
the end of the simulated feeder.

6.3. CONCLUSION

I N order to complement harmonic analysis of the distribution systems the modelling
approach resulting in realistic simulation scenarios and conditions shall be used. The

transfer of harmonics can be estimated accurately when considering phase angle diver-
sity of harmonic currents injected at various locations of a power network. These injec-
tions are of fluctuating nature, but nevertheless are predictable if simulation is equipped
with harmonic load models derived as a function of harmonic voltage supplied at the
terminals of these loads. Furthermore, as final indices describing voltage quality are de-
pendent on the configuration of a network or in other words on impedance of power
system components - simulations shall be executed in a way which allows to account
for the associated uncertainty. In principle, this can be done by assigning accurate fre-
quency characteristics to both inductance and resistance of network components or by
estimating confidence intervals of the calculated harmonic voltages.
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7
WIDE-AREA HARMONIC

MEASUREMENTS

This chapter is devoted to a practical analysis of voltage and current harmonics in the
distribution grid. The phenomenon, widely known as harmonic distortion propaga-
tion, is studied based on the ample research of data acquired by time-synchronized dis-
tributed measurement system. Many factors are responsible for the propagation and
fluctuating nature of the frequency components. In this case the following factors are
studied and described: the impact of a background voltage distortion on the emission
of harmonic-producing sources; the dynamic interaction between loads across the net-
work and as a consequence harmonic cancellations caused by the diversity of their har-
monic phase angles; the impact of the frequency-dependent network impedance. When
these factors can be included in analyzing current and voltage distortion levels, the har-
monic analysis yields rational results regarding quantification of transfer of waveform
distortions and provides reasonable foundation for analytically-derived conclusions about
origin of harmonic distortion and responsibilities of grid operators and or connected
customers.

7.1. EXISTING STUDIES AND STATE-OF-THE-ART

T HE sub-microsecond time synchronization accuracy is essential for resolving values
of high-frequency components, as it was pointed out earlier in this book. Consider-

ing this requirement, the authors of [1] investigated the feasibility of assigning harmonic
responsibilities based on data provided by distributed measurement system installed
in a small test bench power network. In [2] a methodology for calculating synchro-
nized harmonic phasors was proposed. This methodology aimed to accurately measure
harmonic phase angles while reallocating samples between two subsequent pulse-per-
second (PPS) edges. This allowed to take considerations with regards deviations in fun-
damental frequency.

Some studies investigated methodologies on determining individual harmonic cur-
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rent contributions. In [3] the authors reported results of an experiment involving syn-
chronized measurements at large industrial plant facilities. Furthermore, in [4] by uti-
lizing GPS synchronized PQ recorders installed as part of a real HV network, the authors
investigated the phenomena of dynamic interaction of harmonic sources with special
attention given to the grid code compliance.

Large-scale harmonic measurements with provision of time-synchronized instru-
ments were reported in [5]. The experiment was performed in a distribution system
characterized by high penetration of distributed generation (DG). Values of harmonic
amplitudes and intersite phase angles have been recorded and interpretation of results
has been provided in comparison with the outcome of computer modeling. It is worth of
noting that PQ measurement techniques based on synchronized sampling are currently
being developed not only for distortion-related issues but also for other PQ events, for
instance dips, swells and interruptions. An example of such a study was presented in [6]
with focus on offshore wind farms.

As current state-of-the-art shows new measurement methods are vital for resolving
challenges which are brought by the operation of modern power systems. These meth-
ods, depending on the PQ phenomena in question have to be linked to specific data
processing algorithms, as requirements for these can vary substantially with respect to
the final goal.

Still, the challenge in implementing such measurement systems for distortion evalu-
ation lies to a large extent in the lack of commercially available instrumentation and the
cost associated with customized solutions. On the other hand, as it was discussed above,
stricter requirements on synchronization accuracy and specific signal processing algo-
rithms (particularly for calculating harmonic phase angles) would be realized on these
devices had these guidelines been reflected in the responsible standards, which is not
the case at the current moment.

7.2. MEASUREMENT CAMPAIGN

T O demonstrate the potential of a time-synchronized distributed measurement sys-
tem and to investigate further in test scenarios the power network response to time-

varying harmonic current injections we have established a wide-scale experiment in a
MV/LV distribution grid.

7.2.1. DESCRIPTION OF THE TEST SETUP

Power Networks Demonstration Centre (PNDC) located in Cumbernauld, Scotland is a
multi-functional power engineering facility. Among its purposes is a realistic technology
testing and execution of the research projects aimed to facilitate development of smart
grid sector. PNDC is in possession of a large power network, with substantial part of it
having unprecedented levels of flexibility and control over the real time operation.

For the purpose of harmonic propagation study a part of the test network was con-
figured. The diagram of this power network is shown in Figure 7.1. All in all three MV/LV
distribution substations are connected to the main MV busbar (primary switchboard)
via different impedance sections representing underground MV cables. There is a possi-
bility to switch between sections A and B when energizing Substation G. Substation D on
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Figure 7.1: One-line diagram of test network.

the other hand can be connected on demand by means of two circuit breakers at both
ends of impedance MI 2.

The setup offers a choice between two distinct power sources: the network can be en-
ergized by means of 11 kV public grid directly connected to Site Services Switchboard or
alternatively via a motor-generator (MG) group providing stable 50 Hz output containing
only fundamental frequency component. By engaging this power source it is possible to
provide a low-distorted voltage at Primary Switchboard. At this fashion, we could make
sure that fluctuating MV background voltage harmonics do not enter the setup after MG-
set and minimum deviations of fundamental frequency could be secured.

Though, as it was explained above, while background voltage harmonics are not to
enter the test network from the upstream MV grid when MG-set is employed, another
source of voltage distortion was present in this network. The distortion originated from
the series of pole-mounted MV/LV transformers connected to the MV busbar of Sub-
station G. These transformers produced magnetizing current while being energized via
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impedance section A. Alternatively, when bypassing connection via impedance section
B, the primary windings of the pole-mounted transformers become disconnected from
the rest of the network. The impact of this harmonic distortion will be mentioned later
in corresponding test cases.

Several specific loads were configured and used for this study:

1. 3-phase 10 kVA solar inverter SMA Sunny Tripower;

2. EV charger with Nissan Leaf car capable of operating at 1-phase AC 6 kW;

3. Programmable converter Triphase in current source mode with programmed in-
dustrial harmonic profile (30 A fundamental current);

4. Banks of linear loads operating at unity power factor.

The control of the most of the devices can be performed through SCADA-software, how-
ever, in some cases manual switching actions and subsequent check procedures were
required.

7.2.2. MEASUREMENT SYSTEM
The acquisition system is built on Beckhoff voltage and current sampling cards and is
configured to 5 kHz sampling frequency. Voltage acquisition cards feature an oversam-
pling principle with 16 bit resolution and measurement error not higher than 0.5 % rela-
tive to full scale value specified for frequencies up to 5 kHz. Current analogue acquisition
cards are characterized by differential input and 16 bit resolution with measurement er-
ror less than 0.3 % relative to full scale. This accuracy is likewise applicable for the 5 kHz
range. The monitoring and acquisition of the data is done through TwinCAT software.

On the MV side there are two voltage measurement points wired to VTs of Substation
G and Primary Switchboard (Isolation Transformer). MV currents are measured through
every substation as well as through Isolation Transformer. The accuracy class of these
CTs is 0.2S providing superior performance at fundamental frequency. Since MV cur-
rent transducers are typically not characterized for harmonic frequencies a higher phase
shift can be expected at the output. In this study we do not use harmonic phase angles
of MV side currents. At the LV side three voltage channels for every busbar are connected
directly to the three phases at 250 V. Individual currents of every load are measured by
means of Fluke i1000s AC Current Probes providing four-channel current input to sam-
pling cards. The range selector of these current clamps was switched to 10 mV/A sen-
sitivity with minimum measured current of 100 mA and maximum of 100 A. The basic
accuracy at this range is 2 % of reading for the frequencies up to 5 kHz with a phase
shift of no more than 10 degrees. Within the reported frequency range the linearity of
measurements is ensured. On site all the utilized measurement equipment had valid
calibration certificates.

As it can be seen this measurement system is characterized by modular architecture
and capable of recording synchronously voltage and current waveforms. The distributed
clock principle with local clock on slave controllers and a master clock ensure the syn-
chronization of all components of the system via unique EtherCAT technology. Addition-
ally, this system is synchronized to the higher-level absolute time making use of external



7.3. ANALYSIS AND INTERPRETATION

7

89

reference based on IEEE1588 PTP. This technique allows all the distributed clocks to be
adjusted to a constant offset. By combining these two distinct synchronization routines
it was possible to achieve the distributed clock precision of better than 1 µs.

7.2.3. TEST CASES
The harmonic propagation study includes two distinct packages. In Package A, an MG
set is used to energize the network with ideal sinusoidal voltage supply. Every harmonic
load is connected separately at its designated position. The individual current wave-
forms and synchronized voltage waveforms are measured at various points of the net-
work. This test concludes with putting all the loads into the operation simultaneously
and recording all the electrical parameters synchronously.

In test package B, the network is energized by the public grid and at the first stages
the same scenarios as in package A are tested. Furthermore, an equal share of resis-
tive load banks is connected to the substations G and A. At the next stage, the topol-
ogy of the network was changed at the MV level by bypassing the impedance section A
through section B. Finally, the last change in the configuration involved replacement of
the Triphase-emulated harmonic load from Substation A to Substation D. The test map-
ping with change variables is shown in Table 7.1.

Table 7.1: Experimental scenarios.

Sequence Supply PV Setpoint EV Charger Triphase Load Banks Topology
A.1 MG 7.5 A off off off A
A.2 MG off 32 A off off A
A.3 MG off off Sub A off A
A.4 MG 7.5 A 32 A Sub A off A
B.1 Grid 7.5 A off off off A
B.2 Grid off 32 A off off A
B.3 Grid off off Sub A off A
B.4 Grid 7.5 A 32 A Sub A off A
B.5 Grid 7.5 A 32 A Sub A 24 kW A
B.6 Grid 7.5 A 32 A Sub A 24 kW B
B.7 Grid 7.5 A 32 A Sub D 24 kW B

Topology A—mock impedances MI 4 and MI 5; topology B—mock impedance MI 8.

7.3. ANALYSIS AND INTERPRETATION

T HE amount of measurement data as the outcome of this experiment is significant,
giving measurement windows of 10 min for every test sequence within package B

and in an average of 2 min to 3 min for testing scenarios of package A. Typically, around
30 synchronized channels of raw waveforms were recorded for each test. For represent-
ing results of this work, we chose to process only one phase (A) for every measurement
in question. The signal processing method of choice is FFT with 10 cycles rectangular
window. For package A, only one selected window was used for the graphical represen-
tation of the results. As it was stated above when energizing the network with MG-set, a
non-distorted voltage at the terminals of Isolation Transformer is ensured. This allows
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for focusing on the harmonic processes originating from the downstream network on
the customer side since background voltage harmonics cannot penetrate from MV up-
stream network via MG-set. It was therefore concluded that one 10-cycle window can
be sufficient for analyzing harmonic distortion when no fluctuating background voltage
harmonics are present in the test grid.

On the contrary, with grid power supply, it was important to demonstrate time evolu-
tion of the harmonics. For this purpose, every 10 min waveform was fully processed and
10-cycle RMS magnitudes were collected into coherent plots with 600 s duration time.
This technique allowed for evaluating harmonic trends being a function of fluctuating
voltage background distortion. For one specific test case B.4, we introduced additionally
a numerical analysis based on the estimated synchronized harmonic phasors.

7.3.1. IMPACT OF SINGLE OPERATION OF THE EV CHARGER

The analysis begins by examining EV charger current emission and by assessing respec-
tive voltage distortion under sinusoidal power supply conditions. Figure 7.2 shows that
current spectral components of the EV charger for this case are characterized by signif-
icant values of harmonics at 1150 Hz and 1250 Hz, which are 0.71 A and 1.24 A, respec-
tively. Moreover, 150 Hz and 250 Hz spectral components exhibit 0.35 A while a 350 Hz
harmonic component counts some 0.42 A. Finally, lesser levels can be observed for fre-
quencies between 450 Hz and 1050 Hz.

By analyzing synchronized voltage spectral components presented in Figure 7.2, one
can notice a coherent picture, where at 1150 Hz and at 1250 Hz harmonic magnitudes
are 1.90 V and 2.80 V, respectively. For the rest, only harmonics at 250 Hz, 350 Hz, and
650 Hz are clearly visible with RMS magnitudes of 0.67 V, 1.22 V, and 0.65 V, respectively.

On the other hand, by energizing test networks by means of a public grid, a clear
change of the harmonic profiles can be observed in Figure 7.3. An increase of 350 Hz
and 550 Hz current components up to 0.51 A and 0.246 A, respectively, coincided with
the rise of voltage at 350 Hz up to 1.64 V and substantial decrease of 650 Hz voltage
harmonic which counted 0.284 V.

A value drop at 1150 Hz and 1250 Hz is quite remarkable with voltage and current
levels at these frequencies being negligible. One of the underlying reasons explaining
this sudden reduction of the aforementioned voltage frequency components is the dif-
ferent values of short-circuit power between cases A.2 and B.2. The power supply via
public grid was characterized by 23.4 MVA short-circuit power whilst MG set’s short-
circuit power was equal to 8.3 MVA. On the contrary, a major difference can be noticed
for 250 Hz with voltage magnitude as high as 1.68 V but in comparison with Figure 7.2
significantly smaller current of 0.14 A.

Furthermore, for test scenario A.2 (MG set supply), a set of synchronous voltage mea-
surements at MV and LV sides of Substation G was processed and results are shown in
Figure 7.4. At MV busbar, we recorded 15 V and 32 V at 250 Hz and at 350 Hz, respec-
tively, and 16 V at 650 Hz. Moreover, the largest voltage harmonic distortion values were
observed at 1150 Hz and 1250 Hz with 37 V and 63 V, respectively. Looking at the voltage
harmonic values at LV test bay of Substation G, it is interesting to note differences in val-
ues at frequencies 1150 Hz and 1250 Hz when comparing to these from Figure 7.2. The
levels of voltage distortion at these frequencies are lesser and equal to 1.60 V and 2.26 V
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Figure 7.2: EV charger harmonic currents and voltages on the LV side of Substation A. Test sequence A.2 — MG
set supply.
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Figure 7.3: EV charger harmonic currents and voltages at LV side of Substation A. Test sequence B.2 — public
grid supply.
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Figure 7.4: Harmonic voltages at MV and LV sides of Substation G. Test sequence A.2 — MG set supply.

for 1150 Hz and 1250 Hz, respectively.

As it can be deduced from the presented results, there exist visible differences in
harmonic current emissions of an EV charger when exposed to different levels of back-
ground voltage distortion (cases A.2 and B.2). As it was proven in chapter 5 and shown
with provision of circular regression models the emissions of the power electronics based
loads are dependent on applied background harmonic voltage. To be able to interpret re-
sults, it was decided to measure harmonic current injections of this device by connecting
it directly to a programmable power source. By supplying ideal sinusoidal voltage wave-
form to the input terminals of the EV charger, its load current waveform was recorded
and processed with an FFT algorithm. This procedure is similar to the one usually per-
formed during factory testing of power electronic interfaced equipment when the final
THD value of the device under testing is then included in technical specifications. Figure
7.5 shows the FFT output of EV charger harmonic current emissions. When comparing to
values from Figure 7.2, it can be concluded that the major differences are to be observed
at 650 Hz, 1150 Hz, and 1250 Hz. At these frequencies, the natural emissions of this
device are negligible, which brings the conclusion about harmonic interaction between
already existing in the test network voltage distortion and harmonic current injections
of EV charger. The measurement process with regard to this phenomena and some im-
plications are best described in [7–9]. Moreover, the same phenomena are observed for
frequency components at 250 Hz and 350 Hz—however, with current injections at these
frequencies slightly higher when connected to the test grid.

Thus, a direct comparison of Figures 7.2, 7.4, and 7.5 allows for inferring that volt-
age distortion recorded at different points could not be caused by the EV charger itself
but rather propagated from the path magnetizing circuit-MV side Substation G-MV side
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Figure 7.5: Harmonic emission of EV charger under ideal sinusoidal supply conditions.

Substation A. This conclusion can be supported by measuring synchronized spectra of
magnetizing current produced by pole-mounted transformers versus spectra of the MV
current through Substation A. This graph is shown in Figure 7.6. Based on this graph,
it can be inferred that harmonic components of magnetizing current had a dominant
influence on the voltage distortion in the system. Therefore, this current impacted MV
voltage at Substation G and propagated down to its LV side, where reflected MV distor-
tion patterns are clearly visible. Additionally, the synchronized data allow for drawing
interesting conclusions with respect to Substation A. At frequencies 1150 Hz and 1250
Hz, we can notice that voltages at LV side are substantially higher in comparison with
ones at Substation G. This is not only related to a larger system harmonic impedance
with underground cable MI 1 being 5 times longer than MV cable connecting Substation
G (in total 400 m), but also to a fact that, at these frequencies, an EV charger’s emissions
were relatively high, which resulted in larger harmonic voltage drop over impedance at
these frequencies (as Figure 7.6 supports).

Furthermore, after analyzing the results presented in Figure 7.3, a conclusion can be
drawn about the influence of harmonic voltage propagated from the upstream grid. A
notable observation is a dissolution of voltage harmonics at 1150 Hz and 1250 Hz which
again provoked change of harmonic currents at these frequencies. On the other hand, an
increase of voltages at 250 Hz and at 350 Hz coincided with the change of EV charger cur-
rent at these frequencies. While, as it was mentioned before, higher frequency order har-
monic voltages reduced because of the higher short-circuit power capacity of the public
grid, the change of spectral components at 250 Hz and 350 Hz was provoked by prop-
agated background distortion interacting with the operation of the studied harmonic
sources.
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Figure 7.6: Comparison of magnetizing current spectra versus MV current through Substation A. Test sequence
A.2 — MG set supply.

7.3.2. MULTIPLE HARMONIC SOURCES ENERGIZED BY MOTOR-GENERATOR

GROUP

The simultaneous operation of devices injecting harmonics into grid is analyzed in this
section. The loads studied in this test case are PV inverter, EV charger, and synthetic
harmonic load emulated by Triphase. The system is energized by MG power supply set
(sequence A.4). In Figure 7.7, synchronized voltage spectral components extracted from
all points available for voltage measurements are shown. This plot contains components
which were otherwise not present in previous cases. The drastic increase of voltages up
to 30 V at 850 Hz and up to 22 V 950 Hz at MV side is clearly visible. Additionally, at 550
Hz, the recorded harmonic voltage value was approximately 11 V. It is obvious to note
that no substantial difference was observed between voltages at Primary Switchboard
(Isolation Transformer) and MV side of Substation G. The reason for this is relatively
small electrical distance between these two points.

In order to gain insight into the reasons behind such harmonic response of the stud-
ied network, the synchronized substation currents were processed and results are demon-
strated in Figure 7.8. The currents through Substation A are significantly higher than
through Substation G for every frequency except 1150 Hz and 1250 Hz harmonic com-
ponents. By looking at individual currents of every connected harmonics source, more
details can be revealed. In Figure 7.9, the synchronized current spectra of PV inverter
and EV charger are presented. Whilst the emissions of PV are blurred with significant
amount of subharmonics, the harmonic currents of EV charger coincide with measured
voltages.

Furthermore, the Triphase connected to substation A was programmed as a substan-
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Figure 7.7: Harmonic voltages at multiple points. Test sequence A.4—MG set supply.

tially large source of harmonic current injections with a purpose of acting as reference
device with fixed harmonic emissions. The values of harmonic currents for this load are
presented in Table 7.2 for frequencies 150 Hz to 1050 Hz. It is worth noting that harmonic
phase angles for every order were set to 0.

Table 7.2: Currents of emulated harmonic source (in A).

3rd 5th 7th 9th 11th 13th 15th 17th 19th 21st
1.055 6.07 2.312 0.225 2.167 2.805 0.588 3.324 1.644 0.091

Next, the measured harmonic currents of this device are shown in Figure 7.10. In
comparison with Figure 7.7, the conclusions can be drawn that this emulated load acted
as dominant source of harmonics provoking large harmonic voltage drops at 550 Hz,
850 Hz, and 950 Hz on the LV side of Substation A. This distortion in turn propagated
towards the MV system and down to the LV side of Substation G. Moreover, while the
5th harmonic current injected by Triphase is substantial (6.07 A), it did not cause a sig-
nificant voltage drop at this frequency at a medium voltage level. The reason for this is
relatively small low-voltage impedance at this frequency which resulted on average in
some 0.5 V of harmonic voltage drop at an LV level. Propagating further upstream, the
resulting harmonic current phasor interacting with impedance angle at this particular
frequency produced additionally about 3 V.

It is interesting to observe that this complex interaction between harmonic current
phasors and system impedances provoked a significant decrease of voltage at 1250 Hz
from 63 V (case A.2) to about 32 V. Since the emulated harmonic load was not pro-
grammed to inject current at this frequency, we shall look again at Figures 7.8 and 7.9
in order to evaluate harmonic current emissions of PV and EV chargers. While currents
through Substation G are slightly higher, Figure 7.9 suggests that both PV inverters and
EV chargers can be deemed to be responsible for the fraction of emissions at 1250 Hz. A
notable observation is related to 1250 Hz current component of Triphase visible in Figure
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Figure 7.8: MV harmonic currents through transformers. Test sequence A.4—MG set supply.
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Figure 7.9: Individual harmonic currents of PV and EV chargers. Test sequence A.4—MG set supply.
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Figure 7.10: Currents of emulated harmonic source.

7.10. Since no injection was set at this frequency, we can conclude that this component
resulted from the absorption of harmonics by the filter at the output stage of this device.

Finally, in Figure 7.7, we observe that propagated voltage distortion at LV side of Sub-
station G settles to lower values when compared to the LV side of Substation A. As it was
discussed before, the fundamental reason for this is lesser system impedance governed
by short underground cable connection. An exception here is voltage harmonic at 1250
Hz recorded on the LV side of Substation G.

7.3.3. MULTIPLE HARMONIC SOURCES ENERGIZED BY PUBLIC GRID

The operation of the public grid is characterized by the presence of time-varying back-
ground harmonic voltages. This alters the harmonic behavior of the loads studied in this
work and influences the final values of voltage distortion. To illustrate this case, the out-
come of FFT analysis for selective harmonics collected in the form of synchronized time
series is presented in Figure 7.11. A highly fluctuating behavior of voltages at 250 Hz and
350 Hz can be observed with some periodic patterns visible at frequencies 550 Hz and
650 Hz.

Furthermore, in Figures 7.12, and 7.13, synchronized time series of harmonic cur-
rents through distribution transformers are shown. It can be noted that these currents
exhibit also time-varying behavior with levels of some of the harmonics changed in com-
parison with case A.4.

Looking at the harmonic voltages at low-voltage test bays (Figures 7.14 and 7.15), we
observe a remarkable difference between these two points. With harmonic voltage at
250 Hz at Substation A as high as 3.7 V against a maximum of 2.7 V at Substation G and
significantly higher values of voltages at 550 Hz and 650 Hz.
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Figure 7.11: Isolation transformer harmonic voltages. Test sequence B.4—public grid supply.
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Figure 7.12: Harmonic currents through Substation G. Test sequence B.4—public grid supply.

Moreover, the final value of voltage distortion at MV level is the complex sum of
background distortion transferred from upstream network and voltage drop produced
by combined harmonic current phasor flowing through harmonic system impedance. A
direct comparison between cases represented by Figures 7.8, 7.12 and 7.13 can lead to
inconsistent conclusions about the nature of harmonic processes occurring in the grid;
therefore, a quantitative method to evaluate the undergoing phenomena is required.

Synchronized harmonic phasors present a powerful tool for analyzing harmonic data.
Here, an example is given on how to estimate LV harmonic contributions based on the
Voltage Harmonic Vector Method [10]. For the sake of clarity, only harmonic compo-
nents at 250 Hz and 350 Hz were considered in the calculations.

The calculations according to the Voltage Harmonic Vector Method require employ-
ment of utility harmonic impedance. In this work, we assume the MV/LV transformers as
components dominating the system LV harmonic impedance. Based on the datasheets,
the fundamental frequency reactance was estimated to 0.05 Ω and 0.0179 Ω for Substa-
tion G and Substation A, respectively. The harmonic impedances at 250 Hz and 350 Hz
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Figure 7.13: Harmonic currents through Substation A. Test sequence B.4—public grid supply.
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Figure 7.14: Harmonic voltages at LV side of Substation G. Test sequence B.4—public grid supply.

were then recalculated based on simple theoretical derivations providing proportional
linear approximations for the frequency-dependent inductance. According to the Volt-
age Harmonic Vector Method, the following applies:

UU−h =U PCC−h − I PCC−h ·ZU−h (7.1)

where UU−h is utility voltage representing background harmonic voltage source, U PCC−h
is harmonic voltage measured at LV side of respective substation, I PCC−h vectorial sum
of individual injection currents, and ZU−h is utility harmonic impedance. The harmonic
impedance of transformer can be calculated as:

ZU−h = h ·X f (7.2)

where h is a harmonic order and X f is a transformer reactance at fundamental fre-
quency.

Therefore, based on the Equation (7.1), the following holds:

U emission =U PCC−h −UU−h (7.3)
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Figure 7.15: Harmonic voltages at LV side of Substation A. Test sequence B.4—public grid supply.

Figures 7.16 and 7.17 demonstrate estimated voltage harmonic phasors at Substation A
for background distortion and voltage emission, respectively. The individual phasors of
harmonic currents of equipment connected to the Substation A are shown in Figures
7.18 and 7.19.
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Figure 7.16: 5th harmonic background voltage phasors at LV side of Substation A (in volts). Test sequence
B.4—public grid supply.

Figure 7.20 shows the result of harmonic current vectorial summation at LV side of
substation A. It can be observed that, in that case, emulated harmonic load acts as the
dominant source of harmonic current at 250 Hz. The harmonic voltage drop produced
by this harmonic current (Figure 7.17) ensures a certain level of harmonic cancellation
when added to the estimated voltage background phasors (Figure 7.16) with final mea-
sured values settled below the initial background levels (Figure 7.21).
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Figure 7.17: 5th harmonic voltage emission phasors at LV side of Substation A (in volts). Test sequence B.4—
public grid supply.

Furthermore, an example of harmonic processes taking place synchronously for 350
Hz harmonic at Substation G is shown in Figures 7.22 and 7.23. Despite the dynamic na-
ture of PV power, it is to observe that harmonic voltage emissions phasors at 350 Hz are
localized at the 1st quadrant of unity pane. Given the phasors of voltage background dis-
tortion located at the 4th quadrant, the conclusions that a small harmonic cancellation
took place within this specific substation can be made.

Finally, a small selection of average quantitative results derived by means of synchro-
nized phasors and Voltage Harmonic Vector Method is collected in Table 7.3.

Furthermore, it is interesting to observe the time-evolving harmonic current behav-
ior of EV charger demonstrated in Figure 7.24. The harmonic injections of this type of
power-electronic devices are highly sensitive to the changes of applied harmonic back-
ground voltage, both in terms of magnitude and phase angles. This effect is attributed to
the underlying topology of the equipment, namely to the type of power factor correction
circuit [7, 9]. As it can be seen from synchronized harmonic trends, for every studied fre-
quency, the current injections of EV charger exhibit nearly linear behavior in response
to the background voltage distortion. This phenomenon renders such multi-point har-
monic measurements to be important in an attempt to identify sources of disturbances
and to quantify harmonic emissions.

Table 7.3: Average RMS magnitude of harmonic voltage emissions per substation.

Harmonic Frequency, Hz Emission Voltage Sub A, V Emission Voltage Sub G, V
250 0.574 0.043
350 0.232 0.054



7

102 7. WIDE-AREA HARMONIC MEASUREMENTS

0

30

60

90

120

150

180

210

240

270

300

330

0

0.1

0.2

0.3

0.4

0.5

Figure 7.18: 5th harmonic current phasors of EV at Substation A (in amperes). Test sequence B.4—public grid
supply.
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Figure 7.19: 5th harmonic current phasors of Triphase at Substation A (in amperes). Test sequence B.4—public
grid supply.
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Figure 7.20: 5th harmonic current phasors (vectorial sum) at Substation A (in amperes). Test sequence B.4—
public grid supply.
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Figure 7.21: 5th harmonic voltages (RMS) at Substation A. Test sequence B.4—public grid supply.
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Figure 7.22: 7th harmonic background voltage phasors at LV side of Substation G (in volts). Test sequence
B.4—public grid supply.
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Figure 7.23: 7th harmonic voltage emission phasors at LV side of Substation G (in volts). Test sequence B.4—
public grid supply.
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Figure 7.24: EV charger harmonic currents. Test sequence B.4—public grid supply.

7.3.4. IMPACT OF HARMONIC IMPEDANCE ON VOLTAGE DISTORTION LEVELS

In conventional power quality analysis, it is a common practice to omit influence of lin-
ear loads operating at nearly unity power factor. Such loads, however, by means of resis-
tive nature act as a shunt impedance connected to the LV side of distribution substation.
This shunt impedance in turn decreases proportionally the system impedance. It is im-
portant to differentiate scenarios when these loads can provide a harmonic damping to
the system. The harmonic damping leads to the decrease of THD levels only when resis-
tive behavior is ensured towards selective harmonics [11].

The performed experiments demonstrate that not in every case the reduce of har-
monic content takes place. In this test sequence (B.5), we connected 24 kW of resistive
loads equally divided between both distributed substations and evaluated THD at LV test
bays both before and after this operation has been performed. In Figure 7.25, the results
of this experiment are shown in the representative form of box plots rendered over the
whole duration of the signals. As it can be seen for both substations, the median levels
(red horizontal line) of THD are actually higher after connecting the linear load banks.
Here, it is important to note that, while conventional power quality studies and com-
puter simulations (mainly because of the nature of used models of harmonic loads) rely
exclusively on calculations based on magnitudes of currents and voltages, the harmonic
processes in real grid scenarios are more complex. Depending on the phase angles of
harmonic current and voltage phasor (given that we did not have any control over back-
ground distortion) and new value of impedance, this interaction in some cases can lead
to the rising levels of final THD values, even when expected otherwise.

Next, a dynamically changing topology at MV levels is considered to be a known is-
sue for harmonic analysis. The reconfiguration of the network occurring at any given
time can significantly alter the voltage distortion values and if not considered properly
in subsequent simulations can lead to the erroneous outcome. As per test scenario B.6,
we dropped the short cable connecting Primary Switchboard to Substation G and en-
gaged cable B with equivalent electrical distance of about 5 km (see Figure 7.1). After
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Figure 7.25: Influence of linear load banks on LV-side THD levels. Test sequence B.5—public grid supply.

recording synchronized voltage waveforms at MV busbars of both Substation G and Pri-
mary Switchboard (Isolation Transformer), the THD values were collected in the form of
box plot and these are presented in Figure 7.26. While the spread of THD values became
larger, we can clearly observe the increase of median values and, in this case, increased
harmonic impedance at the MV level contributed to larger values of voltage distortion.
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Figure 7.26: Impact of topology change on MV-side THD levels. Test sequence B.6—public grid supply.

7.3.5. LOAD SEPARATION
The final case studied in this chapter concerns a harmonic response of the system with
an additional distribution transformer. To evaluate the differences, we energized Sub-
station D by means of an underground cable with its sending end connected to the bus-
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bar of Substation A (see Figure 7.1). The estimated length of this cable connection is
about 2 km. Next, a reference Triphase harmonic load was moved from Substation A to
Substation D. In Figure 7.27, we only present results for 5th harmonic voltage measured
synchronously at all three LV test bays.
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Figure 7.27: Change of 5th harmonic voltages as result of load separation. Test sequence B.7—public grid
supply. (a) triphase-emulated harmonic load connected to Substation D; (b) triphase-emulated harmonic
load connected to Substation A.

Whilst harmonic voltage at Substation A dropped after removing dominant injec-
tion source, we observe that 250 Hz harmonic trend measured at Substation D is visu-
ally higher in comparison with local harmonic voltage values when a disturbance source
was connected to the distribution Substation A. Naturally, background harmonic levels
also evolved in time, but, certainly, the additional impedance of 2 km cable equivalent
boosted harmonic voltages at this substation. Furthermore, the transformer of Substa-
tion D is characterized by 0.0295Ω fundamental frequency impedance.

7.4. CONCLUSION

T HE global synchronization of current and voltage samples is efficient for evaluating
various issues associated with voltage and current harmonic distortions in distribu-

tion networks. Bearing in mind that accuracy of time-synchronized waveform recorders
is determining for the quality of harmonic analysis, the fundamental transfer mecha-
nisms of harmonic components can be analyzed. The diversity of harmonic currents
emitted by various devices and subsequent harmonic cancellation, the harmonic inter-
action and attenuation and the impact of system impedance are among factors whose
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evaluation benefits from the application of distributed measurement system. In addi-
tion, the impacts on harmonic distortion can be recreated by calculation, even with
network simplifications — for that purpose harmonic synchrophasors estimated from
synchronized waveforms is an effective instrument. Altogether, it has been proven in
this chapter that complete harmonic observability is advantageous for forming conclu-
sions about dominant sources of the fluctuating distortion in power grids by assessing
the path of frequency components’ propagation.
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8
CONCLUSIONS AND

RECOMMENDATIONS

Learn the basics of science before attempting to climb it.
Never take on the next step without mastering the previous one.

Never try to cover up the shortcomings of your knowledge,
even with the most daring guesses and hypotheses.

I.P. Pavlov

As steadily more measurement devices featuring synchronization to the time preci-
sion source become available at the market, the amount of pilot and research projects
with new time synchronized measurement infrastructure is gradually increasing world-
wide. Without any doubts, this pattern demonstrates that modern and future power
systems have an explicit demand for improved observability and control. In a handful
of cases system operators have already opted for advantages of the synchronized dis-
tributed monitoring, mainly built on phasor measurement units providing more insight
into power system real time processes. Fault detection, improved diagnostics of cables
and lines, parameter estimation and evaluation of power system stability are among
functions already integrated at the transmission system level. The cost of these devices
and corresponding infrastructure is high and justification of their installation at the dis-
tribution system level must be solid. In the presence of high penetration of distributed
generation and increasing amount of power electronics interfaced loads the results of
this work indicate that there will be a potential in establishing new multi point time syn-
chronized measurement infrastructures in distribution systems for the purpose of har-
monic distortion monitoring. To reveal this potential we have studied the performance
of distributed measurement systems from the metrological point of view and from the
standpoint of methods and algorithms which can be applied to the sets of synchronized
data.

Whether a measurement system consists of waveform recorders or phasor measure-
ments units, the harmonic distortion analysis can be only conclusive and meaningful
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if a time synchronization accuracy is higher than it is required by the synchrophasor
standard for the quality of phasors used for the analysis at power frequency. Our ex-
perimental results demonstrate that the time error of ± 500 ns between measurement
devices is sufficient to ensure a strong correlation of magnitude and phase angle com-
ponents for frequency harmonics up to the 40th order. On contrary, accepting an error
of sub-millisecond range leads to the loss of representative harmonic phase angle infor-
mation whilst further impairment is followed by drastic asynchronization of harmonic
magnitudes. In medium voltage systems in addition to the synchronization accuracy,
harmonic measurements are significantly impacted by current and voltage transduc-
ers. The results of the field experiment indicate that ratio and phase angle biases as-
sociated with current transducers are substantial even for low harmonic orders. There-
fore, just when a highly accurate acquisition system is used, the values of estimated har-
monic components become already erroneous due to the influence of the instrumen-
tation transformer. An elegant solution in this case can be the estimation of correction
coefficients serving as an indication of the uncertainty associated with transducers. As a
representative example it appears that current value at 550 Hz may be corrected by 80%
bias in magnitude and 16 degrees in phase. The algorithm for estimating these coeffi-
cients is generalized to the case where one of the two current transducers installed at
two ends of the cable has the highest possible accuracy class.

As power system components have determining impact on the total harmonic dis-
tortion levels, it is important to have instruments and knowledge on quantifying this
impact and in certain cases on controlling it. For medium voltage and low voltage sys-
tems we have elaborated in details on the most common components - underground
cables. Upon bringing the discussion on uncertainty for harmonic assessment associ-
ated with simple π model of medium voltage underground cable, it is shown that syn-
chronized voltage and current harmonic phasors are well suited for the recalculation
of missing current measurements through model based equations. However, as the re-
sults indicate, the limiting factor in it is the uncertainty of the cable model which at
low frequencies counts almost 10% and will increase at higher harmonic orders. For
low voltage level where cable parameters at harmonic frequencies might be not known
we developed a non-invasive harmonic impedance estimation method. With the pro-
vision of two time synchronized waveform recorders and by employing in the estima-
tion procedure natural injections of a large harmonic source in laboratory conditions
we demonstrated that values of cable resistance and reactance at harmonic frequen-
cies can deviate significantly from the theoretical derivations. For this experiment we
have performed complete metrological characterization of the instrumentation chain.
It was emphasized that while recording data with highly accurate system is beneficial,
the more important fact is to be aware of the final levels of uncertainty and to be capa-
ble of assigning correct confidence intervals to final impedance values. With proposed
algorithm filtering out noise and uncorrelated components in laboratory environment
it appears that standard uncertainty of magnitudes of harmonic impedance decrease
with higher excitation currents. For instance, for the specific studied case at 150 Hz the
standard uncertainty of impedance equaled to 3.8 mΩ whilst at 650 Hz it counted 82.3
mΩ for estimated impedance magnitudes of 0.102 Ω and 0.237 Ω, respectively. As for
the method itself, while it contributes to the understanding of harmonic behavior of low
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voltage feeder, it is limited to balanced operation conditions since it makes use of single
phase measurements.

As it was emphasized in this work several harmonic processes can be thoroughly
studied through application of synchronized measurements. Among considered are: the
complex interactions between background voltage distortion and fluctuating harmonic
currents and the cancellation phenomena between diverse sources of distortion. To test
this hypothesis we first needed to develop an understanding of the nature of these pro-
cesses through modelling and simulations. As an initial step novel harmonic models of
low voltage power electronics devices were proposed. These models are derived from ac-
curate fingerprint measurements which are used as an input to circular regression equa-
tions. The model explains the relationships between independent and response vari-
ables - supplied voltage harmonic phase angle and phase of the injected harmonic cur-
rent. An advantage of this model is that it can be conveniently integrated into the com-
mercial simulation packages while retaining the simplicity of frequency-domain models.
As results demonstrate the performance of the models shows good compliance with ac-
tual measurements. Whilst these models can be adapted to any simulation scenario, the
limiting factor may nevertheless be an accurate estimation of current magnitude since
these models explain at first place the behavior of angular components. As the next
step, the developed models of a photovoltaic inverter and a battery charger were used
for harmonic simulations in commercial simulation software. The modelling of a low
voltage feeder and simulation conditions were intent on overcoming a number of typi-
cal assumptions imposed on low voltage harmonic analysis. Such assumptions as per-
fectly balanced systems, simplified representation of frequency dependent impedance
and employment of summation coefficients, as the results of the performed simulations
indicate, need to be reconsidered for the sake of accurate outputs of a harmonic load
flow routine. On comparing results between phase corrected harmonic load flow and
the one executed according to IEC 61000-3-6 we indicated the differences between final
harmonic voltages calculated by applying each of the methods.

Finally, the results of the wide area measurement campaign indicate that synchro-
nized harmonic measurements will be a powerful instrument in evaluating complex
harmonic processes in distribution systems. If waveform acquisition is performed, this
opens up a possibility to apply any suitable signal processing method including the ones
presented in this work - Welch averaged periodogram and wavelet transforms. Addi-
tionally, the correlation techniques as it was proved can serve various purposes from
the impedance estimation to harmonic source localization. After recording voltage and
current waveforms synchronously at different points of low voltage and medium voltage
parts of the test network we derived conclusions on harmonic interactions, cancellation
phenomena and path of the distortion propagation also in case of topological changes
in the grid. Moreover, with provision of harmonic synchrophasors we separated contri-
butions of nonlinear loads from the background voltage distortion.

To facilitate applications of synchronized measurement infrastructure a number of
recommendations for future research and experiments can be given. A characterization
of current and voltage transducers at harmonic frequencies is required before investing
into synchronized measurement infrastructure for medium voltage electrical networks.
In certain cases estimation and application of correction factors can be an option, how-
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ever, it is recommended to elaborate on the estimation methodology. One of the plau-
sible ways is to find function global minimum or maximum via applicable optimization
techniques. Further investigations on uncertainty of the medium voltage cable model
are required. These shall involve more complex cable models, for instance the equiv-
alent π model with hyperbolic corrections. As for the estimation of low voltage cable
harmonic impedance, it is advised to test the proposed methodology in field involving
part of the real distribution system. For circular regression models of harmonic produc-
ing sources more equipment types need to be included with ultimate goal of comprising
a database which can be used for extensive simulations. Finally, in the light of ongoing
research on supraharmonic distortion it seems reasonable to investigate how synchro-
nized measurement infrastructure may contribute to the analysis of supraharmonics.
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