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In order of appearance.
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F(x) Cumulative probability function
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1 Introduction

Background

The electrical distribution network is always in an evolving state. New power lines are
constantly built, and depreciated lines replaced while residential areas are expanding,
which involves introducing new consumers. Novel technology is being implemented, and
older technology is replaced while distributed local generation and use of renewable
sources are becoming more popular. With energy efficiency currently being one of the
main objectives, governments are setting requirements for energy efficiency targets
around the world, which could not be achieved without introducing a more modern type
of devices utilizing electrical power more efficiently to perform specific tasks. Since
concerns have also been rising about the environment and climate change, large
economic sectors like transportation are also looking into electricity-based solutions
instead of using fossil fuels.

Maintaining power quality and supply reliability in low voltage (LV) distribution
network is the main objective of any distribution grid operator. All the above factors will
and are already having an impact on electrical power quality in LV distribution networks.
One of the essential aspects of power quality is supplying mains voltage as an undistorted
sine waveform at a set level and frequency, which is most commonly 230 V, 50 Hz in
Europe and in many other countries around the globe, and 120 V, 60 Hz mostly in North
America.

Majority of the modern electrical devices use power electronics and complex control
algorithms to achieve the required energy efficiency. It is not uncommon for these kinds
of loads to draw non-sinusoidal distorted current from the distribution grid. As the
number of connected nonlinear loads increases, the total current distortion at the point
of common coupling (PCC) will also most likely rise, which, depending on the length,
quality and topology of the power lines, can introduce voltage distortions in the LV
distribution network. Voltage distortion does not only affect a single customer, but it can
affect all the customers who are connected to the same PCC. For the network operator
to be able to provide undistorted voltage to the customers, measures must be taken to
reduce, anticipate and prevent current and voltage distortions.

The distortion of any periodic quantity, i.e. waveform, can be described by its
decomposition into individual sine components called harmonics using a specific set of
functions. These harmonic components, described by their frequency that is an integer
multiple of the fundamental frequency, the magnitude of absolute value, or relative to
the fundamental component, and the phase angle shift relative to the fundamental
component initial phase will be the key research targets of this thesis.

Motivation and purpose

While there has been thorough research of modelling power flow in both transmission
and distribution grid, modelling nonlinear loads, including harmonic currents and
voltages, is a topic of growing interest the field of electrical and power engineering.
Ongoing research has shown that due to the variety and diversity of modern nonlinear
loads, it is very difficult to model harmonic current emissions ranging from a single device
or a group of devices to a household or a group of households. Attempts in modelling
have been made either based on the devices (bottom-up) or based on a large section of
the residential and industrial network, e.g. a substation feeder (top-down). Various types
of models have been proposed that approximate the behaviour of nonlinear loads, but
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as the technology is becoming more complex and dynamic, the simpler models are
quickly becoming obsolete.

The classical approach to modelling has been to use deterministic electrotechnical
models to represent various loads. However, due to the stochastic properties of modern
nonlinear loads, their exact behaviour is very difficult to describe, for the load
parameters may vary over time. Calculating and considering average harmonic current
based on average values has been implemented commonly in previous research.
However, it has been indicated to be inefficient in modelling, summation and estimation
of harmonic currents of nonlinear loads which also exhibit variable operating modes.

In case of such variations, a probabilistic approach is more appropriate. Primarily,
simple Gaussian models have been considered and studied in the past. However, the
Gaussian distribution provides a limited representation of dispersion and not all types of
variations can be described using Gaussian distributions. In case the variations have
strictly unique characteristics and shape of dispersion, it may not be possible to represent
the harmonic current by using the standard Gaussian methods.

While the computational power was quite limited up to the early 2000s, the rapid
increase of capabilities of information technology and infrastructure in 2010s has
provided fresh resources for a new type of models and methods. Research on
probabilistic modelling and summation of harmonic currents is one of the prospective
outputs of such developments. This provides opportunities and potential for solving
several issues and difficulties in modelling nonlinear loads and associated load harmonic
currents with unpredictable variations.

The objective of the thesis is to provide a universal methodological base that could be
further improved and incorporated into complete solutions that can be used for
estimating the expected harmonic current levels in LV distribution networks.

It should be noted that while a waveform includes the harmonics of all orders
simultaneously, this research and the thesis focuses on the individual current harmonics.
Assessing the extent of any harmonic current variation and finding the possible extreme
values at the PCC can have a major influence on distribution network planning as it is
often the extreme harmonic current values that can cause malfunctions of devices,
network failures due to phenomena like resonance, or increase power losses.

Tasks and methods
Primary tasks of the thesis include the following:

e Investigate the harmonic currents in LV distribution networks and identify
the sources of harmonics;

e  Establish possible research targets to approach negative aspects arisen from
nonlinear loads present in the network;

e  Study variation characteristics of harmonic currents from nonlinear loads and
to determine methods to quantify and compare the dispersion of the load
current harmonics;

e Analyse the possibility of implementing novel multivariate probabilistic
modelling methods for harmonic current and to determine the best approach
for modelling nonlinear loads having variable current harmonics;

e Research and develop a nonparametric model which is efficient in terms of
balancing accuracy and data size and could be easily used in simulations;
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e  Study feasibility of using probabilistic modelling and simulation methods to
estimate harmonic current summation of simultaneously connected
nonlinear loads.

The main methodology is to use accurate and repeatable measurements in a
controlled environment as input for research, development and implementation of
probabilistic harmonic current models for harmonic current summation.

For investigation and studies of harmonic currents, a large number of measurements
are to be performed in various environments and scenarios.

Novelty
Main scientific novelties of the thesis include the following:

e Visualization and comparison tools for the variations of harmonic currents from
nonlinear loads;

e Development of a novel and effective bivariate probabilistic data structure for
modelling and summation of current harmonics.;

e Investigation and proposal of probabilistic methods for modelling harmonic
currents that can represent the actual variation, including the extent and the
shape of the dispersion;

¢ Implementation of probabilistic summation methods that are based on novel
probabilistic models;

e Elaboration of the possibility to use novel methods for modelling current
harmonics on many different levels, e.g. device level, household level, line
feeder level, etc;

The developed and proposed methods would be used for harmonic current
summation simulation to provide a probabilistic estimation of harmonic currents at the
PCC. The result of the thesis provides a key foundation that, with further research and
combination with other related methodologies, would make it possible to estimate the
harmonic current levels in LV distribution network for planning and design.

The thesis is based on the work and scientific publications which have been presented
at various international conferences, and one paper published in a scientific journal.
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1.1 Characteristics of harmonics

Any time-invariant non-sinusoidal current or voltage waveform can be described by a
sum of individual harmonically related sinusoidal components, called harmonics. Each
harmonic has an oscillating frequency that is an integer multiple of the fundamental
frequency. Such composition of harmonics is called the Fourier series and is obtained
using Fourier analysis.

A periodic non-sinusoidal current waveform is defined using sine- or cosine-based
functions at any point in time t for current and voltage as follows:

i(t) = Z I cos(Znhflt + 0,_h), (1)
h=1

u(t) = Z Unn cos(Znhflt + 9u,h), (2)
h=1

where:

i(t) -—instantaneous current,

u(t) —instantaneous voltage,

h — harmonic order,

Iy —magnitude of the current harmonic,

Up,n — magnitude of the voltage harmonic,

fi  —frequency of the fundamental component,
0, —phase angle of the current harmonic,

Oy —phase angle of the voltage harmonic.

In Europe, the fundamental frequency of the low voltage distribution network is 50 Hz
and 60 Hz in North America. Each harmonic component is defined by its magnitude and
phase angle, usually described in relation to the fundamental component, which is
always considered having the phase angle as zero. The composition of the harmonic
components ultimately defines the shape of the waveform.

Although the Fourier series can be specified up to infinity, for practical reasons, only
harmonics up to certain order are reported and analysed. Such methods of measurement
and harmonic component calculation of voltage and current can be found in recognized
standards IEC 61000-4-30 [1] and IEC 61000-4-7 [2].

A current harmonic is essentially a phasor, which is a rotating vector on a complex
plane. A phasor can be further decomposed into real and imaginary components that
geometrically describe the harmonic phasor magnitude (i.e. amplitude) and phase angle:

{ix,h = Re([h) =Inn cos(@i_h)
iy,h = Im(!h) = mh Sin(@ilh)'

(3)

— — P2 P2
I = |[h| = ligntin (4)
where:
i,n, —realcomponent of the current harmonic,
iy —imaginary component of the current harmonic,
I, —complexvalue of the current harmonic.
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Since phasor magnitudes can also be represented using the root mean square (RMS)
values and vice versa, the resulting harmonic RMS and the total RMS current is equal to:

(5)

(6)

The amount of waveform distortion can be evaluated by using an index of total
harmonic distortion (THD). THD represents the ratio of the sum of the RMS (or
magnitude) values of harmonic components to the fundamental component and is
usually described up to the specified harmonic order H as a percentage. The THD can be
calculated for the current (THD;) and the voltage (THDy;) as follows:

H
12

Z I2-100% = |7 = 1-100% (7)

h=2

1

H
UZ

Z UZ-100% = |7z = 1100%. (8)

h=2

1

THD value of 10% means that the harmonic components make up one-tenth of the
fundamental component, a 100% means that the RMS values of the fundamental
component and the harmonics are equal, and a value of 200% means that the harmonics
have an RMS value of twice the fundamental components. A value of THD; between
100% and 200% is not uncommon with modern unfiltered nonlinear loads (NLL).

To characterize the amount of harmonic distortion in relation to the line current, the
total demand distortion factor TDD; is used:

(9)

where I is the maximum demand load current at the PCC, taken as the sum of the
currents corresponding to the maximum demand during each of the twelve previous
months divided by 12 [3].

When a load, either residential or industrial, draws current with a non-sinusoidal
waveform, it also causes current harmonics to be present. When many loads are
connected to a PCC, the Kirchhoff’s current law (KCL) states that, at any point in time,
the sum of currents toward or from a single node is equal to zero. This means that
according to the superposition principle, the resulting current at the PCC is the sum of
the individual harmonics originating from all connected loads. To calculate the vector
sum of the current, all the individual real and imaginary components must first be added
using:
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o, (10)
UyZ,h = z Ly hk
=1

where:

ixnn —real harmonic current component of the individual load k,

iy nn —imaginary harmonic current component of the individual load k,
K  —total number of connected loads at the PCC.

The resulting harmonic current magnitude and the RMS value at the PCC are:

Ipsp = /iiz,h + i (11)

ImZh
Iy = TZ', (12)
and the phase angle is determined based on the resulting phasor quadrant:
i
tan~?! (—,yz'h>, ifixgn >0
lys.h
i
tan~! <ﬂ> +1, ifiggy <0and iy, =0
lxs,h
Ozp = i : 13
Zh = tant (,yz'h> 1, if gy <0andigg, <0 (13)
lys,h
n . . .
7 if ixgn = 0and ysp >0
n . . .
5 if ixgn = 0and yspn <0

The resulting phase angle in this format is in the range of -r...+r or -180°...+180°.

1.2 Overview of harmonics in low voltage distribution networks

To assess the nature and behaviour of current and voltage harmonics in LV distribution
networks, the present situation and what the most important issues are regarding the
harmonics are observed an analysed. Harmonic voltage levels in low voltage networks
represent an important factor of power quality. From the aspect of the electromagnetic
compatibility (EMC), voltage distortion in LV public network must be kept within the
compatibility levels to enable satisfactory operation of all the equipment supplied by the
network.

For the member states of the EU, general requirements for supply voltage quality are
stated in the standard EN 50160 [4]. According to the standard, the THD factor of the
supply voltage must be kept below 8%. Limit values for each individual harmonic voltage
have also been set. The limit values are, for example, 6% for the 5th harmonic, 5% for
the 7th harmonic, 3.5% for the 11th, and 3% for the 13th. It should be noted that the
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EN 50160 presents the THDy; limit values for any 10-minute observation periods, where
during 95% of this time interval the THDy should remain under the stated limits.

The EN 50160 standard itself is based on the EMC standard IEC 61000-2-2 [5], adapted
and implemented for use in the EU member states, in which distribution network
operators use it as a network policy for providing voltage power quality. The EMC
standards also include the IEC 61000-3-2 [6], which sets limits for the harmonic current
emission of a single device to be used in public LV network. Compliance to this standard
is one of the requirements for marketing and selling products in the EU and testing
according to this standard is part of the procedures required to obtain the CE conformity
marking.

Presently, requirements for limiting the current harmonics is only implemented at the
device level. Limits for the summation of harmonic current from devices, i.e. general
harmonic current levels in public LV networks are not imposed by the EU. However, some
standards like the IEEE 519 [3] do define the limits for the harmonic current TDD at the
PCC, which is implemented in some EU member states. The limit depends on the short-
circuit ratio at the PCC, which is 5% for the smallest short circuit ratio (< 20) and 20% for
the largest short circuit ratio (>1000). Individual current harmonics are also limited up to
the 50th order.

Mapping and analysing harmonic currents and voltages in the LV distribution network
has been of growing interest. For the initial approach, some qualitative results can be
brought out from extensive power quality monitoring studies performed in Estonia
during the 2010s in the industrial LV networks [].

Measurements were carried out using dedicated power-quality analysers like
Fluke 434, LEM Memobox and Fluke 1745, which are capable of reporting harmonic
current and voltage component levels. The individual observation periods were at least
one week and either 1- or 10-minute recording intervals were used. The probability
density and the cumulative distribution of THD,; for all measurements are presented in
Figure 1 and Figure 2.

The most often occurring THD,; 95th percentile value was around 3%. Based on the
cumulative distribution, it was also the median value, which means that in half of the
cases the values were below and half above 3%. The most occurring maximum value was
also 3% with values of less than 3% in 40% of cases.

The 95th percentile THD, value of 5% was exceeded in 25% of cases and the
maximum value of 5% was exceeded in 30% of cases. The 95th percentile THD, value of
8% was exceeded in 9% of cases and absolute maximum value in 15% of cases.

The maximum 95th percentile value of THD;; was up to 11%, with maximum THDy
measured value reaching over 14%. In 4% of cases, the maximum THDy, values exceeded
10%.

The minimum THDy value was around 1%, which occurred mostly with low loads
during weekends and night hours. In some cases, the minimum level of THD,; was
around 4.5%, which indicates continuous high harmonic voltage levels.

From the harmonic spectrum of voltages, 5th harmonic was the most dominating.
Other prominent harmonics were 7th, 11th, 13th, 17th, 19th and 23rd. Triple harmonics
like 3rd, 9th and 15th were also high in several cases. Harmonic voltages of order higher
than 23rd were less than 0.2%.
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Probability density of the THDu values in industrial LV networks of Estonia
(95% values and maximum values)

f(U) ‘ —— THDu max —— THDu 95% ‘

0.35

0.30 +

0.25 -

0.20 +

0.15

0.10 -

0.05 -

0.00 R R AR
o 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
THDuU (%)
Figure 1. Probability density of measured voltage THD (95th percentile and maximum values) for
all measurements.

| — THDu max —THDu95% |

F(U) %

100 -
90 -
80 7
70
60
50 7
40
30 7

20 7

THDu (%)
Figure 2. Cumulative distribution of measured voltage THD (95th percentile and maximum values)
for all measurements.

The current harmonics varied extensively from case to case and in time. Thus, for a
more descriptive insight, it is necessary to monitor currents with recording intervals
below 1 minute, down to 1 second depending on the LV network.

Harmonic currents can be rather high in industrial networks, exceeding the level of
20% and reaching up to 80...90% during starting and stopping operating modes of high-
power electrical drives.

An example of high current distortion levels in an industrial factory can be seen in
Figure 3. The baseline for THD, was between 10...20%, but during working hours the
value fluctuated between 20...40% with peak values reaching 90% during equipment
startup.
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Maximum harmonic distortions of the supply current from the supply transformer
in each 1min interval during one week period in a mechanical factory
(%) — THD I max L1 — THD I max L2 — THD | max L3,
100

90 -l --

BO -

0 0099900000090 929099020000292020209090929223202090039

R 33383330833333333330803838333330838338338338:38%838

N B R I TR T G- R N R SN N B R B BN

ceeg ceeg ceeg teeg ce2g ceeg ceeg =
Time (h)

Figure 3. Supply current THD during a 1-week interval in an industrial factory.

An example of a highly distorted current and voltage waveforms can be seen in Figure
4. The 10-minute time series for THD,; for the same case is shown in Figure 5. While
most of the time the voltage distortion levels were below 8%, a rise to 11% can be
observed at times. The THDy; varied considerably between 1% and 10% during a one-
week interval.

2280 v

49.99Hz O D004 -2x =

2300 5S0Hz 38 WYE  EHS0160
UnAaH CURSOR "). VOLTAGE HOLD
% A

L1 L2 L3 & Z0OM RUH
Figure 4. Supply voltage and current waveforms in an industrial LV network.
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Total harmonic distortion of the supply voltage in an industrial network,
1 min average values during one week period

(%) — THDUL1 ——THDUL2 ——THDuL3

12— ————

10 ———————— ————

Figure 5. Supply voltage THD in an industrial LV network.

Based on the long-term measurement surveys, it can be stated that the current
distortion can be high. The current harmonics can also affect the voltage with nonlinear
voltage drop, causing distortion, i.e. voltage harmonics in the network. This means that
one of the root causes of the voltage distortion is the presence of the current harmonics
and they should be monitored with detail in LV networks. LV networks are more sensitive
to current distortions due to larger impedance values than the medium voltage (MV) and
high voltage (HV) transmission networks. Mapping harmonic current sources and
estimating harmonic currents should be implemented to develop planning levels for
power supply agreements between LV customers and LV/MV network operators.

An extensive case study on individual harmonic currents was also reported in [7]. The
harmonic currents and voltages were monitored during a half-year time period. Daily
patterns of harmonic current magnitudes were analysed and the effect of outside
temperature on current harmonics was also studied. It was found that the harmonic
current variance in LV distribution network is very high and a more complex modelling is
required to provide an adequate estimation of the harmonic current.

A significant portion of studies focuses on evaluating the harmonic current magnitude.
There are extensive studies available on the harmonic current of domestic loads and their
effect on the LV distribution network, which also consider the harmonic current phase
angles [8], [9].

1.3 Issues concerning nonlinear devices

For the year 2030, there are energy efficiency targets set, for example by the EU, to have
overall improvements by at least 32% compared to the year 1990 [10]. One aspect to
achieve this is by using specialized power supply units, which convert the distribution
network voltage to the desired parameters using power electronic circuitry with the aim
of achieving highest possible efficiency even for small-power loads. These types of units
would provide a contribution to the harmonic currents in the network. Since energy
efficiency is becoming a more central topic in residential households, and with the

20



requirements of nearly net-zero energy buildings (NZEB) by the EU directive on energy
performance of buildings [11], it is not surprising that, for example, more energy-efficient
LED lamps are rapidly replacing traditional incandescent and fluorescent lamps, variable-
speed drives (VSD) using inverter-technology are replacing traditional electric motors,
and electric vehicles (EVs) are becoming more popular. Introduction of distributed
renewable power generation units in the form of photovoltaic (PV) inverters and wind
generators (WG) is also growing rapidly in LV networks, especially in the rural residential
areas, [IV].

It has been determined that nonlinear equipment is the main source of the current
harmonics since devices like LED lamps, VSDs, EV chargers, PV and WG inverters, all draw
or generate current with a non-sinusoidal waveform. Increasing market share and usage
of such devices presents a new challenge in terms of modelling and estimation of current
and voltage distortion in LV networks. Although most widely used nonlinear loads are
low-power and may not cause any problems as single units, the joint operation of a large
number of nonlinear equipment can cause a significant effect on the power quality of
the local area LV network. Even networks which are operating close to the limit values
will be unfavourable for the customer. Additional heating of the equipment and resulting
power losses, reduction of service time, and extra costs may occur. Based on the study,
in some cases, even the limit values of harmonic voltages are exceeded.

Based on the published research [l1], it has been correlated that current harmonics are
dependent on the PV generation power. Three different PV inverters, one single-phase
and two three-phase, were measured. It has been found that the amount of current and
voltage distortion also depends on the topology of the PV inverters. Figure 6 to Figure 8
present the measurement results of a 15-hour solar cycle for the respective PV inverters.
At solar peaks, the THD; stays below 10%, but when the generation is low (during
morning and evening), the THD, peaks can be up to 100%.
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Figure 6. Measured voltage and current THD of the single-phase PV inverter.
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Figure 7. Measured voltage and current THD of the first three-phase PV inverter.
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Figure 8. Measured voltage and current THD of the second three-phase PV inverter.

To estimate the effect of harmonics on the LV distribution network, a residential
household was modelled using DIgSILENT Power Factory software. The aim of the model
was to determine the impact of PV generation. The model included various nonlinear
loads at 0.4 kV voltage level distributed among three phases, an overhead line that
connected the residential network to an MV/LV substation, which included a
transformer, and a 10 kV slack bus. Measurement data and averaging were used to
determine the model parameters of individual network components.

Results from the network simulations based on three different PV inverters are
presented in Figure 9. The effect of introducing PV inverters to the network on THD;
varies from -3% up to +16% at peak power, depending on the topology and line phase.

It should be noted that at different power levels, the current harmonic spectrum
changes, which in turn affect the network voltage differently. As harmonic levels change
considerably due to the weather patterns, it is very difficult to assess the long-term
evolution of harmonic levels only from measurements carried out over a short period of
time. Modelling PV generation is still a complicated task to accomplish even with today’s
tools and standards.
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Figure 9. Simulation results of 0.4 kV bus for three different PV inverters compared to the initial
condition at peak power.

Harmonic phenomena are often not so intense to cause any direct breakdown of
components other than power factor correction (PFC) capacitors. However, harmonic
currents affect supply voltage quality and power losses in the whole LV network,
particularly, in induction motors, transformers, lines and capacitors. Supply voltage
quality can lead to malfunctions in electrical equipment and may introduce additional
losses. Harmonic power losses are usually not estimated because the losses are neither
measured nor calculated.

Misapplication of PFC capacitors can also introduce parallel resonance in the LV
network. This results in amplification of specific current and voltage harmonics, which
depend on the resonance frequency. The resonance frequency depends on the
capacitance, inductance and resistance present in the LV network circuit. The resonant
intensity is mostly affected by the parameters of the transformer, the amount and
spectrum of harmonic currents, and the type of converters installed (6-pulse, 12-pulse,
etc.).

1.4 Harmonic current variation

The harmonic current of power generation devices like PV or WG inverters will inherently
depend on the availability of energy sources, i.e. sunlight and wind. The harmonic
spectrum at 10% nominal power and 100% nominal power may differ significantly. The
harmonic spectrum of modern household loads can also have variations. For example, a
washing machine or a modern refrigerator will have many different programs and
options that can be set by the user. Combined with VSD technology for motors and
sensors for feedback, the harmonic spectrum can vary significantly during and between
uses. An extensive and detailed study was performed to determine the harmonic current
variation properties of several nonlinear household loads.

1.4.1 Measurement setup

To provide the necessary baseline input data for the harmonic variation study, a
comprehensive test bench was designed and built for carrying out repeatable
measurements and to provide baseline data for further research.
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The test setup included a personal computer (PC) with a National Instruments data
acquisition (DAQ) module capable of generating arbitrary analogue waveforms with 16-
bit resolution. A Chroma 61505 4 kVA programmable power supply or a low-distortion
Omicron CMS 356 linear voltage and current amplifier was used to achieve desired LV
distribution network voltage waveform from the analogue input signal that was fed from
the PC-controlled DAQ device. A load combination array was built with two-pole double-
throw relays (DPDT or 2P2T), which could accommodate up to 16 concurrent loads in any
combinations. An A-Eberle PQ-Box 200 Class A power quality measurement device was
used for the measurements, which is capable of recording harmonic current and voltage
magnitudes and phase angles with a minimum measurement interval of 1 second, which
were aggregated from the internal 200 ms, 10-cycle measurements according to the
standard requirements [1]. The complete system was controlled using the MATLAB
software.

The reference waveforms were generated with a sampling frequency of 100 kHz,
which equates to 2000 samples per single 50 Hz cycle. The software also controlled the
load relays to achieve various load combinations that were supplied by the generated
and amplified waveforms. Ideal 50 Hz sine voltage waveform with an RMS value of 230 V
was selected for the tests. During the complete study, only odd harmonics up to 19th
order were considered and analysed, due to even- and higher-order harmonics being
close or below the acceptable measurement level. The amplifier was running for at least
30 minutes before testing to achieve its working temperature. Devices under test were
powered for at least 60 minutes before testing to achieve the thermal stability. To keep
the devices at working temperature between the tests, the continuous running was
achieved using the double-throw relays which provided power to the devices from the
power outlet in the laboratory when the relays were unengaged. When the relays were
engaged, both phase and neutral line were routed to the measurement circuit. The
complete overview of the setup is presented in Figure 10 [IV].
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1.4.2 Variations due to thermal effects
Research has shown that even stable loads like LED lamps can have current variations
[111]. 16 randomly selected LED lamps found on the market in the year 2018 were tested.
The power rating ranged from 7 W to 13 W with luminous flux between 500 Im and 1521
Im. It was found that due to the thermal stabilization during one hour, the harmonic
current variations up to 20% were recorded. While most harmonic currents decreased
exponentially, some harmonics of some LED lamps had an increase in magnitude during
the warm-up cycle. The complete set of results are shown in Figure 11.
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Figure 11. Harmonic current magnitude (p.u.) variation over 1 hour for LED lamps.

Changes in the phase angles were also observed. Depending on the harmonic order,
phase angle differences of up to 6 degrees for low-order harmonics and differences up
to 25 degrees for high-order harmonics were measured, as shown in Figure 12.
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Figure 12. Phase angle variation over 1 hour for LED lamps.
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1.4.3 Bivariate variations
The harmonic current variation of thermally stable loads like LED lamps, PC, PC monitor
and Smart TV was also studied [IV]. Due to the complex nature of the current harmonics,
the phasor variation was measured using bivariate components.

Firstly, the magnitude and the phase angle from the measurement data was converted
to complex real and imaginary components using (3). Then, the average component
values i, and iy, were calculated from N number of measurement data points:

N
(1N,
Lx,n ZN Lx,nn

n=1

N .
. 1.
Uy,h =N L, whn
n=1

The standard deviation (SD) for both components and their geometric, or spatial SD
were then found using:

(14)

N

1 . N2

SDI,x,h = NZ(lx,h,n - lx,h)
n=1

L . (15)
SDyyn = NZ(iy.h.n - iy.h)
n=1

SDI,xy,h = SDIZ,x,h + SDIZ.y.h

To evaluate the spatial dispersion of the harmonic current, the coefficient of variation
(CV) was calculated using (16). The CV shows the ratio of the standard deviation to the
mean value of said harmonic current. The relative standard deviation (RSD) compared to
the fundamental current component was also calculated using (17).

SD
CVip = —2%, (16)
Im,h
SD
RSD1,, = —2¥1 (17)
Im,l

For the 16 LED lamps described above, the initially measured maximum spatial CV
values for low-order odd harmonics (1-9) were between 0.4% and 1% and for high-order
harmonics (11-19) between 0.7% and 1.1%. The RSD1 values, which compare the
harmonic variations to the fundamental component, were only up to 0.2%. This was
measured using the Chroma 61505 power supply. It was then found that the voltage sine
signal output had very minor, nearly unmeasurable distortion compared to the pure sine
wave, which nevertheless affected the current waveform, which in turn had an influence
on the measured current harmonics. This power supply was then replaced with Omicron
CMS 356 linear amplifier, which did not show any measurable voltage distortion.

The results with the improved measurement setup resulted in maximum spatial CV
values between 0.1% and 0.4% for low-order harmonics and between 0.3% and 0.4%.
The average values of 16 lamps were below 0.15%. The CV values are presented in Figure
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13. The markers show the results for each individual lamp, the thick line shows the
average values and the dashed line shows the 95th and 5th percentile values.
The maximum RSD1 values were up to 0.06% and average values close to 0.01%. Such
low values were expected as the LED lamps are considered to be very stable loads after
reaching thermal stability. This provided a baseline for measuring devices with more
variable harmonic currents.
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Figure 13. Spatial CV of low and high-order current harmonics for LED lamps.

The harmonic current variations of a PC monitor during 1 hour of continuous video
playback over DisplayPort (DP) is presented in Figure 14. The variations were found to be
very low and comparable to the LED lamps. The spatial CV was only between 0.3% and
0.35% and RSD1 values between 0.1% and 0.15%, which were decreasing with the
harmonic order.
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Figure 14. The spatial CV of a PC monitor during 1 hour of video playback over HDMI.

The current harmonics of a smart TV during 1 hour of continuous video playback over
HDMI had a much larger variation, as shown in Figure 15. The spatial CV was measured
to be between 2% and 18%, with 5th, 11th, 15th and 17th harmonic order having the
highest values. Despite the high CV, the RSD1 value was below 0.5% apart from 3rd
harmonic, which had an RSD1 value of about 0.8%.
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Figure 15. Spatial CV of a smart TV during 1 hour of video playback over DP.
The harmonic current variations of a PC were measured for 1 hour in two modes: video

playback and dynamic system stress test.

During video playback, presented in Figure 16, the spatial CV for low-order harmonics
was between 1% and 7% and for high-order harmonics between 7% and 11%. In this case,
the 5th, 7th and 9th harmonics had the lowest variations up to 2% and the highest was
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13th. The RSD1 values were between 0.1% and 0.3% apart from the 3rd harmonic with a
value of about 0.6%.
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Figure 16. Spatial CV of a PC during 1 hour of video playback.

The results of the harmonic current variation of a PC during full system stress
is presented in Figure 17. The maximum spatial CV values were between 4 and 14% for
low-order harmonics, with 14th harmonic having the highest value. The high-order
current harmonics had a much larger spatial CV value, between 20 and 40%. The RSD1
value was still low, between 0.1 and 0.5%.
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Figure 17. Spatial CV of a PC during 1 hour of a system stress test.
Table 1 presents the summary of SD values for devices under test compared to their
total current RMS and the fundamental current RMS value. THD; is also shown for
reference. LED lamps with the highest and lowest THD, are shown.

Table 1. Harmonic current SD compared to the RMS values of the current and the fundamental
component.

Parameter | LEDlamp | LED lamp | Monitor | SmartTV | PC PC
#4 #8 (video) (stress)

THD;, % 154 22.7 203 37.6 23.4 11.1
I, mA 81.4 41.9 169 314 179 364
I, mA 43.3 40.9 74.1 294 174 361
SD1,xy, MA 0.104 0.062 0.313 11.1 12.9 20.8
SD3,xy, MA 0.084 0.004 0.301 3.41 1.50 2.24
SDs,xy, MA 0.082 0.003 0.290 1.56 0.383 0.963
SD7,xy, mA 0.082 0.004 0.275 1.50 0.312 1.52
SDsg,xy, MA 0.085 0.003 0.255 0.685 0.259 1.88
SD11,x, MA 0.089 0.002 0.233 0.935 0.567 0.648
SD13xy, MA 0.091 0.003 0.210 0.954 0.629 1.87
SD1s,xy, MA 0.091 0.002 0.187 0.447 0.457 1.39
SD17,xy, MA 0.089 0.002 0.166 0.658 0.450 1.93
SD19,xy, MA 0.088 0.003 0.148 0.699 0.451 2.65
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The harmonic current variations can be very small compared to the total current RMS
or the fundamental component. Considering that the current harmonic mean phasor
magnitude value can also be very close to zero (i.e. variations around the zero point) the
calculated CV will be greatly amplified even when the variations are very small. As in the
last example, the spatial CV of the harmonic current is high, but the RSD1 value is low, in
which this case the CV is not a reasonable and comparable indicator for the harmonic
current variation.

The RSD1 is a more general indicator since it can be used to compare the “per unit”
variation of the harmonic current. However, since it depends on the fundamental
component, a heavily distorted load current (THD;>200%) can also affect
comparability. The RSD1 value can describe, how “variable” any specific harmonic
current is, but it does not provide any information about the extent of the variation.

Some examples of the variation are provided below. In each example, each black
marker represents a 1-second measurement result of the harmonic current during 1 hour
of testing. The blue circle represents the spatial deviation with a radius of two SD (20)
around the mean. The red deviation ellipse is constructed using the 2SD of the real and
imaginary components separately. The radial line of the red ellipse is oriented towards
zero and represents the angle of the mean.

Figure 18 shows the variation of the fundamental component of the LED lamp number
8. The variation has a circular symmetric shape, but itself is very low (within 0.2 mA).
This is considered a very stable current harmonic.
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Figure 18. The fundamental current of LED lamp number 8 during 1 hour.

Figure 19 shows the variation of the 5th current harmonic of a Smart TV. Most of the
measurement points are clustered in a relatively small area, but for some time, the real
component current variation changes significantly and even switches quadrants. Here,
the spatial SD ellipses cannot properly quantify the variation of the harmonic current real
and imaginary components. This is considered a harmonic current with a very wide range
of variation.
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Figure 19. 5th Harmonic current variation of a Smart TV during 1 hour of video playback over DP.

Figure 20 shows the variation of 9th current harmonic of a PC during a stress test. The
spatial SD ellipses specify the extent of variations properly, but in this example, the

variation has a unique shape, which cannot be described by the spatial SD. This is
considered a harmonic current with a distinctive shape.
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Figure 20. 9th harmonic current variation of a PC during 1 hour of stress testing.

Based on the study in [IV], the variation of the current harmonics can have diverse
extent, shape and direction both in case of stable and semi-stable loads. Introducing
dynamic load properties to the loads (non-stable loads) can increase the variation even
further and create complicated variation patterns.

In conclusion, using evaluation methods like the mean value and standard spatial
deviation is not sufficient to describe the harmonic current variation range of modern
variable nonlinear loads. Also, generalizing bivariate variation using only one-dimensional
parameters is also ineffective due to possible distinctive variation patterns. In order to

successfully asses the summation of harmonic currents, a more effective method must
be implemented.
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2 Nonlinear load modelling — State of the art

As the share and complexity of nonlinear loads connected to the public network are
rapidly increasing, modelling load currents of these type of loads poses a significant
challenge. Since nonlinear loads exhibit significant harmonic current distortion, one of
the most practical methods is to decompose the load current into its harmonic
components and model the harmonic content individually.

A modern household device can also exhibit different states of operation, which
means the current, even at a constant voltage, will vary due to the supply circuit topology
and operation, control processes and various algorithms. This kind of variation cannot be
easily modelled with simple electrical parametric models. While the traditional numeric
models provide an adequate representation of the stable loads, when a device or a group
of devices operate at different modes with varying harmonic currents, a statistical
approach is more practical. Even probabilistic models can run into difficulties, depending
on the scope and characteristics of the harmonic current variation. The accuracy of any
model also depends on where it is applied. For example, modelling a single device can
produce different results than a group of devices, point of common coupling (PCC), or a
feeder in a distribution network.

Several types of models have been proposed in the literature for modelling harmonic
loads. This chapter presents an overview of common load harmonic current modelling
methods, including their benefits and limitations, and analysis of several parametric and
nonparametric probabilistic approaches.

2.1 Deterministic models

Deterministic load modelling is the oldest electrotechnical method of representing
electrical loads. It uses electrical parameters, such as resistance, inductance,
capacitance, etc. in combination to create an approximation of how the load should
behave in an electrical circuit. There are various deterministic load models for modelling
harmonic current. Several types that are used the most are discussed below.

2.1.1 Constant current source

The simplest harmonic load model is a constant current source model (CCS). Each current
harmonic is modelled as a complex current source I;, having a fixed magnitude and phase
angle. Each harmonic current is independent of the input voltage and does not vary in
time. This model can be used if the load is stable and is insensitive to any external
parameters.

In addition, this model is usually placed in the analysis focused on resonance, which
does not consider the load dynamics. The advantage of this model is that the current
harmonic spectra of numerous loads are already characterized in the literature; thus, it
can be easily implemented in the harmonic analysis. However, it is not enough to analyse
the interaction between the network and the nonlinear loads for non-typical operating
conditions. [12]

2.1.2 Norton model

A more detailed deterministic model is the Norton model. For each harmonic order, a
Norton model incorporates a harmonic complex current source in parallel with a complex
impedance (Norton circuit). The parameters of a Norton model are determined
experimentally using two sets of harmonic current and voltage measurements at
different scenarios using (18) and (19) [13].
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The model presents a relationship between voltage and current harmonics. Although
the Norton model allows for some level of network response, studies have shown that in
case of highly nonlinear loads, the model can only accurately reproduce the exact
scenarios that were used for calculating the Norton parameters [13]. For a wide range of
test scenarios, the model showed only a slight improvement over the CSS model [12].
Additionally, this approach assumes the superposition of the harmonics and does not
take into account the possibility of cross-dependency of harmonics of different orders.

2.1.3 Crossed-frequency admittance matrix

Originally proposed in the 1990s [14], the crossed-frequency admittance matrix (CFAM)
takes into account the interactions between voltage and current harmonics of different
orders. In general, the model consists of an M x N-sized matrix of complex admittances,
that is multiplied by the array of complex harmonic voltages, resulting in an array of
complex currents. The short form is shown in (20) and the full representation in (21). M
and N represent the different harmonic orders for currents and voltages.

I=Y-U, (20)

= I s
b I L

Y
Yp3
Y . (21)

|
J| b v Tl i)

In the case of linear loads, there is no interaction between different orders of
harmonic voltages and currents. Thus, the size of the matrix will be N x N (square) and
only the main diagonal of admittances Y,,,, will remain while all the other matrix elements
have zero value.

The CFAM model provides the possibility to analyse how the voltage distortions affect
the current distortion, i.e. how the voltage harmonics affect the current harmonics. For
example, a 3rd order voltage harmonic can affect the 3rd order harmonic current and
5th order harmonic current at the same time.

The model was further enhanced by adding the admittance matrix element
dependency on the harmonic voltage phase angle [15].

A more detailed version of the original CFAM has been presented in [16], including
several modifications [17]-[19] for modelling nonlinear loads. The extended short and
full representation of the basic model is shown in (22) and (23).

I=Y"-U+Y U, (22)

32



+

L RATRATER AT 4T [Ql]

|L| % ¥ v . Yyl |

|b|= AT R SR A3 iQle

T I A 9 23
[}_/11 Y, Y Xuv] (U7
1% Y% Yoo Y| |Us

+|§1 Y Yi . Y -Q.%:l-
lxz\h Y2 Yus - ZZ\;NJ QfJ

This version of the CFAM adds the dependency on the harmonic voltage complex
conjugate and separating the admittances into two distinct components. The model was
based on the equivalent circuit of a standard unfiltered AC/DC bridge rectifier. As this
type of topology is used in most power supplies, it should be possible to apply this model
to a wide range of household devices.

The difference between the two CFAM models is that the modified version does not
require extensive testing to determine the admittance parameters, as they can be
determined analytically using only a few measurements. However, the application is also
limited by the topology used in the power supply. Despite the complicated derivation of
the model parameters, the resulting linearized model for nonlinear loads provides the
possibility to perform harmonic analysis on how a load behaves in a distribution network.

There have also been developments of combining CFAM model with the polynomial
ZIP model to allow the modelling of nonlinear loads that undergo variable voltages with
harmonic components. The model is applicable for the modelling of one or more
harmonic loads in systems with the presence of other nonlinear loads, allowing to obtain
some physical knowledge about the represented load [20].

2.1.4 Harmonic coupled Norton equivalent model

The harmonic coupled Norton equivalent model (HCNE) combines the properties of the
Norton equivalent model and the CFAM model. The model consists of a Norton harmonic
current source in parallel with a harmonically coupled admittance matrix. The
representation in both short and full form is presented in (24) and (25).

I=L-YU, (24)
L Iy Yi. Y, Y Yin [Ql]
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The harmonic Norton current vector represents the harmonic currents at sinusoidal
voltage conditions. The admittance matrix in this model describes only the influence of
harmonic voltages. The full description of the HCNE model and its variations, including
applications and experimental results can be found in [21]-[26]. The procedure for
determining the admittance components is the same as in CFAM, by analysing
interactions between the harmonic orders of voltages and currents. The difference is that
the voltage harmonics are injected on top of the fundamental component, to determine
the harmonic current response around the set Norton point. Test procedures have been
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proposed to increase speed and uncertainty for obtaining the parameters [27].
Introducing the HCNE model significantly improved the modelling capacity and accuracy
of nonlinear harmonic current producing loads. Combined with even further
developments [28] it is one of the most accurate modelling methods for nonlinear
harmonic current producing loads.

2.2 Probabilistic methods

Most deterministic models assume that the numerical model parameters do not vary in
time. Depending on the device type, is often not the case with variable load
characteristics. This means that the deterministic numerical models are suitable mostly
for stable loads. Variations in load harmonic current can depend on factors like time,
operating modes, usage cycling, etc. When these variations are present, a probabilistic
approach should be considered. A general overview of probabilistic aspects and issues
can be found in [29].

The most direct way to construct a probabilistic model is based on the empirical data,
e.g. measurement results. Both harmonic current magnitudes and phase angles should
be measured to produce meaningful models. The probabilistic approach can be divided
into two categories. Parametric models describe probability using a fixed set of
parameters that fit the data with a certain kind of distribution function. Nonparametric
models describe the probability as processed empirical distributions which are calculated
from the observed data set [V].

The conducted studies about the variations of the harmonic currents during operation
have shown various types of patterns, which affect both the magnitude and the phase
angle of the current harmonics. Due to this phenomenon, the probabilistic approaches
must be bivariate, i.e. using co-dependent variables. This means that any measured
harmonic current phasor is represented as a point on two-dimensional space using two
variables (e.g. real and imaginary component) and only specific combinations of these
components exist. Based on these preconditions, it is possible to apply probabilistic
properties to a set of bivariate current phasors during load operation for each harmonic.

There are mainly two ways to represent a complex harmonic current phasor in
Euclidean space: the polar coordinate system using magnitude and phase angle, and the
Cartesian coordinate system using real and imaginary components. The coordinate
systems can be freely translated from one to another. For the purpose of this research,
and to avoid the issues arising with phase angle wrapping, the real-imaginary Cartesian
coordinate system was used, indexed as x and y.

2.2.1 Parametric models

The most commonly used parametric method for probabilistic modelling is Gaussian
distribution, also known as the normal distribution. The normal distribution has a specific
probability curve defined using two parameters: mean value and variance (or standard
deviation). The probability density function is presented in (26).

L 26
f(x) - We 20 ’ ( )
where:
u — mean value of a variable x,
o — standard deviation.
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Examples of probabilistic modelling of harmonics date back to the late 1980s, where
a basic concept can be found [30]. In this research, the harmonic magnitudes and phase
angles were modelled as Gaussian distributions separately. It can also be applied for both
the real and imaginary components and added geometrically, as it was done in previous
research [IV]. However, this method only works if the variations always have an even
spread on the complex plane and are independent of each other, which is very often not
the case but could have been very common in the past.

To estimate the probability of the harmonic current phasors, a bivariate version of
normal distribution (joint normal distribution) exists that is a generalization of Gaussian
distribution to higher dimensions. Such bivariate normal distribution (BND) can be
described as a probability surface defined by bivariate mean coordinates and a
covariance matrix that specifies the relationship between the two variables. If, for
example, a harmonic current variation has a directional shape, e.g. the variations are
elongated or angled on the complex plane, the fitted BND model can describe a rotated
ellipse, which defines the 95-percentile probability area.

Such bivariate normal probability distributions have been used to model harmonic
current phasors in the past [31]—-[33]. The mathematical representation for the mean and
the covariance for joint (bivariate) normal distribution is shown in (27) and (28). The main
diagonal represents the square of the variance, or SD and the other elements represent
the variance between the two variables, which have opposite signs around the main
diagonal.

Iy
w = |1] (27)
Xy ly

_ [ 02(iy)  o(iyiy)
xy — .. . .

0(ly' lx) Uz(ly)
In an example presented in Figure 21, a normal distribution is fitted to harmonic
currents of a PC monitor during video playback. Here, the black markers are the 1-second
measurement results during a 1-hour observation interval. The red and the blue line
represents the individual probability densities of the perpendicular (real and imaginary)
components. The bivariate probability density is represented as a yellow-red-black
surface, with transparent and yellow colour having the smallest and black colour the
largest probability density. The green ellipse on the horizontal plane represents the two-
sigma (20 or two SD) ellipse projection of the probability density distribution which

accounts for the 95-percentile of values.
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Figure 21. Bivariate normal distribution applied to the fundamental (left) and the 15th (right)
current harmonic of a PC monitor during video playback.
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The drawback of the BND is that it assumes the variation relationship between two
components is linear on the complex plane. In case of variations with distinctive non-
Gaussian shapes, spread or clustering due to multiple operating points, the normal
distribution does not sufficiently represent the actual variation, as shown in Figure 22.
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Figure 22. Bivariate normal distribution applied to the 5th (left) and 9th (right) current harmonic of
a PC during a stress test.

Since the normal bivariate distribution does not distinguish clusters, there is a large
number of cluster combinations which can result in identical distribution parameters. To
deal with clustering issues in probabilistic analysis, various algorithms exist that are able
to cluster the data into distinct groups, like the k-means, expectation-maximization (EM),
etc. A probabilistic model is then applied to each cluster resulting in a total probability
distribution that is composed of each individual cluster.

An example of such compound probability distribution is a multivariate normal
mixture, i.e. the Gaussian mixture model (GMM) [34]. Such an approach has been
reported for analysing power quality parameters, including harmonic current
magnitudes and phase angles in [35], [36] as single variables. Although the GMM method
is widely known and used in various scientific fields, very little research has been
published on using it to model bivariate complex probabilistic load harmonic currents.

To obtain the model, the dataiis first clustered and the individual probabilities are then
described using a set of BNDs with specified weights. The EM clustering method, for
example, is iterative and convergent, which means that the result can depend on the
initialization condition selection. The convergence can also be optimized, but this
procedure is rather complicated and requires more iterations.

Examples of GMM are presented in Figure 23 and Figure 24. The fitted distributions
represent the variations with sufficient accuracy. It is also not uncommon for the
individual distributions to intersect to include the stray data points that do not fit into
other cluster groups. The sub-distribution with a smaller proportion factor will contribute
less to the whole distribution.
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Figure 23. GMM distribution applied to the 5th (left) and 19th (right) current harmonic of a PC
during a stress test.
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Figure 24. GMM distribution applied to the fundamental (left) and the 19th (right) current harmonic
of a PC monitor during video playback.

One of the issues with the specific GMM method is that using the standard clustering
algorithms, the number of clusters must be given as an input for the algorithm. This
means that to obtain the best results, GMM permutations with 1, 2, 3, etc. clusters
should be calculated and the result which represents the harmonic current variation
most accurately should be chosen.

2.2.2 Nonparametric models

One of the most used nonparametric approaches is the kernel density estimation (KDE).
The usage of this approach under certain conditions to model harmonic current
magnitudes and phase angles has been published in [37], [38]. However, as stated
before, analysing the components separately will only provide information about the
probability of both parameters separately, and reconstructing phasors from the said
probabilities can result in inaccurate data and a bivariate version should be used instead
[V].

In general, the KDE algorithm works by assigning a probability distribution for each
data point using a kernel function and a smoothing parameter, called the bandwidth. The
total probability is estimated by the sum of all the individual point distributions (kernels).
The result of the KDE is a nonparametric curve that must be stored to represent the
probability density of a variable. The general expression for kernel density estimation is:

N N
P =5 Kyl —x) =0 > K (2, (29)
i=1 i=1
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where:

N —total number of data points;

K  —kernel function (normal distribution);
b — bandwidth.

The bandwidth in the kernel density estimation is the most important parameter. It
directly influences the result as it causes smoothing of the probability density curve.
Choosing a large bandwidth will result in a smoother curve that requires a smaller
amount of data to be represented, but the information about specific variations can be
lost with the smoothing. There are algorithms for optimal bandwidth selection, of which
the most common is the mean integrated squared error (MISE) function. Overview of the
utilization of the KDE, comparison of different kernel functions and bandwidth selection,
and how they affect the final shape of the probability can be found in [39], [40].

The bivariate form of the formula is identical, but instead of one-dimensional
variables, each parameter is a multi-dimensional vector or array. The result of a bivariate
kernel density estimation is a nonparametric probability density surface. Depending on
the variation extent and the desired resolution, the distribution requires a large amount
of data to be stored for accurate representation.
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Figure 25. KDE distribution applied to the 5th (left) and 11th (right) current harmonic of a PC during
a stress test.
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Figure 26. KDE distribution applied to the 3rd (left) and 13th (right) current harmonic of a PC during
video playback.

Figure 25 and Figure 26 show an example of a KDE distribution applied to the harmonic
currents of a PC during a stress test and video playback respectively. Despite the optimal
bandwidth algorithm being used for all examples, a clear difference in the smoothness
of the results can be seen depending on the variation pattern. A mesh of 200x200 points
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was used for the surface. This translates to 40 000 data points that have to be stored to
represent the probability of each harmonic current.

Compared to the computation-intensive KDE method, a simple nonparametric way of
representing the harmonic current is to create an empirical bivariate histogram of
probability. A histogram approach is grouping data into bins by counting how many data
points fall inside the defined bin. The number of bins must be specified beforehand. The
bivariate histogram data can then be normalized to represent the probability density of
each point from a bin by using (30), resulting in a probability density mesh.

C
Pxy = —= (30)

CN-wywy
where:
Pxy — Pprobability density of a specific bin at a specific location (x, y);
Cry — number of samples in a bin;
Wy * W, —area of a bin;

N —total number of data points.
2 2
B 7
=1 =4
[ D6
[a] a
Z 24
3 32
Q Q
<] Qo0
o o

Current, img. (mA) ’ 8 Current, real (mA) Current, img. (mA) - 8 Current, real (mA)

Figure 27. Histogram distribution applied to the 5th current harmonic of a PC during stress test
using 100x100 (left) and 20x20 (right) bins.

Figure 27 shows an example of a bivariate histogram applied to the 5th harmonic
current of a PC during a stress test using two different number of bins. Using fewer bins
results in grouping more data, which results in loss of detail for small variation
differences. Using more bins creates a more detailed representation of the probability
distribution but the data requirement grows quadratically. The optimal number of bins
is a compromise between resolution and data size and will depend on the variation
spread pattern. As with the KDE, if a harmonic current has clusters that are separated
from each other, there will be a lot of unused data space.

2.3 Probabilistic simulation methods

The usage of probabilistic models in simulations requires a methodology to (re)produce
data samples based on the models. For bivariate probabilistic harmonic current models,
each sample represents a harmonic current phasor having two components
(amplitude/phase or real/imaginary). By sampling enough data points, the result should
approximate the probabilistic behaviour of a load harmonic current.

One of the most universal methods for obtaining samples from any probability
distribution is called inverse transform sampling (ITS), which requires the cumulative
distribution function (CDF) of the probability distribution. The cumulative distribution
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function F for a continuous probability of variable x can be expressed as an integral of
its probability density function f:

X
Feo = [ res, 1)
or, for a discrete probability with points x;, each having a probability p; = P(x;):
FO) =Pl <0 = ) Pa=x)= ) px, 32)
XisSX XisSX

When all the original data points are used to construct a CDF, it is called an empirical
cumulative distribution function (ECDF). ECDF is always a stepped function that increases
by 1/N at each sample of the N data points. ECDF can be used to validate and compare
the probabilistic simulations.

The parametric and non-parametric CDFs have slight differences. A parametric
distribution always results in a continuous CDF. CDF from nonparametric distribution is
discrete and is based on the resolution of the probability estimation.

To sample data from a univariate distribution, a random number is generated
between 0 and 1 with a uniform distribution. This number is then matched to the
cumulative probability on the vertical axis of the CDF and the sample value from the
horizontal axis is returned at the corresponding intersection point. The procedure for
obtaining samples from an arbitrary univariate CDF is shown in Figure 28.

F(x) : cdf

Figure 28. Inverse transform sampling examples for mixed discrete and continuous cumulative
distribution function [41].

While sampling from a univariate probability distribution has many common solutions
for both parametric and nonparametric cases, sampling from a multivariate distribution
is still actively researched topic in the field of mathematics. There are two main issues to
consider when considering bivariate sampling.

Firstly, when generating samples from a bivariate distribution, the variables must be
treated as co-dependent. Using ITS on the CDFs of both variables separately may result
in inaccurate data. For example, let the bivariate data of 1000 points (x, y) be clustered
in different regions of the cartesian plane, with each cluster having 50% of the total
number of data points. A KDE is used to create both PDF and CDF for both components
separately. ITS is then used to sample data from both CDFs F (x) and F(y) by generating
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two consecutive random numbers. The resulting data sample (x;, ¥;) is then stored. The
process is repeated 1000 times to get 1000 data samples. The resulting CDF and PDF are
plotted for both components and compared to the original data.

Figure 29 illustrates this process and how it leads to the generation of false data even
though the CDF and PDF of original and simulated data for both components are aligned.
Black and green markers represent the original and simulated data respectively. The red
and blue curves represent the PDF and CDF of the original data and the magenta and
cyan curves represent the simulated data.

Probability density

Figure 29. Example of incorrect simulation of data from KDE using CDF of both variables separately.

Secondly, while there are methods available for sampling from a multivariate normal
distribution, sampling from a nonparametric bivariate (joint) distribution is a more
complicated task. An example of a joint CDF is shown as a surface in Figure 30. Since the
bivariate CDF is cumulative in both axes, the information about the individual marginal
cumulative distributions are lost, which means the ITS method cannot be used in this
context without probability transformations. Alternative methods like acceptance-
rejection sampling exist, but it also has limitations in the multivariate cases.

Probability density

Figure 30. Joint cumulative distribution of clustered data.
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3 A proposed probabilistic model for harmonic current

When dealing with the harmonic current of nonlinear variable loads, modelling harmonic
currents probabilistically has the benefit of including the sporadic current variations in
the model. Several probabilistic models were discussed in the previous chapter.

While the GMM provides a good approximation of the bivariate data, it still consists
of fitting normal distributions to the empirical harmonic current data. Also, considering
that the GMM is a convergent algorithm, it can produce different model parameters each
time depending on the starting conditions.

Nonparametric models like the KDE or the histogram require bandwidth or resolution
selection for the final representation of the bivariate probability distribution. The largest
drawback of the traditional nonparametric surface-based probabilistic models is the
required data amount for representing each harmonic current. If a harmonic current has
clusters that are separated from each other, there will be a lot of empty values for the
PDF and constant values for the CDF, which is inefficient. Also, sampling data from a
nonparametric probability distribution is complicated and requires sophisticated and
inefficient algorithms.

While taking this into account, a novel empirical approach to nonparametric
probabilistic bivariate harmonic current modelling was developed for this thesis. The
model describes the probabilistic distribution of a load harmonic current while
maintaining a compromise between the data size and accuracy. The data representation
is based on the histogram, but instead of using a mesh to represent PDF or CDF of the
bivariate distribution, a set of linked CDFs arrays are used. This method reduces the data
size required to represent harmonic current and allows using ITS method to correctly
sample the data. The model requires a minimal amount of recalculation when used in
simulations as the CDF is readily available for both variables.

One of the benefits of this type of empirical model is that the whole variation range,
including extreme values, can be represented. It means that using this model in
simulations can lead to the detection of potential problems in harmonic distortion levels
which other models might miss.

3.1 Model definition

To construct a model for each current harmonic, a stepped CDF with a predefined
resolution is created from all points of the first variable (for example, the real component
of the harmonic current). The bivariate data points are then grouped based on each step
of the primary CDF. Then, for each said group, a stepped CDF of the second variable (for
example, the imaginary component) is constructed. This results in a total of N + 1
distribution curves, where N is the number of resolution groups.

Using stepped CDF functions ensures that no unnecessary points are stored where it
is not needed. The resulting CDFs can be stored as a cell structure, for example, in
MATLAB as a variable, or as a text file with comma-separated values (CSV), which
requires more data storage, but is human-readable. The algorithm for the model
construction is presented in Figure 31.
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Figure 31. Algorithm for the proposed model construction.

The key factor for constructing the model is choosing the resolution of the stepped
CDF. The resolution can be defined by the accuracy required to represent the current
harmonics, which can be based on the harmonic current phasor magnitude. Often, a
value of less than 1% is rarely needed and it is unnecessary to have too much detail of
the variation because some of it can be caused by noise or the measurement setup itself.
Choosing too fine resolution will result in a large number of secondary CDFs. Also, when
a harmonic current has a large variation in magnitude and a 360° variation in phase (i.e.
across all four quadrants), the number of secondary CDFs can also be very large.

In this study, the resolution chosen for each harmonic order was based on the
minimum measured magnitude accuracy principle, according to the following sequence:

e Determine the required accuracy c as a percentage;

e  Find the mean harmonic current magnitude I,, ,of the data samples;

e  (Calculate the minimum magnitude threshold for excluding values very close
to zero using Iy, p1im = Imp * C;

e Find the minimum current magnitude that is larger than the threshold:
Im,h,min > Ih,lim;

e Calculate the resolution using D = I,  min * C;

e If necessary, round the resolution to the nearest 10-base number;

e Ifnecessary, limit the minimum resolution to measurement uncertainty level.

Such algorithm ensures that the maximum variation error is not more than the set
accuracy of the minimum harmonic current magnitude, except in cases where the
resolution is limited, and the measured harmonic current magnitude is very small. Based
on extensive testing, it was found to be an optimal selection for modelling harmonic
current.
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3.2 Properties and examples

A compromise between the data size and resolution can reduce the number of points
required to define the model. To store a very detailed representation of the harmonic
load current, a resolution can be chosen that is comparable to the measurement
accuracy of the system used in obtaining the measurement data, or by a specific set of
rules. However, the data increases exponentially with resolution and at some point,
storing the complete measurement data would be more efficient. The resolution,
however, can be reduced by aggregation, where necessary.

The observation time is also a crucial factor for constructing the harmonic current
model. It should be long enough to obtain enough data points and extreme values that
can vary with different operating modes. For example, for a battery charging device that
takes two hours to fully charge, it is not practical to measure several minutes only as the
load current can vary during the cycle.

The main benefit of the model is the possibility to use the ITS method for sampling the
data. First, the CDF of the first variable (for example, real component) is sampled. Then,
from that matched CDF of the group, the second variable is sampled (imaginary
component). The result is a data point (x, y), which is part of the defined distribution. By
sampling enough points, a distribution will be reconstructed which approximates the
original distribution. The model works with all kinds of variations, including clustering,
which means that the model is suitable for modelling variable current harmonics.

Another benefit of this type of model is that it is universal and can be used on many
different layers of the distribution network. It is possible to represent current harmonics
for a single load, group of loads, PCC, network feeder or even a transformer. However,
this model is mainly suitable for a single load or a group of loads as other factors such as
usage patterns, time of day, week and seasonal changes are present at higher layers. By
aggregating the model in time, e.g. by measuring longer intervals, which might result in
loss of resolution and phasor accuracy due to averaging, it would be possible to represent
a longer time cycle, such as a day or a week.

A drawback of the model is that it can only represent a specific scenario. It cannot
distinguish the effects of outside factors such as voltage levels, voltage distortion,
network state, etc. In order to consider such variables, measurements should be
performed for each specific scenario that represents the corresponding situation.

The visualization of the model is presented in Figure 32. The red curve, in this example,
represents the CDF of the real current component, and each blue curve represents the
CDF of the imaginary current at each primary variable group.
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Figure 32. Visualization of the proposed bivariate probabilistic model of the 5th (left) and 9th (right)
harmonic of a PC during a stress test.
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Figure 33. The proposed bivariate probabilistic model of the fundamental (left) and 15th harmonic
(right) of a PC monitor during video playback.

The resolution was selected based on the accuracy of 1% of the minimum harmonic
current magnitude., limited to 0.1 mA. Figure 33 shows an example of when it is not
necessary to use a large number of data points to achieve 1% accuracy. The maximum
relative variation error for both cases is 0.6% and 0.9% respectively.

It might be counter-intuitive to think that the resolution is finer when the harmonic
currents are small, but it is essential when considering load aggregation (i.e. many loads
of the same type connected simultaneously) as this will increase the accuracy of the
harmonic current summation when the individual harmonic currents are small.

3.3 Probabilistic simulations

Simulations were carried out for comparing the GMM and the proposed nonparametric
model since they provided the best results from the harmonic current variation
perspective. In total, 1000 random data points were sampled from the bivariate
probability distributions of each model and compared to the original data. To assess the
model accuracy, full ECDFs for the original and simulated data were constructed for both
bivariate components.

Figure 34 to Figure 37 present the harmonic current simulation results for various
loads. Black markers are the measured harmonic current, green markers are the
simulated harmonic current obtained from probabilistic models. Red and blue curves
represent the full ECDF of the measured current real and imaginary components, and the
magenta and cyan represent the ECDF of simulated current respectively.
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Figure 34. A data simulation comparison of GMM (left) and proposed model (right) for 9th harmonic
current of a PC monitor during video playback.
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Figure 35. A data simulation comparison of GMM (left) and proposed model (right) for 11th
harmonic current of a PC during video playback.
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Figure 36. A data simulation comparison of GMM (left) and proposed model (right) for 17th
harmonic current of a PC during a stress test.
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Figure 37. A data simulation comparison of GMM (left) and proposed model (right) for 17th
harmonic current of a smart TV.

Itis difficult to assess and validate the probabilistic simulation results analytically, thus
a mix of visual inspection of the data point distribution and comparison of the individual
ECDFs was conducted. Based on the research findings, both models showed good results
for modelling harmonic current. Since the GM model is based on mixed normal
(Gaussian) distributions, it provides continuously distributed sample points, which result
in a smooth line.

The GMM matches the distribution of the simulated data almost in every case, except
when the model could not be fitted perfectly due to the specific variation pattern of the
harmonic current. In some cases, the model also did not converge on the first run.
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This is one issue of the EM or other converging algorithms used for fitting models that
rely on the initial condition selection. The proposed model, on the other hand, is based
on resolution and it will always result in a stepped ECDF with the same result, provided
the resolution remains unchanged.

The proposed model will fit the source data regardless of the variation pattern and it
is only limited by the resolution. In Figure 34, in the case of the proposed model, the
simulated data ECDF shows a visible difference from the original data ECDF. However,
the variation in this example is very small compared to the magnitude and the maximum
sample variation error is just below 1%, as was the precondition of the resolution
calculation.

The main advantage of the GM model is that small amount of data is required to store
the model as the definition of the BND requires only the mean value vector and the
covariance matrix, combined with the weight of each mixture component.
The disadvantage is that the fitting algorithm requires the number of mixture
components to be specified beforehand. The algorithm might also produce different
model results depending on the initial conditions, or “guesses”. Depending on the source
data variation pattern, it is also not guaranteed that the algorithm will converge 100% of
the time and fit the shape of the variation perfectly.

The main advantage of the proposed non-parametric resolution-based bivariate
probabilistic model is its efficacy and simplicity. With optimal resolution selection, the
model can reproduce results with the desired accuracy. The data structure of the model,
which is based on the array of marginal cumulative distribution functions, is perfect for
the ITS algorithm for sampling random data. It is also universal and could represent any
kind of variation pattern.

The main disadvantage of the proposed model is that since it is originally a fixed
resolution-based model, there are situations when the size of the model can grow very
large. When the variation of the harmonic current magnitude has a very large range, the
resolution will be based on the smallest magnitude and the number of steps to represent
variations on the largest magnitude scale grow exponentially. At the current state of the
work, the algorithm limits the minimum resolution selection to the required accuracy
percentage of the mean harmonic current magnitude. This means that any variations
smaller than that specified value are grouped as one data point, which might be
insignificant, considering that the specific current harmonics can also have very large
values at some point.

It is possible and it is strongly encouraged to develop the proposed model and the
resolution selection algorithm even further. Instead of the fixed resolution, it could be
dynamic, and increase based on the magnitude of each data component value, for
example, on a logarithmic scale.

Also, as the algorithm in its current state considers 100% of the harmonic current
measurement points for the model. Depending on the randomness of any current
harmonic, any stray data points which have insignificant probability could be excluded
from the model to reduce the model data size.
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4 Harmonic current summation

Estimating harmonic current of simultaneously connected variable loads can be a
complicated task. Since current harmonics are phasors, it means that their phase angles,
or their complex properties, must be considered when performing any kind of addition
or subtraction, which is based on the KCL. Since the harmonic current can also change
randomly in time, simply adding together the averages will not provide sufficient
information about the possible harmonic current variation at the connection point.

The summation of complex harmonic phasors has been studied since the 1970s [42].
Until the 21st century, the probabilistic summation methods were based on the central
limit theorem (CLT), which states that the sum of independent random variables
approximates a normal distribution. Research published during this period presented
analytical methods for random phasor summation [43]-[47]. These methods provided
good results as long as the individual phasor were statistically independent, had either
similar uniform or Gaussian distributions, and the number of loads was sufficiently large,
or the loads were very similar. Recent research and measurement results have proven
that the summation characteristics of harmonic current phasors from a random selection
of modern non-linear loads differ from a BND, as predicted by the CLT [48]-[52]. The
complex and polar plots presented in the research show harmonic current distributions
that have distinct shapes and ranges, are dependent on the composition of the individual
load characteristics, and cannot be generalized by the BND. In case the distribution of
the individual phasors is not clearly defined, and varies in range and shape of the
dispersion, approximations like the CLT may not be sufficient. More effective methods
should be implemented in such cases that result in a universal solution.

The proposed method for harmonic current summation in this thesis is to use novel
bivariate probabilistic models to estimate the probability of the collective impact of each
current harmonic from each load at the PCC. The objective of the probabilistic
summation is not to determine how the harmonic current is behaving over time, but
instead to map the possible harmonic current emission levels and their extent.
Estimating the range of harmonic currents and their probabilities can greatly assist in
network planning and helps to use the network resources more efficiently.

To be able to evaluate the model-based harmonic current summation simulation, a
study was performed in the scope of the thesis on verification of the KCL for harmonic
current to assess any possible summation uncertainty.

4.1 Measurement-based harmonic current summation uncertainty

A study was conducted to investigate the possible deviation between the measured and
calculated sum of the harmonic currents from various nonlinear stable loads. A set of 16
LED lamps were measured for one minute in 29 combinations of 2 and 3 to investigate
the harmonic current of simultaneously connected loads. The lamps had a very small
individually measured 95-percentile spatial CV of below 0.6% and average CV below
0.3%.

If many stable loads that have very little current variation are connected to a common
point simultaneously, the resulting current should obey the KCL, which is also true for
the individual current harmonics due to the superposition principle of the harmonic
analysis. The harmonic currents from each load combination scenario were compared to
their analytical sum counterparts calculated from the individual load measurements.
The two resulting harmonic current phasors were compared according to principles
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shown in Figure 38. The results for such comparison are presented in Figure 39 and Figure
40. Red colour represents the magnitude difference, blue colour phase angle difference
and the black phasor, or spatial difference. [IV].
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Figure 38. Diagram for determining the magnitude (A|l|), phase angle (A¢py) and phasor (|AlL])
difference between measured (red) and calculated (blue) values.
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Figure 39. Differences between mean calculated and measured harmonic current parameters of
summation for low-order harmonics of LED lamps.
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Figure 40. Differences between the calculated mean and the measured mean harmonic current
parameters of summation for high-order harmonics of LED lamps.

The results from the summation study revealed that there are differences (offset)
between the mean calculated and measured harmonic current even if the loads are very
stable. The spatial offset also increased with the harmonic order. For low-order current
harmonics up to 11th, the 95-percentile spatial difference was between 0.5 and 2%, and
for high-order harmonics up to 4%. The average difference was below 1%. The magnitude
component had a difference up to a range of -1% and +2%, and the phase angle up to a
range of -0.5 and 2 degrees.

The 95-percentile CV values for the combinations were only up to 1% (0.4% change
from the individual loads) and the maximum SD of the current harmonics for all
combinations was only measured to be up to 0.1 mA, which means that the difference
could not have come from the harmonic current variation, but from an actual offset of
the phasors.

This means that the summation evaluation uncertainty for the measurement setup
increases with harmonic order can be up to 4% or even more for the 19th harmonic
order. This must be considered when performing harmonic current simulations.

49



The uncertainty of the harmonic current summation could come from many aspects of
the measurement setup like cables, connections, layout, measurement equipment, etc.,
which all can affect the impedances of the circuit, which can affect both current and
voltage. As the impedances depend on the frequency, the increasing uncertainty with
harmonic order is in accordance with the theoretical background. The exact reason for
the deviations should be studied in the future work to improve uncertainty and validation
capability of the test setup.

4.2 Monte-Carlo based summation simulation

When a load harmonic current is defined by a probabilistic model, random values can be
sampled from its probability distribution. By generating a large number of samples using
specific algorithms, the probability distribution of the resulting data should match the
original probability distribution, as was discussed in the previous chapter.

Generating samples of current harmonic phasors randomly from bivariate
probabilistic distributions from multiple sources with variable current and adding them
together results in one probable outcome of the sum of the harmonic current. Repeating
this process large number of times results in many possible outcomes for the harmonic
current combinations. The probability distribution of the resulting collective data points
will represent the estimation of the total harmonic current at the PCC. This process of
obtaining possible outcomes from probabilistic data is called the Monte-Carlo method.

Such simulations were performed with recorded data from a PC and a PC monitor
during video playback for one hour. The harmonic current emissions of loads were
measured separately and while simultaneously connected. Bivariate probabilistic models
were generated from the individually measured data, and the Monte-Carlo method was
used to generate probabilistic data for the sum of both loads.

The GMM and the proposed model was used in the simulations and compared since
they had the best results in harmonic current representation while having feasible
methods to sample data form their respective probability distributions.
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Figure 41. Summation simulation comparison of GMM (left) and proposed model (right) for the
fundamental current of a PC and PC monitor during video playback.
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Figure 42. Summation simulation comparison of GMM (left) and proposed model (right) for 3rd
harmonic current of a PC and PC monitor during video playback.
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Figure 43. Summation simulation comparison of GMM (left) and proposed model (right) for the
11th harmonic current of a PC and PC monitor during video playback.

Some of the results from summation simulations are presented in Figure 41 to Figure
43. Both models show exceptional results for low-order harmonic summation
estimation. The wide variation range of the fundamental component of simultaneous
loads is also present in the simulated results from individual loads. The distinctive
variation shapes and clusters are also preserved for high-order harmonics.

To analytically compare the simulation results, the relative spatial mean offset and
standard deviation offset was calculated according to (33) and (34) respectively:

\/(ix,h,sim - ix,h,meas)z + (iy,h,sim - iy,h,meas)z

AIxy,h,% = J

-100%,  (33)

i2
x,h,meas

+i2

y,hmeas

ASDI.xy,h,% =

2 2
J(SDI,x,h,sim - SDI,x,h,meas) + (SDI,y,h,sim - SDI,y,h,meas)

2 2
\/lx,h,meas + ly,h,meas

(34)

Since the comparison uses Gaussian approximation, it cannot compare the distinctive
variation patterns, but it is an adequate general tool to compare the overall spatial
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position and the dispersion of data points. The results for the offset of mean values and
the differences between SD values are presented as percentages in Table 2.

Table 2. Harmonic current summation simulation results.

Harmonic GMM Proposed model
order Alyyno | ASDisxyno, | Aleyno | ASDixyno
1 1.05 0.33 1.18 0.41
3 0.66 0.08 0.52 0.07
5 0.67 0.04 0.67 0.19
7 0.77 0.09 1.04 0.18
9 1.32 0.27 1.18 0.15
11 1.61 0.20 1.39 0.14
13 2.53 0.56 2.66 0.52
15 2.55 0.56 2.43 0.46
17 3.96 1.47 3.74 1.52
19 3.90 1.77 3.79 1.55

Although using this evaluation method, the standard normal distribution would also
achieve similar results since both are based on the Gaussian distribution. However,
Figure 44 shows that a normal distribution is not able to reproduce the clustered
variation of the harmonic current and thus was not considered for the summation
simulation.
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Figure 44. Summation simulation using a bivariate normal distribution model for the 11th harmonic
current of a PC and PC monitor during video playback.

Based on the simulation results, a slight deviation, or offset, of the harmonic current
distribution compared to the measured value was visible. The deviation of the mean
harmonic current increased with the harmonic order and was up to almost 4% for both
models. This was investigated and a difference between the arithmetic sum of the
harmonic currents measured from individual loads, and the simultaneous operation of
loads was found, as stated in the previous chapter. The difference of standard deviation
was also observed, but this was expected and was under 1.8% even for the worst case.
Some variation shape dissimilarities were visible in the graphical representation, but it
could have also been caused by the summation uncertainty.

A summation simulation was also performed using synthesized empirical data based
on the KCL analytical summation the individual measurements while ignoring any line
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impedances. The synthesized data was obtained by adding each 1-second harmonic
current measurement data from two devices at the same time intervals. While this is
purely theoretical, it can be considered as a reasonable analytical approach because all
three tests, which included the combination of the two loads, were carried out in
identical operating conditions. The difference between synthesized and measured
harmonic current data is shown in Figure 45. Not only is there an offset, but also a
difference in the variation shape is visible. The offset contributes to the difference of the
mean and the shape variation contributes to the difference of the SD.
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Figure 45. Differences between measured data (black) and the synthesized data (green) of
harmonic current for the 11th (left) and 15th (right) harmonic current of a PC and PC monitor during
video playback.

The model-based summation simulation was performed again and compared to the
synthesized data. Using the synthesized data, the GMM model had a maximum mean
and SD difference of 0.2% and 0.1% respectively. The proposed model had a maximum
mean and SD difference of 0.3% and 0.25%. As an example, the comparison of the morel
performance for the 11th current harmonic is presented in Figure 46.
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Figure 46. Summation simulation comparison based on synthesized data for GMM (left) and
proposed model (right) for the 11th harmonic current of a PC and PC monitor during video playback.

Based on the results, the bivariate probabilistic modelling of harmonic current proves
to be an effective method for estimating probabilistic harmonic current When the
variation of load harmonic current is measured, it can be modelled using bivariate
probabilistic models like the GMM and the proposed nonparametric resolution-based
model. Using the models in Monte-Carlo based summation simulation, an accurate
estimate of the resulting sum of the harmonic currents can be provided.
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4.3 Scenario-based modelling and simulations

“

Measuring harmonic emissions at different scenarios will produce an “image” or a
“fingerprint” for each harmonic current of a specific load or load combination for each
scenario. The measured data is then converted to the probabilistic representation with
a defined resolution. When enough scenarios are obtained, the harmonic current model
for the specific scenario can be chosen based on the situation.

It is important to distinguish if the harmonic variations are caused by the internal
operating modes or by user selection. For a static load, the time required should be
enough to record any internal variations, which are usually small. For variable loads, a
typical usage cycle can be recorded and then represented. If some operating modes can
be distinguished based on the purpose of the operation, it could be viewed as a separate
scenario. However, a single electrical device usually performs a specific task for a specific
purpose. There are models available [53], [54] that can simulate when and how often a
device is used, i.e. when it is on and when it is off. This is not considered as an operating
cycle and it is usually influenced by the external factors and should be viewed separately.

Coupled with the load usage models and network state models, it would be possible
to use the Monte-Carlo simulation to produce an estimation of the harmonic emission
levels at any PCC based on different scenarios.

While the model represents the harmonic current at a fixed scenario, it is possible to
group the situations with similar specific parameter ranges as one scenario and create
sub-models for different scenarios. For example, where the voltage level is high, the
voltage distortion is high, or both. To simulate a network scenario, a measurement can
be carried out using a predefined voltage magnitude and waveform. When enough
scenarios are modelled, the opportunity arises to choose the correct scenario model for
simulating harmonic emission levels.

54



5 Conclusions

5.1 Summary

This thesis introduces a novel approach to harmonic current modelling by using bivariate
probability distributions. Since harmonic currents are defined as rotating vectors, i.e.
phasors, modelling just the magnitude does not have much application in the field of
estimating harmonic currents in low voltage distribution networks. Adding the
magnitudes without the phase angle data in case of harmonic current summation can
give incorrect results if there is a phase angle diversity. The correct way of harmonic
current summation is to use the vector sum of each individual harmonic phasors.
Including phase angles in the models provides the ability to analyse and estimate the
interference, or summation of the individual current harmonics. However, treating the
phase angle as a separate variable can limit the ability to model the phasor variation in
case of a variable nonlinear load. To model harmonic currents that can have any type
and shape of variation, the magnitude and phase angle, or the complex current using the
real and imaginary components should be considered as joint variables that are co-
dependent. The bivariate probabilistic modelling and simulation method proposed in the
thesis can provide many benefits compared to the previous approaches and is a one step
closer to solving the issues regarding variable harmonic current modelling.

The thesis also presents a developed novel and unique nonparametric model for
representing variations of harmonic current as an array of co-dependent resolution-
based stepped cumulative probability functions. The model is in a way a further
development of a histogram but constructed using specific criteria and having a structure
which is simple and effective from which random data can easily be sampled using
standard methods.

Of the existing multivariate distribution models, the GMM was found to be the most
promising that can represent the harmonic current variations of household devices. The
GMM is a parametric continuous function which can provide bivariate data with infinite
resolution when used in random sampling. However, issues with the model include the
requirement of specifying the number of mixtures to be included in the model which are
fitted using the EM algorithm. While also having a converging algorithm, the resulting
model parameters may vary depending on the selection of initial condition, which can
cause the modelling process to be nonrepeatable.

To be able to perform the measurements and verification of the models, a test bench
was designed and constructed which can accommodate up to 16 loads in any
combination, including the possibility of warming the loads when not used for the
measurements. The switching of the loads is controlled digitally, and power to the loads
can be fed from any type of power source.

Both models were used in the harmonic current simulation, which was based on the
Monte-Carlo method. The purpose of the simulation was to verify the harmonic current
estimation method of simultaneously connected loads. The results showed a difference
of under 4% in the worst case between the modelled and measured harmonic currents
by using simple analysis. The error increased with the harmonic order and was
comparable to the measurement setup uncertainty which was also determined. Such
summation method with bivariate probabilistic models can be used to not only estimate
the average values of the current harmonics but to also study the extent of the total
harmonic current variation of connected loads, and the probability of where a certain
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harmonic phasor might be found, which can provide valuable information for the
network planning and design.

While the research for the thesis is focused on modelling harmonic currents of single
devices, the method provided is not necessarily limited to a device level. The bivariate
probabilistic modelling, simulation and analysis can be applied to many distribution
network layers. One such example of the useful applications would be to use the method
to model harmonic currents in a feeder of a substation. The feeder current would be
measured for a 24-hour period at certain condition (day of the week, month,
temperature, etc.) and a bivariate probabilistic model would be constructed from the
measurement data. If many feeders are measured at the same conditions, the models
constructed from the data could be used in studying possible loading of the transformer
from harmonic current using feeder combination simulations. The result would be a
complete probability distribution of each current harmonic present in the transformer.
Parameters like the minimum and maximum harmonic current magnitude, phase angle,
the most probable level, etc. could be derived from the final distribution result. Studies
like this could prevent problems caused by the harmonic currents being present in the
LV distribution network. Estimating harmonic currents beforehand can encourage to take
precautions to eliminate possible damages caused by harmonic currents later on.

5.2 Future work

One of the primary future research topics is verifying the models and methods presented
in this thesis using a more diverse selection of nonlinear loads with a wider nominal
power range. As the output power of the test bench was very limited, only a few
combinations of devices with small power requirement could be measured. The source
of the uncertainty in summation measurements should also be identified and eliminated
in order to minimize the possible errors caused by the measurement setup.

The next step would be to improve the harmonic load models. The GMM model-fitting
algorithm should include an automatic optimal selection of the number of mixture
components and reduction of the dependency on initial condition selection caused by
convergence, and the possibility of non-convergence.

The proposed model is still in its preliminary development stage and primarily requires
optimizations to find a more effective balance between the resolution and the number
of stored cumulative distributions in the model array. As the cumulative distributions do
not necessarily have to use a fixed step width, the resolution could be made dynamic
depending on the harmonic current value by having higher resolution in the lower range
and lower resolution in the higher range, so that the relative variation accuracy is
maintained. The resolution selection based on the minimum phasor magnitude, as it is
currently suggested in the thesis, provides the necessary accuracy in the lower range, but
in the higher range the resolution would be overestimated, and very fine stepping is not
necessary to achieve the relative accuracy. The resolution could also be made dependant
on the extent of variation and/or probability density, both of which require finer
resolution to represent variation more accurately compared to the low variation and low
probability density regions. To find the optimal resolution selection algorithm, extensive
research, measurements and simulations should be performed as the model was
originally designed to be as universal as possible.

The biggest limitation of the proposed method is that the models represent the
harmonic current only at certain conditions. When the conditions like temperature,
supply voltage magnitude and distortion level, line impedance, etc. change, the
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distributions of the current harmonics might also change. This sensitivity is usually
associated only with the deterministic models. To deal with this, a method should be
developed to relate the probability distributions to the input parameters. This would be
somewhat possible with the parametric probabilistic models like the GMM, since the
mean values, the covariance matrices, and the mixture weights, which define the model
are defined, provided the transitions are very smooth and limited. To quantify changes
in nonparametric bivariate distributions, especially the one proposed in the thesis, a
suitable mathematical method should be found or developed capable of performing such
tasks in multidimensional space.

If this kind of approach would be possible, the resulting modelling and simulation
solution would not only provide the probabilities of the harmonic currents but also
consider the sensitivity to the network parameters, which will make the models
compatible with the network simulations. Considering the rapidly increasing interest in
the topic of harmonic current modelling, coupled with readily available computational
power and advances like neural networks and machine learning, with additional
research, the merging of the variation representation capability of probabilistic models,
and the network sensitivity of the deterministic models could not be very far away.
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Abstract
Harmonic current summation using probabilistic bivariate
modelling

Since the introduction of nonlinear loads to low voltage distribution networks, the
distortion level of load current has been steadily on the rise. From the power quality
aspect, high level of harmonic current emission in the network can cause issues like
voltage distortions, resonances, equipment failures, power losses, etc. In order to better
optimize and plan the network accordingly, it is necessary to estimate the harmonic
current levels in low voltage distribution networks.

To provide necessary baseline input data for research and to validate the simulation
results, a comprehensive test bench was designed and built to carry out repeatable
measurements, which accommodates up to 16 concurrent loads that could be tested in
any combination. The loads were tested using analogue sine voltage waveform with a
16-bit resolution fed through a low-distortion power amplifier to achieve distribution
network level. A Class A power quality recorder was used for measuring that could
evaluate both magnitude and phase angle of current and voltage harmonics with a
minimum aggregation interval of 1 second. MATLAB software was used for test control,
measurement data processing, modelling, simulations, and analysis.

The variation of harmonic currents due to control algorithms and device operating
modes, especially in the case of nonlinear loads, introduces difficulties in modelling
expected harmonic current levels. Standard deterministic models are not able to cope
with intrinsic harmonic current phasor variations. Using only average values does not
represent the variation of current harmonics, nor does the average-based summation
provide a full insight as to which harmonic phasors might be present in the network and
to what extent. Thus, a probabilistic approach should be considered.

Simple Gaussian distributions, both univariate and bivariate, which have been used in
previous studies, are only able to represent a limited type of variations with certain
dispersion shape. When a load produces harmonic currents with unique and distinctive
variation patterns, more effective probabilistic models and methods should be
implemented.

In the thesis, the harmonic currents in LV distribution networks were studied, the
possible harmonic current sources found in residential households were analysed, and
an overview of harmonic current characteristics and measurement results was given.

Harmonic current variations of several household devices were studied in fine detail
to determine the possible variation patterns and provide baseline information for
applying the best modelling solution. Deterministic and probabilistic state of art
modelling methods were analysed and compared as a reference to find the shortcomings
and ideas on how to solve the issues found in present models. A researched and
developed novel and practical probabilistic modelling method was also presented and
analysed. The selected best performing approaches were used and analysed in harmonic
current summation simulations to determine their feasibility in the estimation of the
simultaneously connected variable nonlinear loads.

Results of the thesis indicated that the proposed harmonic current models and
method can perform summation simulations with accuracy that is comparable to the
measurement setup uncertainty. Results provide a considerable baseline for the future
work that, combined with additional research, makes it possible to estimate the extent
and probability of harmonic currents in the low voltage distribution network.
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Lihikokkuvote
Vooluharmoonikute summeerimine rakendades kahe muutu-
jaga toendosuslikku modelleerimist

Mittelineaarsete koormuste kasutuselevott madalpinge-jaotusvérkudes on kaasa
toonud koormusvoolude moonutuse pideva tdusu. Toitekvaliteedi aspektist lahtudes
vOib voolude harmooniliste komponentide kdrge tase elektrivorkudes esile kutsuda
probleeme nagu pingemoonutused, resonantsndhtused, seadmete rikked, toitekaod
jms. Selleks, et vorku paremini optimeerida ja seda vastavalt planeerida, on tarvis hinnata
vooluharmoonikute tasemeid madalpinge-jaotusvorkudes.

Uurimistooks vajalike lahteandmete hankimiseks ja simulatsioonitulemuste validee-
rimiseks kavandati ja ehitati ulatuslik katsestend, mida kasutati korduvate méétmiste
labiviimiseks ning mis vGimaldab korraga katsetada kuni 16 erinevat koormust vGi tarbijat
mistahes kombinatsioonis. Koormusi testiti kasutades 16-bitise eraldusvéimega analoog-
siinuslainekujuga pinget, mida véimendati madala moonutusega vGimendiga jaotus-
vorgu taseme saavutamiseks. Mootmiseks kasutati A-klassi elektrikvaliteedisalvestit, mis
vOimaldas hinnata voolu- ja pingeharmoonikute amplituudi ja faasinurka 1-sekundilise
keskmistamise intervalliga. Katsete juhtimiseks, modtmisandmete tootlemiseks,
modelleerimiseks, simulatsioonideks ja anallilsiks kasutati MATLAB tarkvara.

Voolu harmooniliste komponentide variatsioon, mis on pd&hjustatud seadmete
tooreziimidest ja juhtalgoritmide toimest, muudab eeldatavate vooluharmoonikute
tasemete modelleerimise ja hindamise keeruliseks. Traditsioonilised determinismlikud
mudelid ei suuda toime tulla seadmetele omastele vooluharmoonikute faasorite
iseeneslike muutustega. Keskmiste vaartuste kasutamine ei kirjelda piisavalt voolu-
harmoonikute variatsiooni, samuti ei anna keskmistel pdhinev summeerimine taielikku
lilevaadet selle kohta, millised vooluharmoonikute tasemed vdivad vdrgus esineda ja
millises ulatuses.

Varasemates uuringutes kasutatavad lihtsad nii Ghe kui ka mitme muutujaga Gaussi
jaotused suudavad kirjeldada vaid kindla dispersioonikujuga piiratud tlilpi variatsioone.
Kui koormus tekitab vooluharmoonikuid ainulaadse ja eristatava variatsioonikujuga,
tuleks rakendada t6husamaid tdendosusmudeleid ja -meetodeid.

LOputdds uuriti toitevoolu harmooniliste komponentide esinemist jaotusvdrkudes,
analllsiti elamumajapidamistes leiduvaid vdimalikke harmooniliste voolude allikaid ning
anti Glevaade vooluharmoonikute omaduste ja m&6tmistulemuste kohta.

Uuriti mitme majapidamisseadme vooluharmoonikute variatsiooni, et teha kindlaks
vOimalikud variatsioonimustrid ning anda ldhteteavet parima modelleerimislahenduse
rakendamiseks. Anallusiti ja vorreldi levinud deterministlikke ja t&endosuslikke
modelleerimismeetodeid puuduste tuvastamiseks ning ideede leidmiseks, kuidas
lahendada praegustes mudelites leiduvaid probleeme. Samuti tutvustati ja analtusiti
uuritud ja valja tootatud uudset ning praktilist tdendosuslikku modelleerimismeetodit.
Valitud parimate tulemustega ldhenemisviise kasutati ja anallilisiti vooluharmoonikute
summeerimist simulatsioonides, et teha kindlaks nende teostatavus samaaegselt toimiva
muutuva mittelineaarsete koormuste hindamisel.

LO6put6d tulemused naitasid, et valjapakutud vooluharmoonikute mudelite ja
meetodite abil on vdimalik teostada summeerimise simulatsioone tdapsusega, mis on
vorreldav seadistuse modtetdpsusega. Tulemused pakuvad edaspidiseks t6oks
arvestatava lahtekoha, mis vdimaldab tdiendavate uuringute toel hinnata voolu-
harmoonikute ulatust ja esinemise tde ndosust madalpinge-jaotusvérkudes.
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Abstract — The paper is focused on harmonic currents and
voltages in low-voltage (LV) networks of Estonia. Measurement
results throughout a longer period are described for estimating
harmonic distortion levels, harmonic spectrum and related
problems. The impact of power factor correction capacitors
upon harmonic distortion in industrial LV networks is
discussed. Measurement and simulation results of harmonics
under resonance conditions in industrial networks are
presented.

Keywords — Total harmonic distortion; Harmonic distortion;
Power system harmonics; Harmonic resonance; Harmonic
currents; Harmonic voltages; Low-voltage networks

I.  INTRODUCTION

Mapping of harmonic currents and voltages in low-
voltage (LV) networks is of growing interest in Estonia, as
well as in other countries [1]—[6]. There are at least two
reasons for that. Firstly, growing number of electronic
devices, particularly variable-speed drives (VSDs) and power
converters in consumer installations. Secondly, rapidly
growing micro-generation units, photo-voltaic (PV) panels
and wind generators.

Supply voltage quality problems within industrial/com-
mercial LV networks are often discussed regarding
disturbances and failures (e.g. voltage disturbances, equipment
malfunctions) [7]—[11]. When disturbances occur, it is
evident that the case has to be studied and harmonic currents
and voltages measured. Some examples of faults from VSD
monitoring equipment can be seen in Fig.1.

Last Fault While Running

Fig. 1. Operation failures due to high harmonic currents in a LV system.

This study has been supported by the Estonian Research Council, Grant
PSG142.

978-1-5386-6903-7/18/$31.00 ©2018 European Union

Still, harmonic phenomena are frequently not so intense
to cause any breakdown of components other than power
factor correction (PFC) capacitors, but harmonic currents
affect supply voltage quality and power losses in the whole
LV power system, particularly in induction motors,
transformers, lines and capacitors [8]—[13]. Harmonic
power losses are usually not estimated because the losses are
not measured nor calculated.

Since the beginning of 1990’s, there has been a steady
increase of nonlinear equipment in LV industrial and
residential networks of Estonia. Such equipment includes all
types of electronic loads, VSDs, welding converters,
electronic ballasts of lamps etc. This trend has led to a
growing presence of harmonic currents and consequently
harmonic voltages. Moreover, industrial loads tend to operate
at relatively low power factors. The widespread method for
overcoming the problem of low power factor is to install
controlled shunt capacitor banks on the LV customer side.
This measure often increases the level of harmonics.

Misapplication of power capacitors in today’s compli-
cated industrial power systems has negative impacts on both
the customer equipment (additional losses) and the utility
equipment, resulting in equipment heating, additional losses
as well as failures [11], [12]. A direct indicator of parallel
resonance is the breakdown of recently installed capacitors as
shown in Fig. 1.

Fig. 2. Capacitor breakdown (on the right) due to high harmonic voltages in
a LV system.
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General requirements of supply voltage quality have been
stated in the standard EN 50160 [14]. Still, operating the LV
network close to the limit values will be unfavorable for the
customer causing extra power losses and consequently extra
costs. In addition, heating of equipment and reduction of
service time occurs. Moreover, in several cases even the limit
values of harmonic currents and voltages are exceeded.

As shown in [1], [3], [9], [10] the dominating harmonics
in LV networks are mostly the 3rd, Sth, 7th, 11th, 13th and
15th. In industrial networks 5th and 7th harmonics are
dominating mostly, but in some cases the 3rd, 9th and 15th
are very high.

The problems discussed in this paper are the following:

o What is the level of harmonic currents and voltages in
LV networks of Estonia?

o What are the characteristic harmonic frequencies in LV
networks?

o What parameters should be measured to estimate the
resonance condition?

o What are characteristic harmonic frequencies that are
affected by harmonic resonance?

II. BASIC CHARACTERISTICS OF HARMONICS AND STANDARDS

Harmonics are characterized with factors called total
harmonic distortion (7HD), that are calculated regarding to
voltage and current respectively:

THD, = =2
Lo 1)
)
THD, = 1'=2
Il
. )

The rms values of voltage and current U (U,,s) and [
(Ims) could be calculated from individual harmonic values of
voltage and current or from the fundamental values of
voltage U, and current /; and total harmonic distortion
factors correspondingly:

U=.[>U; =U 1+ THD;
- ©)
I=[>"1; = 1,1+ THD}
" : )

To estimate the amount of harmonic distortions it is
necessary to know both parameters. Usually the THD, values
are between 1% and 10% whereas the THD; values are
between a wide range starting from several percent up to
200%.

978-1-5386-6903-7/18/$31.00 ©2018 European Union

The THD; value of a particular device shows the
distortion level from ideally sinusoidal current curve. A high
THD; value does not necessarily mean a critical situation, in
case the current is very low compared to the nominal line
current.

To characterize the amount of harmonic currents in
relation to nominal line current the distortion factor TDD;
(total demand distortion) is used. The line current /i is the
maximum current throughout 15- or 30-minute intervals or
the nominal current of the point of common coupling (PCC):

1/Z(Ih)z
TDDI. —¥h=2

Lo ()

In practice there can be harmonics of very high order (up
to 200th), but usually harmonics are measured up to the 25th
or 50th order. Harmonics higher than this are very low (less
than 0,1%)

Several international standards [14], [15], [16], [17], [18]
and [19] determine the necessary compatibility between
distribution networks, consumers and electrical products and
give limits for harmonic currents and voltages. It should be
noted that none of these standards is so far in a way
compulsory requirement in Estonia.

As for supply voltage, the standard EN 50160 gives the
main voltage parameters and their permissible deviation
ranges at the customer’s point of common coupling in public
LV and medium-voltage (MV) distribution systems.
According to EVS/EN 50160/2011 the THD factor of supply
voltage has to be THD, <8 %. Also limit values for each
individual harmonic voltage have been pointed out. For the
5th harmonic the limit value is 6%, for the 7th — 5%, for the
11th — 3.5%, for the 13th — 3%.

In other standards like the often referred IEEE 519, even
lower harmonic levels are allowed. The total harmonic
distortion factor has to be THD, <5 % and the limit value
for each individual harmonic voltage is 3%.

The standard IEEE 519 does not give limits for individual
equipment, but for individual customers. The idea is to limit
the harmonic injection from individual customers so that
they will not cause unacceptable voltage distortion. The
customers are categorized by the ratio of available short
circuit current to their maximum demand load current at the
PCC. Based on IEEE 519, the current total demand harmonic
distortions 7DD; should not exceed 5% in the network with
lowest short circuit capacity and 20% in the network with
highest short circuit capacity.

Different measures could be used to reduce harmonic
currents and voltages in the L'V networks. When caused by
VSDs the measures have been shown in [20].
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III. MEASUREMENT RESULTS OF HARMONIC CURRENTS AND
VOLTAGES

In the course of the last decade multiple monitoring
studies of power quality have been performed in Estonia.
These studies include measurement of harmonic currents and
voltages in LV networks. The measurement point is usually
at the PCC.

As measurement instruments standard power network
analyzers like Fluke 434, LEM Memobox and Fluke
Memobox 1745 have been used for these measurements. The
measurement period was at least one week and measurement
interval 10 min or 1 min.

Fig 3 shows the probability density of THD, of all
measurements in 67 network points and Fig. 4 the
cumulative probability.

Harmonic voltages are mostly within the limits required
by the standard EN 50160. It is rather seldom that the THD,,
limit value or any individual harmonic voltage value is
exceeding the limit as the 95% value. When studying the
level of harmonic voltages, it is of little use to compare the
measured harmonic voltages with the limit values stated in
the standard EN 50160. Still, the measured harmonics exceed
the limits as maximum value or 100% limit value in several

cases, particularly in  industrial  networks, see
Fig. 5 ... Fig. 12.
Probability density of the THDu values in industrial LV networks of Estonia
(95% values and maximum values)
w)

THDU (%)

Fig 3. Probability density of measured THD, values (95% values and
maximum values) of all measurements.

— THDu max — THDu 95%

FU) %

0 2 4 6 8 10 12 14 16 18 20
THDu (%)

Fig 4. Cumulative distribution of 7HD, as a percentage (95% values and
maximum values) of all measurements.
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In voltage harmonic spectrum the dominating harmonics
in LV networks are mostly the S5th, 7th, 11th, 13th. In
industrial networks the 5th and 7th harmonics are
dominating. In residential networks the 3rd and 15th and 21st
harmonics are often high. Still, the spectrum differs from
case to case depending from the equipment used in the LV
network, Fig. 8, Fig. 11, Fig. 12.

The characteristic waveforms of voltage and current
under harmonic distortions are shown in Fig. 6. Harmonic
currents can be rather high shown in Fig. 9 and Fig. 10. As
could be seen the THD; values exceed the 20% level by far
and during the start of powerful VSDs reaches the level of
70% up to 90%.

When multiple DC drives and VSDs are used the
spectrum of voltage harmonics includes also even harmonics,
Fig. 11. When a high number of single-phase (hand) tools are
used, the spectrum includes triple harmonics as shown in
Fig. 12.

As a conclusion, harmonic currents and voltages are
varying rapidly in time and the spectrum can be quite
different depending upon LV network. Therefore, monitoring
of harmonic currents and voltages is necessary, with
recording intervals preferably from one second up to one
minute and the overall measurement duration from 24 hours
to one week.

Total harmonic distortions in 10min intervals in one month period in a substation
supplying sawn timber drying kilns

(%) —THDu L1 —THDul2 — THDu L3

12.0

Fig. 5. Total harmonic distortion of the supply voltage, THD,, is between 6%
and 10% permanently during one-month interval.

'2280v
]

49.99Hz 0:00:44 S -2x

UunaH CURSOR
L1L2 L3 &Z00M

Fig. 6. The supply voltage and current curves according to the case shown in
Fig. 7.
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Fig. 7. Total harmonic distortion of supply voltage, THD,, is up to 11% and

varying considerably during one-week interval.

THD V., Limi value: 8 00%
Minimun with date

€.27% 03.04.2017 09
12 §.22% 03.04.2017 09
13 6.15% 03.04.2017 0:

Fig. 8. The spectrum of harmonic voltages in industrial network supplying
drying kilns for timber (green — 5% value, red — 95% value, blue — absolute

maximum value).

Vo Vh20 Vi3 LT
and time s8- S5%-value Maximum with date/time
0 7 9.38 9,964 31.03,2017 15:30:00
7.24 8.37 10.01% 04.04.2017 07:40:00
7.10 5.19 9.86% 31.03.2017 15:30:00

(%)
80

Total harmonic distortions of the transformer current THD | max (%), maximum values
in 10min intervals intervallides throughout 2 days, central cooling plant

— THD | max L1 — THD I max L2 — THD I max L3]

Fig. 9. Maximum total harmonic distortion of supply current, THD; is up to

70% when starting the cooling plant.
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Maximum harmonic distortions of the supply current from the supply transformer
in each 1min interval during one week period in a mechanical factory

(%) ——THD Imax L1 — THD I max L2 — THD | max L3|
100

10 ---- PR -1 R s L R L A B

130
1530

2283838383833 388338338 388838388338838888¢8

Fig. 10. Maximum total harmonic distortion of supply current, 7HD; is
mostly between 20% and 40% when VSDs are running (one-week interval).

Minimum with date and time St-value 558-value Maximum with date/time
1 1.22

12 1.53 .60

L3 0.96% 26.09.2004 22:40:00 1.40 .01 9.76% 24.09,2004 14:00:00

Fig. 11. The spectrum of voltage harmonics in cable industry, several
harmonics exceed the limit.

=
Vit Va0 Vh20 'LE] V0
THD V., Limit valus 8.00%
Minimum with date and time St-valus 95%-valus Maximum with date/time
L1 3.56% 11.03.2006 13:40:00 4.08 6.38 100
12 2.52% 10.03.2006 06:00:00 3.00 4.51 00
13 3.49% 13.03.2006 06:10:00 3.63 s.48 $.62% 13.03.2006 12:10:00

Fig. 12. Voltage harmonics in machine industry, the 3rd, 5th, 9th, 15th and
21st harmonics are highest.
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IV. BASIC PRINCIPLES OF PARALLEL RESONANCE

In a simplified LV network impedance of the transformer
and capacitance of the shunt capacitor form a parallel
resonance circuit. To calculate the resonant frequency, one
could use the equivalent circuit as shown in Fig. 13 including
the inductance and resistance of the transformer, the
capacitance of the capacitor and the source of harmonic
currents which is in parallel to the LC-circuit, [13].

R

r

LT *
1
Xtr T '

Fig. 13. The parallel resonance equivalent circuit

The resonant frequency in such a parallel circuit can be
calculated from the transformer inductance L, resistance R
and capacitance of the capacitor C as follows, [1]:

e 1
" agLe

(6)

The impedance of the parallel circuit at different frequencies
one could calculate from, [1]:

R+ joL

Z=— I
1-@*LC + joRC

()]

The resistance R, and inductance X of the transformer at
the fundamental frequency one could calculate from well-
known equations:

2
_ APk ) Unom
L 2
Snom s (8)
Xtr — Uy 'Ur?om
Sn()m N (9)

where AP — no-load losses of the transformer, (kW);
U,om — nominal line voltage of the transformer primary

side, (kV);
Syom —nominal power of the transformer, (kVA);
ur  — short-circuit voltage of the transformer.
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In case the resonant frequency of the parallel circuit
corresponds to the frequency of the harmonic source, the
harmonic currents as well as voltages in the circuit will be
amplified. Problems will arise if harmonic currents are high
and a controlled capacitor battery is installed. In this case, the
capacitor battery will be switched step-by-step to achieve the
setpoint value and the conditions of resonance appear now
and then.

The effect of the capacitor battery upon the resonance
frequency is characterized by impedance curves. As an
example, the impedance curves Z(Q) = f(h) of a LV network
are shown in Fig. 14.

The maximum value of impedance occurs when
X= Xc. For a battery of 12 capacitors there will be a set of
12 curves.

In real installations, damping by resistance has a great
effect upon resonance. In Fig. 14 the upper curves
correspond to no resistance in the capacitor circuit and the
lower curves to the resistance R¢= 0.005 Q in the capacitor
circuit.

_ T TTTTT T

4]

14 +

Fig. 14. Calculated impedance curves Z(€2) = f{h) of a LV network with 12-
stage capacitor battery.

As appears from measurements in industrial networks,
resonances at 11th, 13th and 17th harmonic frequencies
occur quite often resulting in high harmonic currents both in
the capacitor battery and transformer.

The capacitor cabinet is operating automatically by
switching capacitors on/off according to the PF controller
setpoint value of the displacement power factor cos ¢. The
usual setpoint value of cos ¢ is 0.98. So, the total number of
capacitors switched on is varying all the time. Hence the
resonance occurs only shortly now and then during some
minutes. For example, a sharp increase of harmonic
distortions of the capacitor current is shown in Fig. 15. Total
harmonic distortions THD; of the capacitor current reaches
up to 80%.

Resonance condition at 17th harmonic frequency is
shown in Fig. 16, where the time-plot of the capacitor current
Iy17 is shown. The resonance occurs for approximately
2 minutes and the current reaches as high as 74% of the
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fundamental current.

HARMONICS TREHD THD %f A
B T e3P L T

10m m
2300 50HzZ 38 UYE  EH30D160

Fig. 15. Total harmonic distortion of the capacitor current, during some
interval the THD; reaches 80%.

The highest harmonic currents in the capacitor are /1,
I3, and ;17 reaching 60—65%. In this case, the most intense
resonant situation occurs at the 11th harmonic frequency. In
the capacitor, the current /;; reaches 35% and in the
transformer 25% of the fundamental values. The absolute
value of these harmonic currents was 145 A and the
harmonic currents are nearly equal both in the capacitor and
in the transformer.

HI7? %f A

m Sm

i :

04729711 16:45:36
= CURSOR
T OHY OFF

Fig. 16. Parallel resonance at the frequency of the 17th harmonic occurring
during some minutes.

When studying the conditions for resonance it is of little
use to measure only voltage harmonics in the LV system and
to compare the harmonic voltages with the values stated in
the standard EN 50160. Still, if any of these voltage
harmonics is above the limit value or close to the limit value,
there is a risk for resonance and the network should be
studied carefully. Consequently, to ascertain the conditions
and extent of resonance, measurement of harmonic currents
in the LV network throughout some time interval is
necessary.

V. CONCLUSIONS ABOUT HARMONIC CURRENTS AND
VOLTAGES IN LV NETWORKS OF ESTONIA

1. The average minimum level of THD, was 1,1%, that is
characteristic to night hours and weekends during low loads.
Still, there are networks with the minimum level of
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harmonics around 4,5% which indicates a high level of
harmonics constantly.

2. The highest value of THD, probability density is
around 3%. That means ca. 40% of measured networks have
the THD,, at relatively low level.

3. The THD, level of 5% is exceeded in 30% of cases as a
maximum value and ca. 25% of cases as a 95% percentile
value.

4. The THD, level of 8% is exceeded in 15% of cases as a
maximum value and ca. 9% of cases as a 95% percentile
value. In such cases measures should be discussed to reduce
the voltage harmonic level: decrease the supply impedance,
increase the transformer rating, replace converters, install
passive filters etc.

5. In the harmonic spectrum of voltages, 5th harmonic is
dominating mostly thus giving the biggest portion in total
distortions THD,,. Other dominating harmonics are 7th, 11th,
13th, 17th, 19th, 23rd. Triple harmonics like 3rd, 9th and
15th are also high in several cases. Harmonic voltages higher
than 23rd are usually less than 0,2%.

6.  The harmonic spectrum and harmonic currents are
varying rapidly. Therefore, monitoring of harmonic currents
and voltages is necessary, with recording intervals preferably
from one second up to one minute depending upon the LV
network.

7.  Harmonic currents can be rather high in industrial
networks, exceeding the level of 20% and reaching up to
80...90% during the starting and closing operating modes of
powerful VSDs.

8. Parallel resonance appears in LV industrial networks
often, particularly in case of powerful nonlinear loads
combined with the battery of capacitors that are not equipped
with detuned reactors. Parallel resonance is usually expected
to occur at the 5th or 7th harmonic, as these harmonics are
dominating in most cases. Still, measurements show that
resonance takes place at much higher frequencies,
particularly at the 11th or 17th harmonic.

9. In order to detect parallel resonance, harmonic currents
are recorded both in the transformer current and the capacitor
current simultaneously, at the same time the capacitor battery
is switched on and off step by step. The resonance intensity
is mostly affected by the parameters of the transformer, the
amount and spectrum of harmonic currents and the type of
converters installed (6-pulse, 12-pulse etc.).

10.  Further mapping of current and voltage harmonics in
LV networks should be implemented to develop planning
levels for power supply agreements between LV customers
and LV/MV network operators in Estonia.
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Abstract

Unregulated utilization of renewable generation including residential photovoltaic (PV) systems
can have a significant impact on load characteristics in distribution networks. For improving PV
generation capabilities, power quality aspects have to be coordinated with present load charac-
teristics. This paper discusses the harmonic content of PV generation and the influence to power
quality indicators in residential distribution networks. PV generation measurement results in-
cluding current harmonic amplitude and phase angle values are presented. Results of different
modelling scenarios are analysed and a simplified model of harmonics in PVs is offered. The re-
sults of the study showed a moderate additional harmonic distortion in residential load current
and voltage distortion at the substation’s busbar when PVs were added. Novelty of the paper is
that harmonic current values at higher orders are presented and analysed. The results pointed out
in this paper could be further used for modelling the actual harmonic loads of the PVs in distribu-
tion networks.

Keywords

Current Measurement, Load Modelling, Photo Voltaic, Power Quality, Power System Harmonics

1. Introduction

Harmonic voltage levels in low-voltage networks represent an important aspect of power quality. From the point
of view of electromagnetic compatibility, they must be kept within the compatibility levels to enable satisfactory
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operation of all the equipment supplied by the network. Furthermore, since electricity is also defined as a prod-
uct, utility companies could be held responsible for excessively high harmonic levels and any resulting damage
to customers’ property [1]. As such, in Europe, the harmonic voltage limits specified in EN 50160 standard
should be met.

Distorted voltage and current in the distribution system may result in undesirable effects, such as overloading,
over-voltages, mechanical stress, malfunction of critical control and protection equipment, and lower the effi-
ciency of appliances. Distortion affects all customers fed through the point of common coupling (PCC).

The development of electronics for the general public as well as industrial applications has led to a rapid in-
crease in the number of non-linear loads. In addition to the increased number of electronic devices, also resistive
devices such as incandescent lamps are ever more frequently replaced by energy saving lamps utilizing non-
linear elements. For example, depending on type and brand, switching power supplies absorb distorted currents
which flow through the impedances of the power distribution system and result in distortion of system bus volt-
age [2]. Harmonics can travel upwards within the network and affect the grid voltage waveform, which may be-
come notably distorted, deviating extensively from a proper sinusoidal signal.

Residential photovoltaic (PV) generators are the dominant renewable energy source in urban and metropolitan
areas. This technology is enjoying rapid growth due to a combination of subsidies, the abundance of sunshine,
and the low impact of the technology on the urban landscape [3]. As photovoltaic systems incorporate power
converters, which are harmonic generating devices, they will have an influence on the power quality of the sup-
ply network. High harmonic distortion levels have also been observed in certain remote regions such as winter
sports resorts and rural areas far away from substations.

Distributed generation (DG) impacts the network. This impact is dependent on the location, characteristics of
the distributed energy source, related power electronic device, network configurations, voltage level at the con-
nection point, and the capacity of DG relative to load consumption [3]. Consequently, utilities are faced with the
risk that the permissible levels defined in standard EN 50160 will be exceeded in a significant number of net-
works in the future [1]. It has been estimated that already in 2012, 60% of the power system loads in USA were
nonlinear loads [4].

Over the past decade, power quality (PQ) issues have become increasingly important in the distribution grid
with the widespread use of non-linear electronic equipment. The most cited PQ problems that may arise due to
grid connected PV generation are voltage dips and fluctuations, harmonic distortion, transient phenomena and
reverse power flow. These effects result in potential damaging of sensitive electronic equipment and capacitor
banks, overheating of transformers and neutral conductors and additional losses in the power system. Degraded
power quality entails additional costs for both the electricity distributor and its customers [3] [5].

The purpose of the present study is to demonstrate and analyse possible power quality situations in a residen-
tial distribution network by examining the impact of nonlinear domestic loads and PV inverters. For the analysis,
measured power consumption and current waveforms of different home appliances and PV inverters have been
used. Novelty is that magnitudes and phase angles of each harmonic up to the 50th order were applied for all
modelled loads. The main purpose of this paper is to present the use of actual measurement data from different
devices for modelling the effects on the residential distribution network and give an estimation of the important
values for further modelling.

2. Theory

In electrical power networks, a distorted sine wave can be divided into numerous components, each having an
integer-multiple frequency of the main frequency. Different waveforms have different harmonic content refer-
ring to individual harmonic magnitudes and phase shift relative to the main frequency component. Hereafter in
this paper, the presented measurements of loads are all indicated as magnitudes and phase shift of each individ-
ual harmonic up to the 50th order.

Distortions can be observed individually by comparing different harmonic components and calculating har-
monic distortion (HD). A more general approach to quantifying the distortions is using the total harmonic dis-
tortion level (THD). Total harmonic distortion can be expressed separately for current harmonic distortion as
THD; and for voltage distortion as THDy. The harmonic distortion indicators can be calculated using corre-
sponding Equations (1), (2), (3) and (4),

HD, =+ 1)
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where i; is current of order i, i is current of 1** order, u; is voltage of order i and u; is voltage of 1* order.

It has to be pointed out that THD; (total harmonic distortion of current) does not reveal the magnitudes of in-
dividual harmonics, which could still exceed the limits for specific harmonics regardless of THD; value. For the
correct estimation of the harmonic levels, phase angle values of individual harmonics are also required in addi-
tion to magnitudes. It is reported that 10% smaller harmonic current magnitudes can be seen when phase angle
information is included compared to the simple summing of magnitudes without phase angle values [6].

Harmonic currents in a network largely depend on the harmonic characteristics of the connected devices, their
phase angles and the background distortion level of the supply voltage. Harmonic current emission spectrum in-
formation of a device (or a group of devices connected at a PCC) under different supply voltage conditions is
very useful for analysing the device’s influence in the network. This can be further utilised to determine the
probability density profile of each order harmonic currents in the network considering their “time-varying” be-
haviour [7].

Some loads draw current with total harmonic distortion over 100%, but their active power consumption is not
as significant when compared to other harmonic generating devices [8]. In such cases, harmonic distortion may
increase significantly when numerous harmonic emitting devices are utilized in bulk. The total impact depends
on the number of appliances, their power ratings, and their harmonic diversity. Harmonic angle diversity is also
relevant when multiple appliances are operating simultaneously, creating either emergence or cancellation of
harmonics [4]. The attenuation effect is dependent only on the phase angle, but the effect’s severity is dependent
on the magnitude of the harmonic voltage [9].

The harmonic generation of a PV system depends on the inverter technology, solar irradiance, temperature,
loads, and the supply system characteristics. The harmonic distortion generated in PV plants can occur as a re-
sult of intrinsic and extrinsic effects. Intrinsic harmonic distortions are related to inverter deficiencies, e.g. com-
ponents and control loop nonlinearities, measurement inaccuracies, and limited pulse-width modulation (PWM)
resolution. Connection to a weak and distorted electrical grid can be considered an extrinsic effect on the output
waveform of a PV plant. A distorted voltage acts like a disturbance in the inverter control system, causing dis-
tortion of the current waveform generated by the inverter [ 10].

Several factors affect the power quality characteristics of the PV inverter output current. Both the current
THD and the output reactive power are related to the output active power levels, which in turn are strongly de-
pendent on solar irradiance levels. Most of the inverters consume or feed reactive power into the network de-
pending on their output active power and their technology. During operation at low solar irradiance levels (e.g.
sunrise, sunset, cloudy days), current THD values can increase rapidly, since the THD factor is inversely pro-
portional to the output active power of the PV inverters. Nevertheless, THD is notably reduced as the output ac-
tive power of the PV Inverters increases and reaches its nominal value. The intrinsic characteristics of the con-
trol circuit and nonlinear components of PV inverters may explain the current distortion behaviour in the low
power generation stages [10] [11].

Varying power density of renewable energy resources (i.e. irradiance level and temperature in PV conversion)
potentially cause voltage and frequency variation or sag/swell patterns in the grid. Also, application of power
converters as interfaces between energy sources and the grid and their interaction with other system components
may cause high harmonics distortion [12].

In small and distributed or decentralized PV controlled systems, the CSIs (current source inverters) can gen-
erate highly distorted current waveforms so that their cumulative effect in high penetration PV systems can cre-
ate hot spots within transformers; ultimately generating excessive eddy or copper loss [13].

The differing influences of harmonics in distribution networks are not necessarily visible/evident initially.
However, harmonics can have serious long-term consequences, of which the most important ones are [14]:
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¢ Overloading of consumer’s electrical installations and power system elements by higher order frequencies of
currents and voltages;

¢ Increased heating of neutral conductors caused by triple current harmonics (frequency multiplier of number
3). The increased level of the triple harmonics in the neutral conductor can cause serious damage and even
lead to fires because the neutral conductor is not usually overload protected;

¢ Increased transformer heating caused by higher (order and magnitude) harmonics, as well as saturation ef-
fects in the core;

* Higher harmonics the power system can cause interference to telecommunication lines;

* Overstressing and resonant condition on the capacitors bank.

3. Methods

The residential distribution network and loads for assessing load flow were modelled using DIgSILENT Power
Factory software. The model consisted of a three-phase residential load at 0.4 kV voltage level composed of
different single phase loads. The schematic of the residential load model is presented in Figure 1.

The compiled residential load was connected to the distribution network substation via a 1.4 km long over-
head line (OHL) as depicted on Figure 2. The distribution network substation was connected to a 10 kV net-
work with short-circuit power of 200 MVA and short-circuit current 11.5 kA. The high voltage (HV) busbar is
modelled as a slack bus. The transformer used in the distribution substation was modelled with the following
parameters:

Residential .0.4 kV bus PV System

[

Phase A

Laptop 1 Monitor Refrigerator 2 Desk Lamp Printer

Phase B l

TV 1 Refrigerator 1 Lamp set 1 TV-tuner 1

Phase C l

v
TV 2 TV-tuner 2 Laptop 2 Air purifier Lamp set 2

Figure 1. Schematic of residential load model.

HV bus 10 kV

External Grid

LV bus 0.4 kV

Line

Residential 0.4 kV bus

Figure 2. Schematic of distribution grid model.

(=)
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¢ nominal power 25 kVA;

* relative short circuit voltage 4.5%;

¢ magnetizing impedance/ short circuit impedance ratio 3;
¢ vector group Yyn.

Implemented parameters in the simulation were selected based on power quality problematic issues identified
in Elektrilevi’s network (Estonia’s main distribution grid operator) for July 1, 2013. The length of the OHL be-
tween substation and customer’s PCC was defined as an average of all the lines between substations and cus-
tomers with power quality problems. Similarly, the selected diameter of the line and nominal power of the
transformer are the most common values for the identified problematic components.

Harmonic voltage amplitudes and phase angles up to the 50th order were obtained from measurements con-
ducted by Elektrilevi at one of the sites where power quality issues were identified. Harmonic voltage distortion
at the 10 kV bus was measured and modelled around 2%, which is a common value for this grid.

For modelling PV generation, three different commercially available PVs were measured for one week. The
first measured system was single phase while the remaining were three phase systems. For all three systems,
harmonic current amplitudes and angles up to 50th order were measured and used in the models in DIgSILENT.
A mean load model of averaged values was composed for the single phase system and it was compared with
other models composed of actual measurement results. PV inverters were connected to residential load’s busbar
as was described in Figure 1.

In order to model the network response of nonlinear loads, 14 different home appliances were measured. The
results of the corresponding measured active and reactive power, harmonic current magnitudes and harmonic
current phase shift angles of measured devices are presented in [15] [16]. Modelled devices were arranged in a
manner where similar active power consumption was seen in every phase. The model is presumed to be the
worst case scenario where all the nonlinear devices are in operation and coincidence factors are not taken into
account.

4, Results

First, modelling results are given for the case where one single phase PV system was integrated to the existing
grid. In the second and third case, different three phase systems were installed. All three scenarios were exam-
ined at three different power levels (stage 1—near 30%, stage 2—near 60%, stage 3—near 100%). Exact power
level ratios depended on the availability of measurement data. Initial values of voltage THD in the grid before
adding PV generations are presented in Table 1.

1) First case—single phase PV

A single phase PV inverter is connected to the residential busbar at phase C. Measurement results for the three
different power levels are given at Table 2 and Table 3. From the tables, it is apparent that current distortion
decreases with increasing current. The same conclusion can be made by observing the power factor (PF) value
which approaches unity with increasing current. Interestingly in this case, reactive power Q appears to be inde-
pendent of the current level and changes polarity. In the paper the PF is the real power factor which accounts all
values up to 50th order, the cos(fi) stands for displacement power factor which accounts only the main fre-
quency components.

Table 1. Initial modelled voltage THD values [%)].

Phase A Phase B Phase C

6.4 6.2 7.7

Table 2. Measured power values for single phase PV inverter.

Stage Urms [V] Irms [A] P [W] Q [var] S [VA]
1—30% 233.6 3.45 739 322 807
2—60% 238.8 9.08 2125 —425 2168
3—100% 239.1 11.73 2783 —257 2805

(=)
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Table 3. Measured power quality values for single phase PV inverter.

Stage cos(fi) PF THD_U [%] THD_I [%]
1—30% 1 0.92 1.01 427
2—60% 1 0.98 0.82 1.98
3—100% 1 0.99 1 1.67

Voltage and current distortion during a 15 h period is shown in Figure 3. Voltage distortion at the measure-
ment point was notably low (around 1%) throughout the observed time period and similarly, current distortions
are not greatly affected by grid disturbances.

Active power P, reactive power Q, and apparent power S are displayed in Figure 4. Results are in line with
the prior conclusion for reactive power where Q is mainly capacitive throughout the measurement period. It can
also be confirmed that reactive power is independent of current (compare with P and S).

As is evident in Figure 5, cos(¢) remained near unity throughout the measurement period, whereas PF varied
considerably. The observed fluctuations in PF are a result of current distortion which is evident when comparing
the current THD and PF curves in Figure 3 (THD _I) and Figure 5 (PF).

Table 4 presents the harmonic currents and phase angles up to the 21st order for the single phase PV inverter
with the corresponding power levels described in Table 4. Phase angles are as percentages of main order current
angle which is taken zero, main order current are taken 100%. Average values are also calculated and presented
for modelling mean one phase PV. Even and higher order harmonics are left out due to their marginal dimension.
All presented harmonic current amplitudes exhibited relatively moderate values, except for the third harmonic
which was more notable.

For modelling mean PV generation, average values of the presented current harmonic amplitudes and angles
(Table 4) were calculated. Main frequency current phase angles were defined zero as in ideal case and other an-
gles were calculated in relation to mains current. Figure 6 shows a graphical representation of the calculated
average harmonics, where X and Y coordinates are calculated using Formulas (5) and (6). As it can be seen that
the most notable component of the current is 3" order harmonic.

X =Axcosa %)
Y = Axsina (6)

In the case where one single phase PV was added to the grid, voltage THD was observed to increase in all
phases. Voltage distortion increased more as PV power level increased. Voltage THD for all power output
stages and modelled mean PV are presented in Table 5. All values are given in percentages relative to initial
conditions prior to the installation of PVs.

2) Second case—first three phase PV

In this case, a three phase PV inverter is connected to the existing network. Measurement results for three
different power levels are given in Table 6. Once again, current distortion decreases when current (power) is in-
creasing and same conclusion can be made observing the power factor (PF) value which approaches unity with
increasing current. However, diverging from the first case, here total reactive power generation (Q_tot) is grow-
ing when current is increasing.

Table 7 provides reactive power and PF values for each phase. In addition to the aforementioned increase in
total reactive power, observed reactive power changes were diverse for different phases. It is most probably due
to different nature of specific phase load.

Harmonic currents up to 21% order of first three phase PV inverter are given in Table 8 at the different power
levels described in Table 2. In this case, the most notable harmonic was the 9" which exhibited values in the
proximity of 2% in all phases, even at highest power level. Also the 13™ harmonic had prominent values in
phases B and C at highest power level. At the lower power level, most of the harmonics had significantly high
values, even exceeding 6% at times.

Phase angles of harmonic current amplitudes displayed in Table 8 are given in Table 9. It was observed that
angles change with changing currents and as such, no mean values could be presented for this three phase PV
inverter.

Voltage and current distortion of the first three phase PV inverter over a 15 hour period is shown in Figure 7.
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Table 4. Harmonic currents [%] and phase angles [°] of single phase PV inverter.

Order
1

o N v W

L1
100
1.92
048
1.08
0.88
0.89
0.69
023
035
029
0.63

Angle_1
0
28
97
175
116
104
75
109
88
287
209

12
100
120
031
027
033
038
021
0.08
0.07
0.10
020

Angle 2

0

62

146

159

145
60

73

104

145

205

L3
100
101
026
027
035
032
020
0.10
0.06
0.10
0.17

Angle_3
0
52
139
164
146
52
77
107
190
271
209

1I_mean
100
1.38
0.35
0.54
0.52
0.53
0.37
0.14
0.16
0.16
0.33

Angle_mean
0
47
127
166
135
72
75
107
141
272
208
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Figure 7. Measured voltage and current THD values of first three phase PV inverter.

Table 5. Measured power values for single phase PV inverter.

Stages THD_U_a THD_U b THD_U ¢
1—30% 35 29 29
2—60% 12.9 10.2 9.7
3—100% 15.7 11.9 13.8
Mean 11.2 72 75
Table 6. Measured values for first three phase PV inverter.
Stage 1—30% 2—60% 3—100%
THD_U_avg [%] 233 1.98 2.03
THD_I_avg [%] 11.29 438 33
P_tot [kKW] 1.06 2.78 3.88
Q_tot [kvar] 0.28 0.43 0.47
S_tot [KVA] 1.62 3.01 4.04
cos(fi)_avg 0.99 1 1
PF_avg 0.65 0.92 0.96




J. Niitsoo et al.

Table 7. Measured Q and PF values of first three phase PV inverter.

Stage 1—30% 2—60% 3—100%
Q_a[Var] -335 207 -104
Q_b [Var] -104 —61 -98
Q_c[Var] 718 695 669
PF_a 0.68 0.97 1
PF_b 0.94 1 1
PF_c¢ 0.52 0.84 0.9
Table 8. Measured harmonic currents [%)] of first three phase PV inverter.
Stage 1—30% Stage 2—60% Stage 3—100%
Order
I_a Ib Iec Ia Ib Iec Ia Ib Ic
1 100 100 100 100 100 100 100 100 100
3 5.01 4.19 2.56 0.87 1.09 1.43 0.7 0.87 1.03
S 6.68 5.7 3.66 0.62 0.58 0.45 0.94 0.92 1.05
7 2.72 4.85 395 1.31 1.62 1.34 0.14 031 0.8
9 3.81 4.28 3.43 3.07 3.27 3.07 2.07 1.96 1.97
11 5.14 6.69 5.07 0.96 1.12 1.09 0.61 0.83 0.43
13 0.54 2.66 1.09 0.34 091 0.93 0.4 1.52 1.5
15 2.79 2.55 1.69 0.66 091 0.61 0.78 0.86 0.59
17 0.66 1.45 0.99 0.98 031 1.1 0.35 0.7 0.18
19 0.65 0.49 0.42 0.9 0.16 0.94 0.25 0.11 0.17
21 1.11 0.71 0.95 0.26 0.44 0.37 0.59 045 0.34
Table 9. Measured phase angles [°] of harmonic currents of first three phase PV inverter.
Stage 1—30% Stage 2—60% Stage 3—100%
Order Angle_a Angle_b Angle_c Angle_a Angle_b Angle_c Angle_a Angle_b Angle_c
1 0 0 0 0 0 0 0 0 0
3 275 170 262 38 26 57 281 17 271
5 214 35 220 85 303 227 278 182 340
7 11 202 344 196 226 288 91 285 17
9 143 320 139 19 31 75 166 29 171
11 181 147 219 100 145 219 124 234 51
13 39 201 76 262 326 74 42 147 110
15 314 132 286 336 18 98 205 96 218
17 227 161 43 195 254 335 118 310 98
19 65 229 58 23 233 88 23 241 27
21 268 307 255 204 98 171 264 108 243
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Voltage distortion at the measurement point remained at a moderate level (around 2.25%) throughout most of
the time period. Correlation with current distortion was not detected.

Reactive power generation is shown in Figure 8. The figure shows that while reactive power is phases A and
B was moderately consumed, reactive power was generated in phase C at a much higher level.

Power indices over the 15 hour period are presented in Figure 9. The figure supports the previous conclusion
that reactive power (Q_tot) is mainly inductive. It also confirms that reactive power is independent of current in
this case (compare with active power P_tot and apparent power S_tot).

Figure 10 shows that cos(p) was near unity for the entire duration, whereas PF varied more. PF in phase C
was especially poor. Changes in the PF were attributed to current distortion which could be seen when compar-
ing current THD and PF (THD I in Figure 7 and corresponding PF in Figure 10).

Results of having the first three phase PV in the grid are presented in Table 10. For this case, results are not
uniform and voltage THD did not increase in all the stages. Slight harmonic cancellation in phases A and C
could be noticed at stage 2. In other stages voltage distortion increased moderately. All values are given in per-
centages compared to the initial conditions where no PVs were installed.
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Figure 8. Measured reactive power values of first three phase PV inverter.
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Figure 9. Measured power values of first three phase PV inverter.

Table 10. Voltage THD of grid with PV compared to grid without PV [%)].

Stages THD_U_a THD_U_b THD_U_c
1—30% 4.4 42 4.5
2—60% -14 0.6 -1.7
3—100% 6.0 6.7 5.0

()
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Figure 10. Measured power factor values of first three phase PV inverter.

3) Third case—second three phase PV

In this case, the three phase PV inverter is replaced with another inverter. Measurement results for three dif-
ferent power levels are given at Table 11. As evident from the table, current distortion decreases with increasing
current and similarly, the power factor (PF) value approached unity. Only total reactive power (Q_tot) did not
exhibit a linear change.

Reactive power and PF values for each phase are given in Table 12. In addition to the aforementioned total
reactive power nonlinearity, reactive power changes were observed to differ for different phases also.

Table 13 presents harmonic currents up to 21st order of second three phase PV inverter at different power
levels as described in Table 11. In this case harmonics were notable only at lower power levels. For the first
stage, high amplitudes were seen in majority of the presented orders.

Phase angles presented harmonic current amplitudes in Table 13 are displayed in Table 14. Angles were ob-
served to change with changing currents and as such, no mean values could be presented for this three phase PV
inverter.

Voltage and current distortion of second three phase PV inverter throughout the 15 h time period is shown in
Figure 11. Voltage distortion at the measurement point was mainly low level (around 1.1%). Correlation be-
tween voltage and current distortion was not detected.

Reactive power generation is shown in Figure 12. Reactive power in phases A was maintained near zero,
while reactive power in the other phases changed frequently in both magnitude and polarity.

Power (P, Q, and S) during the investigated time period is shown in Figure 13 and supports the earlier obser-
vation that total reactive power oscillated around zero. A slight correlation with current could be observed in the
middle of the day (compare fluctuation in Q_tot with active power P_tot and apparent power S_tot around
14:00).

Figure 14 displays how cos(p) was maintained near unity majority of the day. Similarly, PF remained rather
constant with only minor deviations. The PF curves reached unity with a slight delay and started diminish earlier.
The small variation in the middle of the day was in correlation with the rise in total reactive power shown in
Figure 13 (Q_tot at 14:00).

The impact of the second three phase PV is presented in Table 15. Results are not uniform and voltage THD
did not increased in all the cases. Higher harmonic cancellation could be noticed compared to the previous case
with the first three phase PV. A definite assessment concerning distortion changes cannot be done. All values
are given in percentages compared to initial conditions where no PVs were installed.

4) Comparison of results

It could be concluded that changes in voltage THD values increase as power output of PVs grows. For the one
phase PV installation, it was clear that voltage harmonics increased in all three phases. For the three phase PV
installations, the two cases showed different outcomes. With the first three phase PV, notable degradation was
observed. However, a conclusive assessment could not be done with second three phase PV installation. Voltage
THD results at the highest power level for all three cases are depicted in Figure 15.
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Figure 11. Measured voltage and current THD values of second three phase PV inverter.
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Figure 13. Measured power values of second three phase PV inverter.

Table 11. Measured values for second three phase PV inverter.

Stage THD_U_avg [%] THD_I_avg [%] P_tot [kKW] Q_tot [KVAr] S_tot [KVA] cos(fi)_avg  PF_avg

1—30% 1.18 5.34 19 0.17 220 1.00 0.84
2—60% 1.18 1.77 582 -0.75 5.95 1.00 0.98
3—100% 1.07 1.19 10.19 —0.16 10.26 1.00 0.99
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Table 12. Measured reactive power and PF values of second three phase PV inverter.

6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00

Stage Q_a[Var] Q_b [Var] Q_c[Var] PF_a PF_b PF_c

1—30% 52 —431 544 1.00 0.79 0.77

2—60% 66 —459 -360 1.00 0.97 0.96

3—100% 123 -434 149 1.00 0.99 0.99

Table 13. Measured harmonic currents [%] of first three phase PV.

@it Stage 1—30% Stage 2—60% Stage 3—100%

Ia I_b Ic I_a I_b Ic I_a I_b Ic

1 100 100 100 100 100 100 100 100 100

3 4.12 3.03 3.30 1.02 0.85 0.93 0.84 0.68 0.71

5 1.53 1.74 1.98 0.24 0.36 036 0.60 0.59 0.61

7 1.60 1.32 131 0.69 0.59 0.64 0.32 0.42 0.39

9 1.56 1.56 1.60 0.49 0.42 0.48 0.18 0.19 0.21

11 0.80 0.32 0.43 0.66 0.71 0.68 0.19 0.21 0.19

13 1.04 1.10 1.17 0.28 0.41 0.39 0.27 0.19 0.20

15 1.46 1.00 1.24 0.53 0.46 0.49 0.26 0.23 0.26

17 0.74 0.93 0.74 0.26 0.21 0.13 0.22 0.18 0.20

19 031 0.28 023 0.27 0.23 0.29 0.06 0.05 0.08

21 0.34 0.45 0.49 0.13 0.09 0.15 0.15 0.13 0.14
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Table 14. Phase angles [°] of harmonic currents of second three phase PV.

Stage 1—30% Stage 2—60% Stage 3—100%
Order
angle_a angle b angle_c angle a angle b angle ¢ angle a angle b angle ¢
1 0 0 0 0 0 0 0 0 0
3 205 193 198 16 16 16 19 247 17
5 53 32 38 219 212 208 202 324 198
7 80 330 334 245 259 248 346 60 341
9 191 172 178 68 49 45 148 66 135
11 201 252 111 213 194 200 207 300 197
13 326 331 323 328 320 328 175 73 342
15 98 71 82 101 87 88 141 83 115
17 303 233 255 304 286 311 20 135 157
19 286 283 235 25 325 205 186 113 183
21 101 60 45 98 67 96 327 296 317

Table 15. Voltage THD of grid with second three phase PV inverter compared to grid without PV [%].

Stages THD_U_a THD_U_b THD_U_c
1—30% 1.2 -32 -23
2—60% —0.6 35 1.2

3—100% -3.1 2.5 -1.6

5. Discussion

While the discreet disturbances of harmonic distortion may not cause immediate and easily-observed impacts, it
can cause some equipment to malfunction, and result in additional power losses in both customer and network
equipment [17]. As harmonic levels change considerably from one week to another, it is very difficult to assess
the long-term evolution of harmonic levels only from measurements carried out over a short period [1]. This
paper clearly concludes that power quality problems may occur when PV utilization is not sufficiently consid-
ered.

Harmonic current angles of small generators such as PVs are seldom considered. One aim of this paper is to
draw attention to this topic which could lead to advances in modelling PV inverters with different topologies. To
help mitigate harmonic distortion problems, models with appropriate harmonic current amplitudes and phase
angles could be used to select most suitable devices.

This study only examines one household and one PV at time. The described effects may escalate when a lar-
ger number of devices are considered. Special attention is need in situations where devices have similar har-
monic patterns and the harmonic cancellation effect is minimal. Additional measurements should be performed
to obtain unified values for modelling PV generators more accurately. It would be necessary to have measure-
ment data extending over entire years in order to acquire results independent of any disturbance. Furthermore,
flicker and voltage level issues should be accounted for as they may have a significant influence in real applica-
tions.

6. Conclusions

Firstly, it can be concluded that current harmonic distortion of the PV’s output is correlated with current. Distor-
tion decreases when the PV is operating at a higher loading level. PVs function accurately under ideal conditions.
Due to unstable energy availability (i.e., variable solar radiation), continuous variation in power quality parame-
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ters is to be expected. In the presented research, two PVs showed considerable harmonic current distortion (av-
erage THD over 5%) even at full loading. Only one PV had average current THD under 2% which was consid-
ered a very good achievement.

All of the measured PV systems had quite different harmonic patterns when compared with each other
throughout their loading range. As such, it is difficult to propose simplified values for modelling without meas-
uring and analysing a greater number of devices. Also, for more reliable harmonic current phase angle data,
laboratory tests should be performed.

Secondly, contrary to theory, reactive power generation of PVs was not observed to be correlated to active
power. Measured devices showed different levels and variation of reactive power in different phases. These dif-
ferences may be hazardous in cases where high reactive power values and variations in one phase and zero reac-
tive power in other another phase are not considered. It was also observed that main order reactive power was
compensated more efficiently than higher order reactive power which was evident when comparing cos(¢) and
PF.

Relative to the initial conditions where no PVs were installed, modelling one PV results in voltage distortion
exceeding 10%. The influence is dependent on grid structure and topology of the PV. In case of PV with less
distorted current working at high power level, minor improvement of voltage distortion was observed.
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Abstract—Global warming and high fuel prices are pushing
governments and people in the direction of energy-efficient
appliances. Lighting ingests almost 20% of the total electricity
consumption in the residential and commercial sector.
Replacing the old technology lamps with the new energy
efficient light emitting diode (LED) lamps can reduce power
consumption substantially. However, these nonlinear LED
lamps contain circuits that can disturb the power quality by
injecting current harmonics. It may affect the distribution grid
power quality due to the penetration of a large number of LED
lamps. This paper presents the power quality measurement data
of different LED lamps available in the Estonian market. A
comparison of current harmonics of thermally stable and
unstable lamps are presented. The combined effect on the power
quality due to the high penetration of LED lamp in the
residential buildings is also presented in the paper.

Keywords—LED lamps, power quality, thermal stability,
current harmonics, residential electricity consumption model

[. INTRODUCTION

Increasing fuel prices, CO2 emission, and global warming
are making governments and people more concerned about
energy consumption. Governments and organization are
working together to promote energy-saving strategies. Electri-
cal appliances in households are becoming more energy
efficient each day. Strategies to improve energy efficiency can
reduce 27% energy consumption in the residential sector [1].
Lighting in the residential buildings consumes up to 20
percent of the total energy used in the building [2]. Therefore,
improvement in lighting technology is playing a significant
role to reduce the overall energy consumption. Incandescent
lamps (IL) were replaced by energy efficient fluorescent
lamps (FL) and compact fluorescent lamps (CFL) during the
last decade. However, the new light emitting diode (LED)
lamps are becoming much more popular because of their
reduced prices and low electricity consumption. Energy
policies of the state and regional level are also promoting the
use of LED lamps. The European parliament regulations
EC/EU No. 244/2009, 245/2009, and 1194/2012 stress the
advancement in the efficiency of electrical appliances includ-
ing lighting [3]. In the guidelines of these regulations, the
promotion of LED lighting technology due to its effectiveness
and improved life-cycle cost is emphasized. Also, the absence
of mercury makes LED lamps environment-friendly [4]. The
decision to select lamps by the customers is based on market
price, light quality, and power ratings. A standard lamp
package includes information about power ratings, energy
ratings, color temperature range, estimated life span, and
operating voltage and frequency range. However, LED, CFL,
and FL lights contain ballasts circuit that can affect power
quality. There is no information available for the customers
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about lamp characteristics, power quality, and design tech-
niques used in the ballast.

Power quality and power factor are essential considera-
tions for the network operator. The power quality expresses
the quality of the voltage and the current waveform. Modern
lights add current harmonics content in the grid and therefore
have a significant total current harmonic distortion (THD:i).
The THDi corresponds to the AC currents generated by high-
frequency electronic devices and causes interferences in the
network. Poor power quality can cause a voltage drop. It may
also result in the overheating of electrical equipment like
transformers and malfunctioning of the protective devices.
Moreover, resonance, losses in capacitors, and additional
noise in motors or other electrical equipment are conse-
quences of poor power quality [5]-[7]. Since lighting consti-
tutes a significant portion of the total power consumption in
the residential sector, therefore, it is essential to consider the
impact of lighting on power quality. This paper is based on the
measurement results of the different LED lamps available in
the market. The objective is to present a power quality evalua-
tion of existing LED lamps and when they are used in the real-
time scenario in the residential building.

II. LED LAMP OVERVIEW

Incandescent lamp (IL) was a favorite light source for
many years. They produce light by resistive heating but with
low efficiency. Their output in terms of lumens per watt is
meager as most of the energy is dissipated as heat. The life
span of a typical IL is around 1000 hours. In halogen lamps,
argon gas inside IL lamps was replaced with halogen gas. As
aresult, the lifespan of the lamp is improved considerably, and
the efficiency becomes better [8]. Fluorescent lamps and
compact fluorescent lamps are more energy efficient and use
electromagnetic or electronic ballast. Although electromag-
netic ballasts are reliable but have poor power factor and
efficiency compared to the electronic ballast circuits. There-
fore, CFL lights containing electronic ballasts are more energy
efficient than FL. In comparison to IL, CFL lamps use 70%
less energy and last 15 times longer [9].

LED lamps are based on semiconductor material coated
with different luminescent materials. The LED technology has
thrived over the last decade, and LED lamps are more reliable
and efficient and cost-effective. They could convert electricity
to light using semiconductors with near 100 percent efficiency
[10]. However, LED lamp efficiency rest on the heat dissi-
pated in the junction and design on the luminaire. Each LED
lamp may contain multiple chips to make it cost-effective. It
affects the temperature distribution and increases the heat
confined in the lamp. As the radiation emission for LEDs is
almost negligible, the heat can be only removed by convection
and conduction to avoid damage. As a result, the efficiency,
lifespan, and reliability of the LED lamp are reduced [11]. The



US Department of Energy (DOE) forecasted an increase in the
lifespan and decrease in the prices by 2020. They predicted
that lifespan of LED lamps could increase up to 50,000 hrs.
During the last few years, the efficiency of LED lamps has
improved significantly from 30 Im/W in 2009 to more than 90
Im/W in 2019. The average efficiency of LED lamps used in
households was 76 Im/W in 2013 [6]. We have selected 150
LED lamps from 3.3 W to 23 W available in the Estonian
market from different manufacturers. The average efficiency
of these lamps is 92 Im/W with the highest value of 124 Im/W.

III. POWER QUALITY ASPECTS OF LED LAMPS

LED, CFL, and FL lamps have better efficiency than
incandescent lamps but contain circuits that can cause poor
power factor and power quality problems. A comparison of
LED and CFL lamps available commercially indicates that
harmonic injection depends upon the control and power
supply topology [12]. Lamps from different manufacturers are
equipped with different ballast topologies. The old and
inexpensive lamps contain simple rectifier bridge circuits and
generate more distortion. However, the new generation of
LED lamps contain filters and PF correction. The performance
may depend on the price as well, and the low price lamps may
still not efficient. Similarly, voltage sags and distortion from
the utility further affects the power quality and performance
of LED lamps. The current THD values of tested LED lamps
were in the range of 30 to 175 percent in [13]. Amount of
current THDi depends on the filters used in the lamps. For
active filters, the THDi range was recorded between 30 to 35
%. However, the THD1 values were more for passive filters
and were in the range of 100—175%. It was also observed that
voltage sags affect the illuminance of the LED lamps and
depend on sag depth and duration. In a similar study, LED
lamps available in Swedish and Spanish markets were
measured to observe power quality and flickering effect due
to supply voltage variations [14]. The study shows that LED
lamps are less sensitive to the voltage variation as compared
to the CFL. They were grouped based on the light output
variation due to voltage magnitude. LED lamps with low light
output sensitivity generate a higher harmonic magnitude.

Dimmable LED lamps are also available in the market, and
their light output can be changed using a dimmer. However,
dimming operation changes the power quality and light
quality of the lamps. Harmonic current levels were observed
for LED lamps using dimming operation in [15]. The author
observed an increase in the magnitude of harmonics when the
dimming angle is increased to lower the lamp brightness.

Magnitude and phase of grid supply voltage affect the
harmonics as well. In residential buildings, multiple lamps
may be used at once. Therefore, harmonics generated by
different lamps may have some cancellation effect. This
harmonic cancellation effect is more prominent in the LED
lamps as compared to the CFL. Almost all CFL lamps behave
more in a similar manner and therefore less harmonic cancel-
lation. The harmonic cancellation results of LED and CFL
lamps were presented in [12]. It shows the importance of
harmonic cancellation when a large number of lamps are used
in the building at the same time. The cancellation depends on
the voltage distortion and harmonic order. Magnitude and
phase of the grid voltage also disturb the current THD.

Harmonics of the lamps also varies during the period in
which they are not thermally stable. The measurement taken
at the instance when they are just turned ON can be different

from the measurement taken after using them for some time.
In order to make a correct estimation, the measurement must
be taken after the lamp became thermally stable. The high
power street LED lamps were failed to achieve thermal stabil-
ity even after 30 minutes of continuous usage [16]. Similarly,
in [15], the measurement is taken after 10 minutes of LED
lamp usage to avoid inaccuracy in the measurement proce-
dure. We have selected 16 LED lamps from the Estonian
market and measure them for their power quality evaluation.
The information and ratings of the lamps are provided in
Table I.

TABLE L LED LAMP INFORMATION
Lamps ine;;; tings Energy ratings Ll(il:':::;g )ut Price (€)
1 7 A+ 600 8.65
2 8.5 A+ 810 8.90
3 9 A+ 650 1.23
4 10 A+ 806 4.75
5 12 A+ 1050 4.92
6 8.5 A+ 806 2.70
7 9 A+ 806 2.70
8 9 A+ 806 14.00
9 9.5 A+ 806 4.90
10 9.5 A+ 806 10.00
11 10 A+ 1055 14.00
12 13 A+ 1521 9.90
13 9.5 A+ 806 4.90
14 10 At 800 7.90
15 9.5 A+ 810 5.90
16 7 A+ 500 5.90

IV. MEASUREMENT SETUP

The measurement setup consists of a controllable AC
Chroma 61505 4 kVA, power supply, a National Instruments
data acquisition module (DAQ), a 16-lamp load module with
relays, switching control box to control relays, power quality
measurement device A-Eberle PQ-Box 200, and a computer
as shown in Fig. 1. A MATLAB program is used to generate
a reference signal for the controllable power supply. As a
result, a pure sinusoidal voltage of 230V is generated by the
power supply. The voltage is applied to a bus bar connected to
16 lamps through the relays in the load module. The same
MATLAB program is used to generate switching signals for
the relays through the DAQ module. The control box covert
these digital signals to 12V DC using transistor switches. This
setup has enabled to test the LED lamps automatically by
turning each lamp ON for any given time. The power quality

Inputs:
1. Code togenerate
reference waveform
2. Digital inputs to
control relays
~ 7
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Power Supply

n |

—j; — -
K1 2\3?rv
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16 Lamps connected to supply bus via relays

=

PO BOX (measurement)

Fig. 1. Measurement setup layout.



measurement A-Eberle PQ-BOX 200 device is used to record
the measurement. It is capable of measuring harmonics with a
1-second interval. This interval is aggregated from a 200-
millisecond measurement.

V. POWER QUALITY OF INDIVIDUAL LAMPS

The measurement has been performed by turning each
lamp ON for 1 hour. The measurement data is analyzed to
extract information about individual current harmonics. For
each lamp, fundamental component and odd current harmon-
ics from 3rd to the 13th are analyzed. Fig. 2, shows the per
unit (PU) values of the fundamental and odd harmonics. The
values are plotted over 1-hour for each second measurement.
It is clear from the figure that all lamps take some time to get
thermally stable. In the thermally stable state, the harmonic
RMS and phase are almost stable. The time required by the
lamps to get thermally stable is independent of the lamp power
ratings. For example, the time taken by two 7 W lamps was 15
minutes and 50 minutes respectively to get fully thermally
stable. Both lamps are from different manufacturers.
However, lamp 9 and 13 have the same power ratings and are
from the same manufacturer. But, the lamp 13 takes only 15
minutes to get thermally stable, but lamp 9 requires almost 40
minutes. Out of all 16 lamps, four lamps have taken more than
50 minutes to get stable. Three lamps required less than 15—
20 minutes to get stable. For all the remaining lamps, 20-40
minutes were required for thermal stability.

For the individual harmonics, each lamp behaved differ-
ently in terms of the difference between RMS and phase
values of the thermally stable and cold state condition. Here
the term cold state means when the lamp is initially turned ON
and not thermally stable. The maximum difference for the
fundamental component was 9.7% between cold and stable
state. For 60% of the lamps, the difference in the fundamental

component was less than 5%. Similarly, for 3rd harmonic, the
maximum RMS difference was 8.7% and 60% of lamps
shown less than 5% difference between cold and stable state.
For the higher order harmonics, the maximum difference has
increased even more and its 19% for 9th harmonic. For the
5th, 7th, 11" and 13th harmonic the maximum RMS differ-
ence between cold and stable state is 13.60, 15.50, 12.50, and
12.25 percent, respectively. However, the average difference
is from 3.6% to 4.9% in the odd harmonics for all 16 lamps.

For the phase angles, the change in the angle increases
radically for higher order harmonics when the lamp goes from
the cold state towards the stable state. For the 3rd harmonic,
80% of the lamps have less than 3-degree variation, and the
average variation is only 2.25 degrees. The maximum and
average phase difference got double for the 5th harmonic with
amaximum value of 6.67 degrees and an average value of 4.25
degree. This difference increases even more for the 7th
harmonic as the average, and the maximum difference is 8 and
17.90 degrees, respectively. For 9th, 11th, and 13th harmon-
ics, the average difference is between 11 to 14 degrees. The
max-imum phase deviation is 20 to 26 degrees for these
harmonics between cold and stable state. The phase angle
deviation for all 16 lamps over 1 hour of measurement is
shown in Fig. 3.

VI. POWER QUALITY ASSESSMENT OF THE REAL TIME
SCENARIO

Lighting load has a substantial share of total power con-
sumption in the residential sector. It is therefore interesting to
study the impact of total harmonic content added by all the
lamps in a large building or houses in the distribution network.
To evaluate this aspect, we have made a lighting usage model
for the residential building based on real-time measurement.

RMS Variation Over 1 Hour
T

T
Lamp 1 Lamp § Lamp 9 Lamp 13
2 Lamp 2 Lamp 6 Lamp 10 Lamp 14
z Lamp 3 Lamp 7 Lamp 11 Lamp 15
14 Lamp 4 Lamp 8 Lamp 12 Lamp 16 —
s
(8]
e ;
0 min 0 min 50 min 0 min
Time
B 5th Harmonic RMS Variation Over 1 Hour
o ) 1.15
o o
= s 4
8 8
a3 31.05 ==
e
1 =
0.95
10 min 20 min 30 min 40 min 50 min 60 min 10 min 20 min 30 min 40 min 50 min 60 min
Time Time
s 7th Harmonic RMS Variation Over 1 Hour - sth RMS Variation Over 1 Hour
11
211 2
H B 1—— 3
S ———— e e g o
& VN e—— Sog /
o . . . . . 8 . . . . .
10 min 20 min 30 min 40 min 50 min 80 min 10 min 20 min 30 min 40 min 50 min 60 min
Time Time
11th Harmonic RMS Variation Over 1 Hour i 13th Harmonic RMS Variation Over 1 Hour
2 ! ; : ; " :
> >
2 1.05 8 o
= " =
g ! &
3095 3o
0.9

10 min 20 min 30 min

Time

40 min 50 min 60 min

10 min

20 min 30 min

Time

40 min 50 min 60 min

Fig. 2. Harmonic current RMS (Per Unit) variation over 1 hour for LED lamps.



3rd Harmonic Phase Variation Over 1 Hour

Phase angle (degrees)

10 min 20 min 30 min 40 min 50 min 60 min
Time

7th Harmonic Phase Variation Over 1 Hour

Phase angle (degrees)

10 min 20 min 30 min 40 min 50 min 60 min
Time

11th Harmonic Phase Variation Over 1 Hour

Phase angle (degrees)

10 min 20 min 30 min 40 min 50 min 60 min
Time

Fig. 3. Phase angle variation of current harmonics over 1 hour for LED lamps.

A residential building is measured using sub-meters for a
month. The lighting load is then analyzed and compared with
the lamps and their power ratings in the building. Lighting
load is highly variable and depends on many variables.
Occupancy in the building, weather conditions, solar radiance
are some of the variables that can affect the lighting usage in
the building [17].

We have used occupancy data in the building and usage
pattern of each lamp in the house to create a lighting usage
model for the residential building [18]. The measurement data
is converted into the usage patterns of each lamp in the house.
The lighting demand is divided into morning, evening, and
day usage intervals. Each interval is simulated separately. De-
pending on the occupancy profile, the start time of each
interval is estimated from its empirical cumulative distribution
function (ECDF). The usage pattern for each lamp is divided
into switching events and noise events. Each time when a lamp
is used for more than 10 minutes, it is considered as a switch-
ing event. Noise events are less than 10-minutes in duration.
During each interval, the first switching interval is estimated
for each lamp based on the respective ECDF. Afterward, noise
events and the gap from the next switching events are predict-
ed based on their respective ECDF. Based on the occupancy

Lighting usage in a typical house
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profile and number of lamps in each house, the lighting de-
mand can be simulated for any number of days for a house.
The output of the model is the ON and OFF times of all light
switches in the house [19].The advantage of this model is that
the type of lamps can be selected at the later stage. Fig. 4
shows simulated results of the lighting usage in a house on a
typical day with 5 lamp switches.

Based on this model, we have created a real-world
scenario to estimate the power quality of the lighting load of
10 houses. Each house is populated with a random number of
lamps from the measured 16 lamps. Each lamp usage is then
compared with the measurement results. All the harmonics are
added to assess the total power quality of the house at the point
of common coupling. This process is extended to calculate the
total harmonic RMS and phase values for all 10 houses for 5
days. To study the impact of thermal stability, we have created
three different scenarios. In the cold state scenario, we have
added the measurement results of the lamp during the cold
state when they are not thermally stable. RMS and phase
values for each house and a total of 10 houses are calculated
for the cold state. In the second scenario, we have used the
normal values of 1-hour measurement. When a lamp is turned
ON in any house, its output is replaced with the measurement
data from the cold state towards the hot sate. For example, if
a lamp is used for 2 hours, starting from the 1st minute, we
used the measurement data also at the 1st minute and then
continue using it until the 60th minute. Afterward, each
minute is compared only with the 60th-minute data as all
lamps were thermally stable after 50 minutes. In the third
scenario, we have used only measurement values when the
lamps are thermally stable. Therefore, starting from Ist
minute, we used measurement data at recorded at 60th minute.

In the residential area, each house may have a different
kind of lamp selection. It is probable that initially, residents
buy the same lamps or lamps with different power ratings
form the same manufacturer. After usage, they replace the
broken or old lamps with new lamps of different power ratings
from a different manufacturer. Therefore, the power quality



Harmenic current (RMS) for 10 houses 100 runs (Normal State lamps)
T

224F
1BAF Ve & Vin range ]
I 5 - 95 Perenticrange ]
- — NeanValue
Cosnf
0zA

12:00 AM 800 AM 1200 PM 600 PM 1200 AM

Time
Harmonic currert (RMS) for 10 houses 100 runs (Stable state lamps)
T

22AF
g 1BA-
S14Ar
5 1A
Poea
024
1200 AM 600 AM 1200 PM 600 PM
Time

for 10 houses 100 runs (Gold State lamps)
T

5 1A
Oosa
024 i
1200 Al B00AI 1200 Pt 50071
Time

1200 AN

1200 AM

Fig. 5. Mean, 5-95 percentile range for normal, cold, and stable state.

rating could be different when the lamps have the same power
rating from the same manufacturer or different power ratings
from the same or different manufacturer. The harmonic
cancellation effect is more noticeable when different types of
lamps are used in combinations. Therefore, we have run the
above scenario 100 times. Each time, every house is populated
with different types of lamps selected randomly. The total har-
monic content added by each house is calculated at the point
of common coupling. Subsequently, the combined effect is
observed by adding harmonic content generated by all 10
houses. This process is repeated 100 times and means values,
95 percentile values, 5 percentile values, maximum values,
and minimum values are calculated for the harmonic content
added by the 10 houses for 5 days in 100 different comb-
inations of different lamps selected in each house.

Fig. 5 shows the mean, 5 to 95 percentile, maximum and
minimum of total harmonic RMS of 10 houses estimated for
100 different combinations. The bold black line indicates the
mean value of total harmonic current RMS of 10 houses. The
dark grey band indicates 5 to 95 percentile value range for
total harmonic current. The upper light grey area indicates the

maximum values and lower light grey area indicate minimum
values of total harmonic current. It is clear from the figure that
the difference between a stable state and the normal state is
negligible. However, a significant difference between the
normal state and cold state is evident from Fig. 5. Although,
the RMS difference for each lamp between the cold and stable
state on average is less than 5% for odd harmonics. But when
a larger picture is considered for many houses, a significant
difference is evident between cold state and normal or stable
state lamps in terms of total harmonic current. Fig. 6
represents a clearer picture. In the top graph, a comparison
between the normal state and stable state lamps is shown for
mean values, 5 percentile, and 95 percentile values. The
results are very close. On the other hand, a significant differ-
ence can be observed from the graph of normal state lamps
comparison with cold state lamps. Both results are taken after
calculating the total harmonic current for 10 houses over 5
days run in 100 different combinations of lighting in each
house.

VII. CONCLUSIONS

A detailed power quality study for LED lamps is presented in
this paper. In section V, measurement results of 16 different
LED lamps from different manufacturers and of different
ratings were presented. The results indicate the average differ-
ence in the harmonic current RMS from 3rd to 13th harmonic
between cold state, and stable state was less than 5%.
However, the maximum difference was 19% for 9th harmonic
and 15.5% for 7th harmonic. For the remaining harmonics, the
maximum difference lies in the range of 9.5% to 12.5%.
Similarly, the phase angle variation between cold sate and
thermally stable state was more significant for higher order
harmonics. The average difference for 3rd harmonic is 2.25
degrees but increases to 14 degrees for the 13th harmonic. In
section VI, 10 houses were populated randomly with different
LED lamps, and the total harmonic current was calculated by
using our lighting demand model. The difference between the
normal state and stable state lamps was negligible. However,
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there was a significant difference when cold state results are
compared with normal sate. It could be concluded that
individual LED lamp power quality measurement should be
carried out when the lamps become thermally stable.
However, if the measurement is taken for longer runs in the
real-time scenario of a residential building, the results are not
much different. Therefore, we can use the normal value of
power quality measurement.
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Abstract—Harmonic load currents in distribution networks
are to be closely observed, in particular, when connecting high
number of non-linear loads and/or other sources to the grid. In
order to accurately assess and estimate their impact on the
network, it is essential to determine how the harmonic currents
behave when various loads are connected to the point of
common coupling (PCC). This paper presents an overview and
variance of the harmonic currents of LED lamps and the
harmonic current summation uncertainty when calculating
resulting currents when estimating resulting harmonic currents.

Keywords—power quality, harmonic currents, harmonic
distortion, harmonic analysis, harmonic phasors, current
measurement, LED lamps

1. INTRODUCTION

For the year 2030, there are energy efficiency targets set,
for example by the EU, to have overall improvements by at
least 32% compared to the year 1990 [1]. One aspect to
achieve this is by using specialized power supply units, which
convert the distribution network voltage to the desired
parameters using power electronic circuitry with highest
efficiency even for small-power loads. These units would
provide a contribution to the harmonic currents in the network.
Since energy efficiency is becoming a more central topic in
residential households, and with the requirements of nearly
net-zero energy buildings (NZEB) by the European Union
directive on energy performance of buildings, it is not
surprising that more energy-efficient LED lamps are rapidly
replacing traditional incandescent and fluorescent lamps. The
popularity and success of LED lighting was foreseen over 15
years ago, whereby we are now seeing ratings proposed in [2],
that by 2020, the luminous efficacy will reach 200 lm/W and
lifetime will increase to 100 000 hours, while the prices will
drop to 2 $/klm.

Since LEDs operate on direct-current (DC), some type of
power conversion is required from alternating current (AC) to
DC. This means that a typical LED light bulb has a built-in
AC/DC power converter, usually a simple rectifier circuit,
which draws current with non-sinusoidal waveform form the
power supply network. When distorted current is drawn from
the power supply distribution network, it may cause additional
losses in transformers and due to the impedance of the trans-
former and long distribution lines, the voltage drop caused by
non-sinusoidal current may distort the voltage waveform and
introduce harmonics to the supply voltage, which in turn may
affect other devices connected to the same network. This
primarily affects power quality in low voltage (LV) distribu-
tion networks.

A time-invariant non-sinusoidal waveform can be
described using harmonic components of the fundamental
frequency, also known as Fourier series. Such methods of
measurement and harmonic component calculation of voltage
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and current can be found in IEC standards 61000-4-30 [3] and
61000-4-7 [4].

One of the parameters that is commonly used to describe
distortion extent of a waveform is total harmonic distortion
(THD), which is the ratio of the root-mean-square (RMS)
value of a set of harmonic components to the fundamental
component. However, using only this parameter means that
the information about individual harmonics is lost. In addition
to the (RMS) values, harmonic components are also described
by a phase angle, which is often not reported during power
quality surveys. This means that a harmonic component can
be described as a rotating vector quantity, a phasor, on a
complex plane having real and imaginary components,
illustrated in (1). In order to describe a current or voltage
waveform precisely, the information about both the RMS
values and phase angles are required.

ih = \/Elh Sln(hwt + gih)
inx = Re(iy) = \/7111 cos(8;) (1)
iny = Im(in) = V2I, sin(6;)

In theory, if many loads are connected to a PCC they obey
Kirchhoff’s current law (KCL), which states that, at any point
in time, the sum of the currents toward or from a single node
is equal to zero. If each load draws current with a non-
sinusoidal waveform, according the superposition principle, it
should be possible to add up all the harmonic component
phasors of all the loads and get a resulting current flowing at
the PCC. For example, if two Sth harmonic phasors have a
180-degree phase angle difference, but equal magnitude, sum
would be zero. This effect is called harmonic cancellation.
When the cancellation conditions are not met, there will be a
resulting phasor at the PCC that is the geometric sum of the
harmonic current phasors. For example, if the phase angle
difference between the phasors would be zero, the result
would be double the magnitude with the same phase angle.
And if the difference is exactly 45 degrees, then the result will
be V2 times the magnitude with a phase angle precisely in the
middle of the two components.

In a study on harmonic summation [5], data from
individual load measurement was used to analyze summation
and possible cancellation. The same authors have been using
the term “prevailing phasor”, which is a resulting phasor due
to aggregated harmonic components. The harmonic current
prevalence has been closely studied in [6]. The paper presents
a methodology to assess prevalence and found that the
prevailing harmonic currents largely depend on the consumer
configuration types. A study on prevalence has also been
performed in [7], which found that low levels of prevalence
are an indication of the dynamic nature of multiple non-linear
loads.



The possibility of harmonic cancellation has also been
studied in [8]. The research showed a slight decrease in THDi
when choosing the best combination of loads. A study from
[9] analyzed how adding different types of loads can lead to
cancellation effect due to the harmonic current spread of the
phasors. However, a study from [10] analyzed the statistical
distribution of harmonics and phase angles in medium voltage
(MV) and LV residential networks and found that there is
almost no cancellation present.

Although research has been published on measurement
results from various distribution networks, households and
products, significantly less discussion can be found on the
harmonic summation and cancellation effect itself. While it is
expected that the summation of harmonic currents occurs
predictably, in real scenarios, due to measurement and calcu-
lation limits of the measurement methods and equipment, the
actual results may vary from theoretical by some margin. This
paper focuses on the harmonic component summation effect
of randomly selected LED lamps in controlled laboratory
conditions by varying the combinations. The scale, accuracy
and deviation of harmonic component summation are meas-
ured and compared to theoretically obtained values from
single measurements. It is relevant to assess the uncertainty
when developing models for non-linear loads at the PCC that
may be active at the same time.

II. MEASUREMENT SETUP AND METHODS

The setup for the study consists of a personal computer
(PC) with a National Instruments data acquisition (DAQ)
module with digital-to-analog arbitrary waveform generation
capability, a Chroma 61505 4 kVA programmable power
supply used as an amplifier to achieve LV distribution
network voltage of 230 V, a 16-load combination array with
two-pole double throw relays (DPDT or 2P2T), which are
controlled using digital binary signals, and a measurement
device A-Eberle PQ-Box 200 which is capable of recording
harmonic magnitude and phase angles with a minimum
measurement interval of 1 second that are aggregated from
internal 200 ms or 10-cycle measurements according to Class-
A measurement equipment.

The system was controlled using MATLAB software. The
reference waveforms were generated with a sampling fre-
quency of 100 kHz, which equates to 2000 samples per single
50 Hz cycle. The software also controlled the load relays to
achieve different load combinations that were supplied by the
amplified waveforms. Ideal 50 Hz sine waveform with an
RMS value of 230 V was selected for the test.

16 randomly selected LED lamps found on the market in
the year 2018 were used as loads. The power rating ranged
from 7 W to 13 W with luminous flux between 500 Im and
1521 Im. Since there are 2'¢ or 65536 load permutations using
16 different LED lamps, specific patterns were chosen to
reduce the number of combinations and duration of testing. A
running group of consecutive lamps was powered by the
amplified waveform at the same time with a grouping of 1 to
16 lamps. That means, for example, with a three-lamp
grouping, loads number 1, 2, 3 were powered at first, then 2,
3, 4, then 3, 4, 5, and so on. This produced a total of 137
combination per waveform, including a combination where all
lamps were off to measure voltage stability. Each combination
was run for one minute, which means that using 1-second
measurement intervals there were 60 values per combination.
The first and last values were ignored because of time
uncertainty of switching of the relays. For stability and

reproducibility, the first 10 seconds were also ignored due to
any possible settling time caused by relay switching
discontinuity. This setup and method resulted in about 50
stable values per one load combination.

Since it was previously found that LED lamps have a
warm-up period, all lamps were powered for at least 60
minutes before the start of the test. The amplifier was also
running for at least 30 minutes before testing to achieve its
working temperature. To keep the LED lamps at working
temperature, the continuous running was achieved using the
double-throw relays which provided power to the lamps from
the power outlet in the laboratory when the relays were
unengaged. When relays were engaged, both phase and
neutral line were routed to the amplifier circuit. The complete
overview of the setup is presented in Fig. 1.
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Fig. 1. Measurement setup diagram.

For each combination, the harmonic currents and their
phase angles were recorded for every 1-second measurement
interval. The phase angles of harmonic currents that are
presented in this paper are always related to the fundamental
voltage component.

From the measurement data of each combination, the RMS
mean values, standard deviation (SD) and coefficient of
variation (CV) were calculated according to (2), including the
Ist order, or fundamental component. Mean and SD of the
phase angles were also calculated. The wrapping of the phase
angle around 180 degrees was taken into consideration.

1
Iy = ;Zgﬂ Ih,n

_1yn
(ph_ﬁ n=1Phn

1 2
SDyp = ,’; N i(Inn —1In) @)

1 2
5D<p,h = ;2%:1(%1,11 - §0h)
CVip = 22
In

Since harmonic components are essentially phasors, just
the RMS and phase angle data separately might not provide
enough information about its dispersion. To assess the actual
spread or dispersion of the phasors, the RMS and phase angle
data was converted to real (x) and imaginary (y) complex
counterparts using the following formula:



Iny = \/71}1 cos(@p)
Ih,y = ‘/Elh Sin((Ph) (3)

Ih,xy = I}%,x + Il?,y = \/ilh

From real and imaginary orthogonal components SDyp .«
and SDyp, the spatial harmonic current standard deviation
SDinxy values are calculated for the complex plane. The
resulting SDypxy shows the possible dispersion or “spread”
from the mean harmonic phasor value l,x,. Since spatial
deviation is related to phasors, it is compared to the amplitude
of the phasor, instead of RMS value, to obtain spatial
coefficient of variation. It could also be viewed as a
probability circle, which includes at least 95% of the measured
values. The spatial CV for lyxy is calculated using the
following formulas:

—_1yn
Ih,x = ;Zn=1 Ih,x,n

_1lgn
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SDI,h,xy = SDIZ,h,x + SDIZ,h,y

SDp,hxy
CVI,h,xy - I
hxy

To assess the harmonic summation accuracy, for each
combination, the respective individual harmonic phasors from
single-unit measurement data were summed to obtain the
resulting harmonic current, including magnitude and phase
angle. The calculated harmonic phasors were compared to the
phasor data obtained from real measurement of the respective
combination by assessing the difference of the mean values
for magnitude and phase angle and the absolute spatial
difference between the two phasors.

Due to the measurement limit of the current clamps used
in the setup, the minimum measurable harmonic current RMS
value with phase angle data was 1 mA. If the harmonic current
was below this value, the measurement data was ignored and
not used in the summation algorithm. If the load combination
had at least one single unit with an unmeasurable harmonic
component, then the harmonic summation was flagged and
excluded from the statistical analysis. DC component was also
not measured because of the inductive current clamp type.
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Fig. 2. RMS current (red) and THD; (blue) for all lamps used in the testing.

III. HARMONIC CURRENT VARIATION

For all 16 lamps the measured RMS current and total
harmonic current distortion (THDy) are presented in Fig. 2.
The measured current was in the range of 40 mA to 110 mA.
Harmonic distortion can be separated into two groups: the first
group had a THD; in the range of 100% to 160% and the
second group around 20%. This kind of low harmonic content
is most probably due to the presence of a power factor
correction (PFC) circuit.

Fig. 3 shows the harmonic current component distribution
relative to the fundamental in percent for all 16 LED lamps,
where each line represents the harmonic content of a single
lamp. Almost all 16 lamps follow a similar pattern: harmonics
drop almost linearly from 80-90% for 3rd order to 20-30%
for the 13th order. The higher harmonic orders are between 10
and 25% up to 19th. However, a few lamps have a noticeably
smaller harmonic contribution: Around 20% for the 3rd order,
5-15% for the 5th and below 10% up to 11th order. From 13th
order up to 19th the levels were at unmeasurable levels. These
are the laps that that possibly had PFC.

The results of 137 LED lamp combinations are shown
separately in Fig. 4 and Fig. 5. The CV of the harmonic current
RMS values is presented in percent with respect to the
measured mean values. Each point represents measurement
result from one combination. The continuous line represents
the mean value of all combinations and the dashed lines
represent the 5 and 95 percentile values respectively. This data
representation is used in all the following data plots. The
variation of the harmonic RMS current component is
increasing with the harmonic order, with 19th harmonic CV
reaching around 6% with a few exceptions ranging between
12% to 19%. The variation of harmonics up to 11th order with
CV under 1%. Mean values from the combinations reach 0.4%
for 11th and 2% for 19th harmonic order.

Since at higher harmonic orders, the measured harmonic
currents were minimal, variation was expected to be large due
to the measurement limits. To put the values into perspective,
Fig. 6 shows the SD of the harmonic current RMS values
relative to the mean fundamental component. The relative
variations are very small, being up to 0.1% until 9th harmonic
order and reaching only 0.2% for 19th order. The mean values
are only up to 0.07%. This means that although the higher
order harmonic current components have quite high variation
themselves, the magnitude variation compared to the funda-
mental component is very small. If, for example, most lamps
had the 19th harmonic content between 10% and 20%, then
the deviation of 0.1% is marginal.

Harmonic content (%)

Harmonic order

Fig. 3. Harmonic content of 16 LED lamps.
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Fig. 4. Coefficient of variation of low-order
harmonic current magnitude.

The SD of the harmonic current phase angles is presented
as degrees in Fig. 7 and Fig. 8. The phase angles follow a
similar pattern as the magnitude values. The deviation of
the harmonic component phase angles increases with the
harmonic order, having SD mostly under 4 degrees, but also
with a few exceptions ranging between 7 and 9 degrees. Up to
11th harmonic order, the phase angle SD was under 1 degree.
The maximum mean value for phase angle deviation is up to
0.2% for low-order harmonics and up to 1% for high-order
harmonics.

The spatial variation results from the spatial phasor spread
data are presented in Fig. 9 and Fig. 10. Compared to the
results obtained from the RMS data alone, the deviation is
more significant, which is expected, as the phase angle vari-
ance is inclusive in the spatial data. Up to 11th harmonic order,
the spatial variation reaches 1.2% and higher harmonics reach
5-10% with a few exceptions over 20% for 19th harmonic
order. The mean spatial CV is quite low: only about 0.5% for
low-order harmonics and below 3% for high-order harmonics.
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Fig. 7. Standard deviation of low-order harmonic current phase angles.
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Fig. 5. Coefficient of variation of high-order
harmonic current magnitude.
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Fig. 6. Relative standard deviation of harmonic
current magnitude compared to the fundamental
component.

As with harmonic current magnitude values, a relative
comparison has also been made for spatial data. The relative
spatial standard deviation of harmonic current compared to the
fundamental component amplitude is presented in Fig. 11. The
relative spatial deviation is below 0.25% for all harmonics
with a mean of only 0.1%.

While both magnitude and phase information are useful
for describing phasor changes, the spatial phasor deviation can
be used to estimate the multi-dimensional probability distribu-
tion of the phasors. Depending on the load type, it should be
possible to estimate where each harmonic component phasor
would be located on the complex plane with given uncertainty
and determine the most probable corresponding magnitude
and phase angle from the results. However, since the spread
directionality is not known, looking at magnitude and phase
deviation helps to determine if the phasor tends to rotate,
change in magnitude, or both.

Phase angle SD (°)
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Fig. 8. Standard deviation of high-order harmonic current phase angles.
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Fig. 9. Coefficient of variation of low-order
harmonic current real (red); imaginary (blue) and

complex (black) values. complex (black) values.
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Fig. 10. Coefficient of variation of high-order
harmonic current real (red); imaginary (blue) and
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Fig. 11. Spatial relative standard deviation of
harmonic current phasors compared to the
fundamental component.
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Fig. 12. Difference of low-order harmonic current CV (red), phase angle SD
(blue) and spatial phasor CV (black) between single and maximum number
of lamps from linear regression in relation to the number of lamps in
combination

To analyze how the number of lamps in a combination
affects the harmonic current variation parameters, a linear
regression, or trend, was composed and evaluated in relation
to the number of lamps in a single combination. The difference
of harmonic current CV, phase angle SD and spatial phasor
variation from the regression between single and maximum
number of lamps is presented in Fig. 12 and Fig. 13.

For low-order harmonics, the differences for harmonic
current CV, phase angle SD and spatial CV are very minimal
and slightly tend to decrease as the number of lamps increases.
For high-order harmonics, the differences are more visible and
the higher the harmonic order, the more strongly the harmonic
current variation parameters depend on the number of lamps
in a combination. The difference in average harmonic current
CV is over 2% for the 19th harmonic, and the difference in
average phase angle SD is just over 1 degree, but the average
spatial phasor variation reaches 3%. This means that there is a
relationship between the number of lamps and the variability
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Fig. 13. Difference of high-order harmonic current CV (red), phase angle SD
(blue) and spatial phasor CV (black) between single and maximum number
of lamps from linear regression in relation to the number of lamps in
combination.

of the harmonic current for harmonic orders 11th and up. This
uncertainty should be considered when estimating harmonic
currents using mathematical summation of load models.

Fig. 14 shows an overview of relative harmonic current SD
compared to the fundamental component for all measured
harmonics and combinations. As in the statistical analysis, the
variation compared to the fundamental is very small, being
less than 0.2% even for high-order harmonics.

A few examples of various types of harmonic current
spatial distribution on a complex plane are presented in
Fig. 15, Fig. 16, and Fig. 17. Each point represents a single
1-second measurement result for a specific harmonic current
phasor. The red ellipse is constructed from real and imaginary
axis standard distributions SDyyx and SDyy with the central
line showing the prevailing phase angle direction. The blue
circle is the spatial standard deviation SD}, xy, which includes
at least 95% of the measurement samples.
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Fig. 14. Relative standard deviation of harmonic current to the fundamental component for all load combinations.
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Fig. 15. Spatial spread example of harmonic
current with phase variation (h5, L5).
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Fig. 16. Spatial spread example of harmonic
current with magnitude variation (h11, L4).
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Fig. 17. Spatial spread example of harmonic
current with even spatial variation (h15, L15).



TABLE L

NUMBER OF VALID COMBINATION DATA DEPENDING ON THE HARMONIC ORDER AND THE NUMBER OF LAMPS IN A COMBINATION.

Harm. Number of lamps in bination

order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total
1 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 120
3 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 120
5 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 120
7 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 120
9 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 120
11 14 11 9 7 5 3 2 1 - - — — - — — = 38
13 13 9 6 4 2 — — — - — — — - — — — 21
15 12 8 5 3 1 — — - — - - - - 17
17 13 9 6 4 2 - - - - - - - - - - - 21
9 13 9 6 4 2 - - — - - — — - - — - 21

IV. HARMONIC CURRENT SUMMATION

The calculated sum of harmonic currents for all usable
combinations was compared to the actual measurement data
with the corresponding load combination. The resulting
difference between mean magnitudes is presented in percent
and difference between mean phase angles in degrees. It
should be noted that the number of data points for higher-order
harmonics is reduced due to the exclusion of data which would
have otherwise included individual harmonic current data that
was at unmeasurable levels. Only those harmonic current
combinations were used that had all the individual harmonic
currents successfully recorded in a combination. The
summary of data used in this paper is presented in Table I. Due
to this exclusion, from 11th harmonic order, there is little to
none combination data available for over 6 lamps in a
combination.

To assess the statistical phasor accuracy of the summation
in general, looking at the magnitude and phase angle
separately does not provide adequate comparison as the result
will depend on the initial phasor angle itself. The spatial
phasor difference is obtained by calculating the distance
between calculated and measured phasors. The diagram for
determining the magnitude, phase and spatial phasor
difference is shown in Fig. 18.

|8,

| Pom  Phc Re
Fig. 18. Diagram for determining the magnitude (A[l|), phase angle (Ag;)
and phasor (|Aly|) difference between measured (red) and calculated (blue)
values.
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Fig. 20. Phase angle difference for low-order

Fig. 19 and Fig. 22 present the resulting relative magnitude
difference for the combinations. For low-order harmonics, the
difference has 9- to 95-percentile values between +2.5% and
+0.5% with a slight tendency to underestimate the magnitude
by up to +1%. For high-order harmonics, the difference is in
range of —5% and +2.5% with a tendency to underestimate the
magnitude by almost +2%. A few exceptions have a magni-
tude difference of around +10%.

The results for the harmonic phase angles are presented in
Fig. 20 and Fig. 23. For low-order harmonics, the difference
is between —0.5 and +2 degrees, with 9th harmonic order
having the largest difference. The mean phase angle difference
is very low, about +0.5 degrees. For high-order harmonics, the
difference increases up to 0 to +3 degrees, with a few excep-
tions at —2 and +7 degrees. The mean calculated phase angle
difference tends to be rotated up to +2 degrees in the positive
direction.

The phasor difference between calculated and measured
harmonic currents are presented in Fig. 21 and Fig. 24. For
low-order harmonics, the mean difference is below 1.5%,
while the maximum is around 4%. For high-order harmonics,
the mean difference reaches 4% for 19th harmonic with
maximum values of around 6%. Only two combinations had a
difference of about 12% for 17th harmonic order and 16%.

The calculated total current RMS and THD values were
also compared to the measured data for different number of
lamps in a combination, as shown in Fig. 27. The RMS
difference remains very small, between —0.2% and +0.4%. As
for the THD;, the difference increases visibly with number of
lamps up to —1% for 16 lamps. This means that as the number
of loads used in summation increases, the THD; has a proba-
bility of being underestimated. Since higher-order harmonics
are at very low levels compared to the fundamental, they do
not have a significant impact on the current RMS.

Spatial difference (%)

Harmonic order

Fig. 21. Phasor difference for low-order harmonic
current.
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V. HARMONIC CANCELLATION

In addition to the assessment of stability and summation
accuracy, the harmonic cancellation effect has also been
briefly investigated.

Fig. 25 and Fig. 26 show the harmonic current content
in % relative to the fundamental component for each
number of lamps in a combination. For lower-order
harmonics, as the number of lamps increases, the individual
harmonic current components tend to average out, and the
average harmonic levels are reduced, as can be seen from
the linear regression lines. The average reduction of
harmonic content for 16 lamps is only about 6.7% for 9th
order compared to single lamp results. For lower order
harmonics, the reduction is only around 4—5. For high-order
harmonics, a more visible drop in harmonic content can be
clearly distinguished from the measurement results. The
average reduction is between 8 and 10%. This means that
the low-order harmonic currents have high directivity and
harmonic phasors are aligned in a similar direction on
the complex plane. As for high-order harmonic currents,
phasors tend to be more spread out on the complex plane,
thus resulting in a possible cancellation effect.

The THD; for each number of lamps in combinations is
presented in Fig. 28 and compared to the calculated values
from single-unit measurement results. As with the individ-
ual harmonics, the values tend to average out as the number
of lamps in combination increases. The average reduction
of the THD; is 14.7% for measured results and 15.5% for
calculated results. This 1% difference is in line with the
harmonic summation results from the previous chapter.

CONCLUSIONS

The measurement setup and methods described in this
paper provide an adequate overview of the harmonic current
stability and assessment of the harmonic summation
accuracy. The measurement results and specific conclusions
are based on 16-LED lamp study and may or may not apply
to other types of loads. Odd harmonics only up to 19th were
considered for the study.

For each harmonic current, it is possible to determine the
coefficient of variation of harmonic magnitude, the standard
deviation of phase angle and the spatial deviation or spread
of harmonic phasor on the complex plane. For stable loads
like LED lamps, especially when previously warmed up to
the thermal stability, the spatial variations compared to the
fundamental component almost negligible. But individual
harmonics can achieve a variation of 5-10% for higher
harmonics and in rare cases, even 20%, but this might be
because of the low levels. Looking at harmonic current
magnitude and phase angle variation separately might
provide a more simplified overview, but the information
about the spatial spread is not considered.

Relationship between harmonic current variation and
number of lamps has been observed for higher-order
harmonics. As the number of simultaneously connected
loads increases, the average variation of harmonic current
also increases by some margin. Low-order harmonic
currents below 11th do not seem to be affected by the
number of loads. The number of lamps also does not seem
to affect the relative deviation compared to the harmonic
current fundamental.

The harmonic current summation accuracy and compar-
ison for various possible combinations of LED lamps
between calculated and measured results has also been
studied. The data and thorough analysis were somewhat
limited due to some high-order harmonic current levels of
several being at unmeasurable using the described measure-
ment setup. As a result, it was not possible to use them in
the summation calculation and the affected combinations
had to be excluded from statistical analysis.

Despite the limited number of combinations, it was
found that the difference for higher-order harmonics is more
significant and varies more combination by combination.
The harmonic current magnitude could be underestimated
by up to 2.5% and 5% and the phase angle difference
was up to 2 and 3 degrees for low-order and high-order
harmonics, respectively. The spatial difference for harmonic
currents, which incorporates both magnitude and phase by
using phasors, was up to 4% for low-order harmonics, with
9th harmonic being the most inaccurate and up to 6% for
high-order harmonics. Although the estimated total current
RMS was accurate, there was a difference of —1% when
estimating THD;.

Harmonic cancellation effect was also briefly examined,
and a clear relationship had been found between the extent
of cancellation and harmonic order and lamp number. Since
high-order harmonics have more phasor spread from device
to device on the complex plane, it means that the resulting
harmonic current will be less because of summation.
Average reduction up to 10% was observed. Due to the
harmonic cancellation of the high-order harmonics, an
average decrease of about 15% for THD; was observed.
Low-order harmonic current phasors from devices are more
grouped together and thus do not experience cancellation.
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Abstract—Modeling modern non-linear loads with varying
current poses a significant challenge. While the traditional
numeric models provide an adequate representation of stable
loads, when a device or a group of devices operate at different
modes with varying harmonic currents, a statistical approach is
more practical. This paper provides an overview of probabilistic
modeling methods for harmonic currents and presents a novel
method for empirical nonparametric harmonic current modeling.

Index Terms—current measurement; gaussian mixture model;
power system harmonics; probability density function;
probability distribution

L INTRODUCTION

As the share and complexity of non-linear loads connected
to the public network is rapidly increasing, it is becoming more
challenging to model the load currents. Since non-linear loads
exhibit significant harmonic current distortion, one of the most
practical ways is to decompose the load current into its
harmonic components and model the harmonic content
individually. During the early years of non-linear load growth,
mostly the harmonic current magnitude was considered.
However, it is now evident that the harmonic phase angles have
a substantial impact on the harmonic summation and estimation
where possible cancellation can occur due to load and harmonic
current diversity [1], [2].

A modern household device can also exhibit different states
of operation, e.g., a variable load, which means the current,
even at a constant voltage, will vary due to the supply circuit
topology and operation, control processes and various
algorithms. This kind of variation cannot be easily modeled
with simple electrical parametric models. Even probabilistic
models can run into difficulties, depending on the scope and
characteristics of the harmonic current variation. The accuracy
of any model also depends on where it is applied. For example,
modeling a single device can produce different results than a
group of devices, point of common coupling (PCC), or a feeder
in a distribution network.

Several types of models have been proposed in the literature
for modeling harmonic loads. This paper presents an overview
of common load harmonic current modeling methods,
including their benefits and drawbacks, and analysis of several
parametric and nonparametric probabilistic approaches.

This work was supported by the Estonian Research Council grant
PSG142 - Synthesis of output current waveforms of power electronic
converters for increasing the hosting capacity of renewable energy sources in
the distribution networks.

The paper also proposes a novel nonparametric method for
bivariate harmonic current modeling. The probabilistic model
describes the harmonic current with sufficient accuracy while
maintaining low data usage and high simulation speed, even
with various types of variation characteristics.

II.  DETERMINISTIC HARMONIC LOAD MODELS

Among various proposed deterministic harmonic load
models, several types have been mainly described and used [3].

A. Constant current source

The simplest harmonic model is a constant current source
model (CCS), which represents a harmonic current as a quantity
having a constant magnitude and phase. The current for each
harmonic order is independent of the input voltage and does not
vary in time. This model can be used if the load is stable and is
insensitive to any external parameters.

B. Norton model

A more detailed model is the Norton model. For each
harmonic order, in addition to the harmonic current source, the
model includes a parallel impedance. The model presents a
relationship between voltage and current harmonics, which can
be used to model the harmonics in conjunction with the network
voltage distortions. However, this approach assumes the
superposition of the harmonics and ignores the possibility of
cross-dependency.

C. Crossed-frequency admittance matrix

One of the most detailed deterministic models of a harmonic
load is the crossed-frequency admittance matrix (CFA) model.
It was proposed in [4] and [5], although, slightly modified
versions exist [6]-[8]. The CFA model consists of a complex
admittance matrix, which considers interactions between
voltage and current harmonics of different orders. For example,
a 3rd order voltage harmonic can affect 3rd harmonic current,
but also 5th harmonic current at the same time.

D. Harmonic coupled Norton equivalent model

By combining the CFA and Norton model, it was later
developed into Harmonic Coupled Norton Equivalent (HCNE)
model [9]-[11]. This approach increased accuracy and reduced
errors for harmonic load modeling by defining harmonic
coupling around a set Norton point.



III.  PROBABILISTIC APPROACHES

Deterministic models are capable of modeling static loads
that do not exhibit variations in load current depending on
factors like time, operating modes, usage cycling, etc. When
these variations are present, a probabilistic approach should be
considered. The most direct way to construct a model is based
on the empirical data, e.g. measurement results. Both harmonic
current magnitudes and phase angles should be measured to
produce meaningful models. The probabilistic approach can be
divided into two categories. Parametric models describe
probability using a fixed set of parameters that fit a certain kind
of distribution function. Nonparametric models describe the
probability as empirical distributions calculated from the
observed data set.

E. Parametric models

The most common parametric method used for probabilistic
modelling is Gaussian distribution, also known as the normal
distribution. It can be applied for both the harmonic current
magnitude and phase angle and it also takes into account their
variation. This approach would be acceptable if a load current
had only one operating point and the variation approximated a
normal distribution. The advantage of the normal distribution is
that it can be described with only two variables: mean
(expected) value and variance.

Because of the magnitude-phase or similarly, real-
imaginary component co-dependency, a more appropriate
method would be to use bivariate (joint) distribution. A
bivariate normal distribution is defined by the covariance
matrix, which describes both mean values, their variance, and

the covariance between the two values. Since a harmonic
current can have a large magnitude, but a small phase angle
variation, or similarly, large real component, but a small
imaginary component variation, the resulting probability
distribution would be elliptical, not circular, thus describing the
possible values more accurately.

Fig. laand Ic present an example of measured fundamental
current, including normal distributions for both complex
components separately and a joint bivariate normal distribution
surface an ellipse with radii of 2 standard deviations (two-sigma
or 26 ellipse), which includes about 95% of the values.

The drawback of the normal distribution approach is that it
is a generalization, and if a harmonic current phasor variation
has a distinctive non-Gaussian shape, as it is often with variable
non-linear loads, using the normal distribution to describe the
probability results in missing points or points which do not
exist. When a load has multiple stable operating points, the
effect is even more evident, as the normal distribution approach
encompasses both operating points as a single distribution.
Fig. 1b and 1d present an example of a joint normal distribution
of 5th harmonic current of a load with three distinct operating
points. The normal distribution treats the individual operating
points as one with a considerable variation.

To deal with the issue of multiple operating points, cluster
analysis can be used. There are many different algorithms like
k-means, expectation-maximization (EM), etc. The primary
purpose of these algorithms is to group the data into separate
clusters. To describe the probabilistic behavior of a cluster, a
probabilistic model would still be applied after the clustering.
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Figure 1. Comparison of parametric probabilistic distributions from measurement data. (a) and (d) represent the side and top view of a bivariate normal
probability distribution of fundamental current phasor components of a PC monitor during video playback. (b) and (e) represent a bivariate normal probability
of 5th harmonic current of a PC during a stress test and (c) and (f) represent a gaussian mixture model of the same data. Black markers are the 1-second
measurement results during 1 hour of measurement. Red and blue curves represent the probability distributions of each component respectively. The green
ellipse represents the area of two standard deviations (26), and the warm-colored surface represents the joint normal distribution



An example of such a technique is the Gaussian mixture
model (GMM). Such an approach has been reported in the case
of modeling power quality parameters [12]. The data is
clustered using, for example, the EM algorithm and then the
probabilities described using a set of bivariate Gaussian
distributions with specified proportions. The EM method is
iterative and convergent, which means that the result can
depend on the initialization condition selection. The
convergence can also be optimized, but this procedure is rather
complicated and requires more iterations. An example of GMM
from the previous data is presented in Fig. Ic and 1f. In this
example, the resulting probability distribution is composed of
three distinct normal distributions, which fits the data quite
well. One drawback of the GMM is that the standard algorithm
requires the number of Gaussian components to be specified
beforehand, although algorithms are available to estimate the
best combination.

F. Nonparametric (empirical) models

One of the most used nonparametric approaches is kernel
density estimation (KDE). The usage of this approach under
certain conditions to model harmonic current magnitudes and
phase angles has been published in [13], [14]. However,
analyzing the components separately will only provide
information about the probability of both parameters separately,
and reconstructing phasors from the said probabilities can result
in inaccurate data.

In order to eliminate such errors, a bivariate method is
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codependency. A bivariate KDE model can represent the
distribution of a harmonic current quite well, but it has some
drawbacks. The KDE algorithm requires assumptions about the
bandwidth in both dimensions, which will affect the shape of
the final distribution. The probability itself is stored as curve
(univariate) or a surface (bivariate) of predefined points, thus
resulting in a large amount of data, in quantity which depends
on the resolution that is required [15], [16]. Fig. 2 presents an
example of a bivariate kernel density estimation for the 5th
harmonic current of a load, including KDEs for both complex
components separately and a KDE surface. The amount of data
required to describe the KDE depends on the number of points
on the surface.

Compared to the computation-intensive KDE method, a
simple nonparametric way of representing the harmonic current
is to create an empirical bivariate histogram of probability. A
histogram is simply a grouping of data into bins by counting
how many data points fall inside the bin. The number of bins
must be specified beforehand. The histogram data can then be
normalized to represent probability density by using (1) for the
bivariate histogram:

_ _Gij
Nwiwj

Di,j (1)

Fig. 3 presents an example of a bivariate probability
histogram with their corresponding complex components. The
number of bins, or resolution, is the essential factor in
determining the shape of the probability distribution.
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Side (a) and top (b) view of bivariate kernel density estimates of 5th harmonic current of a PC during a stress test.
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Figure 3. Side (a) and top(b) view of bivariate histograms of 100x100 bins of 5th harmonic current of a PC during a stress test.



Probability density

Figure 4. Example of simulated data from KDE using only CDF of both
variables separately. Black and green markers represent the original and
simulated data points. The red and blue curves represent the PDF (thick) and
CDEF (thin) of original data, magenta and cyan curves represent the respective
probability distributions of the resulting simulated data.

IV. PROPOSED NONPARAMETRIC MODEL

The main issue with non-parametric bivariate distributions
is that generating probabilistic data can be complicated since
both components of the bivariate data have to be treated as
codependent variables, otherwise, data points can be generated
that were not part of the original data set. Traditionally,
simulated data is generated by sampling points from cumulative
distribution function (CDF) by using random numbers between
0 and 1 and matching them to the function. However, due to the
joint properties of the bivariate data, using CDFs separately is
not suitable for realistic simulations. Fig.4 shows how this
method leads to the creation of false samples while the
distribution functions remain the same. Since there is little
documentation on bivariate nonparametric probabilistic data
sampling, an alternative method is proposed.

By using bivariate component modeling (amplitude-phase
or real-imaginary components), it is possible to produce a sum
of the harmonic emission from any simultaneously connected
loads. When only rms values are used, depending on the
variation of harmonic phasors, it is not possible to get adequate
results, as often the sum of phasor magnitudes is not equal to
the vector sum of said phasors. For example, the higher current
harmonics of LED lamps exhibit a high amount of variation
between different lamp models that can cause partial
cancellation of harmonics if connected simultaneously [17].

This paper presents an empirical approach to nonparametric
probabilistic bivariate harmonic current modeling. The model
describes the probabilistic distribution of load harmonic current
and maintains a decent compromise between data size and
accuracy. The data representation is similar to a histogram, but
instead of using a PDF bivariate mesh to store the data, a set of
linked CDFs arrays are used. This method reduces the data size
required to represent harmonic current and it requires a minimal
amount of recalculation when used in simulations since CDF is
readily available. One of the benefits of this type of empirical
model is that extreme values can also be represented. It means
that using this model in simulations can lead to the detection of
potential problems in harmonic distortion levels which other
models might miss.

A compromise between data size and resolution is
necessary to reduce the number of points required to define the
model. The resolution can be defined by the accuracy required
to represent the current harmonics, which can be based on the
harmonic current phasor magnitude. Often, a value of less than
1% is rarely needed and it is unnecessary to have too much
detail of the variation because some of it can be caused by noise
or the measurement setup itself. After the model is calculated,
the resolution can be reduced by aggregation, where necessary.
To store a very detailed representation of the harmonic load
current, a resolution can be chosen that is comparable to the
measurement accuracy of the system used in obtaining the
measurement data, or by a specific set of rules. However, the
data increases exponentially with resolution and at some point,
storing the complete measurement data is less data-consuming.

To construct a model for each current harmonic, a stepped
empirical cumulative distribution function (ECDF) is created
from first the variable (for example, the real component of the
harmonic current) with predefined resolution. The data used for
the distribution can be from any fixed-interval measurement
results. Then, for each said resolution group, an ECDF of the
second variable (for example, the imaginary component) is
constructed. This results in N+1 distribution curves, where N is
the number of resolution groups. The resulting ECDFs can be
stored as a cell structure, for example, in MATLAB as a
variable, or as a text file with comma-separated values (CSV),
which requires more data storage. The algorithm for model
construction is presented in Fig. 5.

Bivariate data input
X, Y]
i

Determine required
resolution for X and Y

)

Generate resolution-based
stepped ECDF for X

)

Assign a resolution group
to each data point

]

Determine number of
resolution groups N

Generate resolution-based
stepped ECDF for Y;

Create the ECDF data structure
—
[ [Fx, Fy1, Fya . Fyal ]

Figure 5. The algorithm for proposed model construction.

One crucial factor for constructing the harmonic current
model is time. A load has to be measured for a duration long
enough to obtain a sufficient amount of data points and extreme
values that can change with different operating modes or with
time. For example, for a battery charging device that takes two
hours to charge, it is not feasible to measure only 5 minutes



because, if the harmonic load variation caused by the processes
itself, it will not represent the charging cycle accurately.

Measuring harmonic emissions at different scenarios will
produce an “image” or a “fingerprint” for each harmonic
current of a specific load or load combination for each scenario.
The measured data is then converted to the probabilistic
representation with a defined resolution. When enough
scenarios are obtained, the harmonic current model for the
specific scenario can be chosen based on the situation.

It is important to distinguish if the harmonic variations are
caused by the internal operating modes or by user selection. For
a static load, the time required should be enough to record any
internal variations, which are usually small. For variable loads,
a typical usage cycle can be recorded and then represented. If
some operating modes can be distinguished based on the
purpose of the operation, it could be viewed as a separate
scenario. However, a single electrical device usually performs
a specific task for a specific purpose. There are models
available [18] that can simulate when and how often a device is
used, i.e. when it is on and when it is off. This is not considered
as an operating cycle and it is usually influenced by the external
factors and should be viewed separately.

Coupled with the load usage models and network state
models, it is possible to use Monte-Carlo simulation to produce
an estimation of harmonic emission levels at any PCC based on
different scenarios.

Another benefit of this type of model is that is universal and
can be used on many different layers of the distribution
network. It is possible to represent current harmonics for a
single load, group of loads, residential PCC, network feeder or
even a transformer. However, this model is mainly suitable for
a single load or a group of loads as other factors such as usage
patterns, time of day, week and seasonal changes are present at
higher layers. By aggregating the model in time, e.g., by
measuring longer intervals, which results in loss of resolution
and phasor accuracy due to averaging, it would be possible to
represent a longer time cycle, such as a day or a week.

One other drawback of the model is that it can only
represent a specific scenario, which means that it cannot
distinguish the effects of outside factors such as voltage levels,
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voltage distortion, network failures, etc. In order to determine
the effects of outside variables, a measurement should be
performed for each specific scenario that represents the
corresponding network situation. However, it is possible to
group the network situations with similar specific parameter
ranges as one scenario and create sub-models for different
scenarios. For example, where the voltage level is high, the
voltage distortion is high, or both. To simulate a network
scenario, a measurement can be carried out using a predefined
voltage magnitude and waveform. When enough scenarios are
modeled, the opportunity arises to choose the correct scenario
model for simulating harmonic emission levels.

V.

During the research, several types of household loads,
including LED lamps, PCs, PC monitors, etc. were measured
for an hour by supplying them with pure sine voltage with the
rms value of 230 V.

SIMULATIONS

The measurement was set up using a data acquisition device
(DAQ) for signal generation from MATLAB, a low-noise and
low-distortion linear amplifier, and a power quality
measurement device with the capability of measuring harmonic
components’ magnitude and phase angles with a 1-second
interval. The complete measurement setup is described in [17].

Simulations were carried out for comparing the normal
distribution, gaussian mixture model and the proposed
nonparametric model by sampling data from the corresponding
bivariate probability distributions. In total, 1000 random points
of bivariate data was generated for each model and then
compared to the original data. To assess the model accuracy,
full ECDFs for the original and simulated data were constructed
for both bivariate components.

All the models had no problem reproducing harmonic
currents with a simple variation pattern. However, with the
most intricate variations, the differences between the results of
the modeling techniques started to develop. Fig. 6 and Fig. 7
present the simulation results for the Sth and 9th harmonic of a
PC during stress tests respectively. The current in these
examples had clusters with variations in magnitude, phase
angle, and in case of 9th harmonic, also quadrant variations.

Probability Density

Current, real (mA)

(©)

Figure 6. Simulation results for 5th harmonic current of PC under a stress test with (a) normal distribution, (b) Gaussian mixture, (c) proposed model.
Black markers represent the original data, green markers represent simulated data. Red and blue curves represent the CDF of original data, magenta and cyan
curves represent CDF of simulated data.
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Figure 7. Simulation results for 9th harmonic current of PC under a stress test with (a) normal distribution, (b) Gaussian mixture and (c) proposed model.

By comparing the original and simulated data ECDF's, the
results show that the proposed nonparametric model matches
and, in some cases, outperforms the parametric GMM. When
the harmonic current variation is not easily defined, the
nonparametric models can sometimes perform better in these
situations due to the GMM model not converging properly. The
bivariate normal distribution is not suitable for such variations
since it cannot follow the shape of the variation.

Although the nonparametric resolution-based approach,
having a discrete distribution, generates less data point
diversity, the resulting ECDF still matches the original one, thus
proving that even though the very small variations are
aggregated, the model is still able to represent the harmonic
current variation sufficiently.

VI. CONCLUSIONS

Based on the simulation results, the best parametric
approach for bivariate harmonic current modeling is the
gaussian mixture model, which could simulate harmonic
current accurately while maintaining the shape of the variation
in most cases. The proposed nonparametric model, which uses
bivariate empirical cumulative distribution arrays (BECDA)
could also match, and in some cases outperform the GMM.

The purpose of this kind of models and simulations is to
develop a methodology to simulate harmonic currents
probabilistically, which can be used in summation for PCC
harmonic current estimation. Because of the variations present
in modern non-linear loads, aggregating or averaging harmonic
current phasors has no meaning as these. Combined with the
usage models and large enough database of measured loads, it
could be possible to estimate the harmonic current levels by
presenting a probability distribution of each harmonic current
present in the low-voltage network.
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