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Abstract: In the last decade, mainly due to political incentives towards energy efficiency, the share of
lamps with power electronic interfaces, like Compact Fluorescent Lamps (CFL) and Light Emitting
Diode (LED) lamps, has significantly increased in the residential sector. Their massive use might
have a substantial impact on harmonic currents and, consequently, on the current flowing in the
neutral conductor. This paper analyzes the impact of modern energy-efficient lighting technologies
on the neutral conductor current by using a synthetic Low Voltage residential grid. Different load
scenarios reflecting the transition from incandescent lamps, via CFL, to LED lamps are compared
concerning the neutral conductor current at different points in the network. The inherent randomness
related to the use of lighting devices by each residential customer is considered employing a Monte
Carlo simulation. Obtained results show that the use of CFL has a greater impact on the neutral
conductor current of Low Voltage (LV) residential grids and that, with increasing use of LED lamps,
a decreasing impact can be expected in the future.

Keywords: CFL; harmonic distortion; incandescent lamps; neutral current; LED lamps; low voltage
residential grid; probabilistic assessment

1. Introduction

In recent years, Light Emitting Diode (LED) lamp technology has significantly improved.
The continuing innovation of LED manufacturers has led to an increase in their efficiency (more lumens
per watt) and a drop in market prices. As a result, LED global sales have grown since
2010, achieving 46% of the global residential market in 2019. Compact Fluorescent Lamps (CFL)
have the same market share but a decreasing tendency, while the remaining 8% corresponds to
incandescent and halogen lamps (IHL) [1]. Moreover, the International Energy Agency (IEA) predicts
the LED’s share will almost double in 2030, reaching 87% of the global residential market [1]. This data
confirms a shift in the lamp technology installed in Low Voltage (LV) residential networks from IHL,
via CFL, towards LED, resulting in a significant increase of nonlinear loads in the lighting sector.

CFL and LED lamps require rectifier frontends and are consequently a significant source of
odd harmonic currents [2]. In typical three-phase four-wire (3P4W) networks, these harmonics will
also flow in the neutral conductor, particularly those harmonic orders that form a zero-sequence
system under balanced conditions (3rd, 9th, 15th, etc.). On the other hand, as IHL are linear loads,
they will contribute almost exclusively to the fundamental current only depending on their unbalanced
distribution to the phase conductors.

According to Reference [3], the research regarding harmonics caused due to the lamps can be
divided into two major topics: (1) the accurate modeling in the frequency domain of CFL and LED
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lamps [4-7], and (2) studies on the influence of nonlinear lighting loads on harmonics distortion [2,4,5,8-17].
Most works covering the former rely on the use of models based on Frequency Coupling Matrices
(FCM) [5-7], where the accuracy of a determined model is usually assessed by comparison with laboratory
measurements. Although well-known models for CFL and LED lamps have been developed, the effects
of their combined operation on voltage and current distortion levels in LV residential networks has not
been comprehensively studied, especially the effect on the neutral conductor current.

Aggregation of CFL and its relationship with excessive neutral conductor currents in 3P4W
networks, which predominant component is the third harmonic, have been studied through
measurements at two installations [8], laboratory tests [15], and determining analytical expressions to
estimate the value of the neutral current [9]. The replacement of certain luminaires by LED lamps and
their impact on voltage and current distortion levels in LV grids [13,14], as well as on the reduction of the
neutral conductor current [14,16,17], has been analyzed performing laboratory or on-site measurements.
Further research has focused on the harmonic aggregation of commercially available LED lamps by
experimental measurements [10,11,16]. For instance, Reference [11] demonstrates the cancellation and
summation of harmonics by the combined use of different LED lamps. Other studies exist on the model
aggregation of LED lamps regarding parameter estimation for an equivalent circuit of these lamps [4]
and analysis of their wide-spread use in a determined grid through harmonic iterative methods [5,12].

However, there is a lack of system-level studies regarding the large-scale aggregation of different
brands of lamps, distributed to different households and phase conductors, and their impact on
harmonic levels in public LV distribution networks and the neutral conductor current. Especially the
impact of the transition from IHL, via CFL, to LED lamps has not been studied so far.

This paper aimed to fill this gap by analyzing the impact of different lighting technologies on
the neutral conductor current of a LV residential grid simulating the transition from IHL, via CFL,
to LED lamps. Five scenarios representing different combinations of lamp technologies were defined.
The assessment was performed on a synthetic distribution LV residential network, which was developed
in Reference [18] for the San Juan province in Argentina, but is also representative of other countries
with similar housing areas. A Monte Carlo (MC) simulation was used to address the randomness in
the distribution of lamps. One thousand iterations were performed for each scenario, which ensures
confidence of 95% and an error of 2% for the results [19]. As it was intended to provide a first
estimate of the impact, all lamps were represented by harmonic current sources [20] and, consequently,
the series impedance of the lines and the supply transformer were omitted. The current harmonic
spectra were obtained from a large sample of measurements of commercially available lamps provided
by PANDA (equiPment hArmoNic Database, Dresden, Germany) [21]. The impact of a flat-top supply
voltage distortion [22,23], which is common for public LV networks, was compared with the behavior
under perfect sinusoidal condition, which represents the reference for testing compliance with emission
limits. The effect of load unbalance on the harmonic content of the neutral conductor current [8,15] was
also analyzed. The results indicate that the lamp technology, as well as the supply voltage distortion,
can have a significant impact on the neutral conductor current. The highest values were obtained for
the scenario with CFL only.

The remainder of this paper is divided into four sections. The first one includes a description of
the synthetic distribution network used to perform the assessment, the set of lamps, the simulation
scenarios, and the implementation of the simulation. Obtained results are presented and discussed in
the third and fourth sections, respectively. Conclusions and recommendations for future work are
detailed in the final section.

2. Simulation Framework

2.1. LV Network

The presented study is based on the layout of a synthetic network shown in Figure 1 and developed
in [18]. It represents a typical LV grid in an urban environment of Argentina and is characterized by a
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high density of individual houses and the absence of large apartment buildings. It has 126 single-phase
customers which are almost uniformly distributed to the phases (a: 42, b: 43, c: 41) and indicated by
small colored diamonds (a: blue, b: orange, c: green). They are fed by a transformer with a rated
power of 250 kVA, which is connected in Dy with the LV-side solidly grounded. Overhead lines are
used for energy distribution. The main feeders of the grid have 3P4W branches, which are depicted
by black lines, and/or single-phase two wires (1P2W) branches that are represented by colored lines;
their lengths are the following:

e  Feeder (i). A 280 m 3P4W branch, with single 3P4W branches of 20 m, located every 40 m.
o  Feeder (ii). A 240 m 3P4W branch, with double 3P4W branches of 40 m, located every 40 m.

e  Feeder (iii). An 80 m 3P4W branch, with three 1P2W branches of 60 m located at the end of the
three-phase branch.

Feeder (i)

23

250kVA
13.2/0.4kV

24, 5 26 274 28 20, 7 30 31 32 334 34
41 42 45 46
* « ¢

Figure 1. Topology of the synthetic Low Voltage (LV) distribution network.

Customer connection terminals are identified through enumerated black points. Seven analysis
points are specified to evaluate the neutral conductor current. They are depicted as red points and are
tagged with red numbers (cf. Figure 1). Their location in the network is selected to assess the neutral
conductor current at different aggregation levels represented by different numbers of households.
The enumeration of the locations increases with a decreasing number of users (Table 1).

Table 1. Overview of analysis points.

Analysis Point. 1 2 3 4 5 6 7

Bus Number 1 23 2 30 9 47 50
Supplied Users 126 60 49 34 26 17 11

As the aim of this study was an initial assessment of the impact of different lamp technologies on
the neutral conductor current, but not the voltage harmonics in the network, the lamps were modeled
by constant current sources. This assumption disregards the interaction between the lamps and will
provide slightly higher current magnitudes (conservative estimate). At the same time, it allows us to
neglect all series impedances (lines, transformer).

2.2. Lamps

IHL, CFL, and LED lamps are considered for this study with the main intention to obtain a first
but conservative estimate of the impact of lamps on the harmonic current distortion, particularly in
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the neutral conductor. Usually, for lamps with a power electronic interface, the current harmonic
spectra depend on the supply voltage distortion at the point of connection [23]. However, in this
study, voltage distortion is assumed to be approximately equal at every location in the LV network,
i.e., harmonic interaction between voltage and current is not considered. Only lighting loads are taken
into account, which are represented for simplicity, independently of their location in the network,
by complex current sources including the fundamental and the odd harmonics up to order 15 [20].
All harmonic current sources are modeled using measurements of commercially available lamps
provided by the PANDA database [21]. To study the difference between theoretical sinusoidal supply
voltage (230 V Root Mean Square (RMS)) and the more realistic flat-top distorted supply voltage (224 V
RMS and Total Harmonic Distortion of 3%), two-parameter sets for the complex current sources are
applied for each lamp.

Three types of IHL were used in this project. The models contain only the fundamental current
component (Table 2) since, for sinusoidal voltage, no current harmonics are emitted (linear loads),
and, for flat-top supply voltage, the harmonic currents are negligibly small. Regarding CFL and LED
lamps, a comprehensive pool was selected from the PANDA database. The selection is based on keeping
the required light output in lumens per lamp approximately constant between IHL, CFL, and LED
lamps. This assumes that typical households will replace old IHL by modern and energy-efficient
lamps (CFL and LED) providing a similar amount of light. Thus, 57 CFL with rated power between
15 W and 30 W were selected, which correspond in their light output to the IHL presented in Table 2.
Similarly, 35 LED lamps with rated power between 7 W and 20 W were chosen.

Table 2. Characteristics of incandescent and halogen lamps (IHL).

Rated Power (W) Current (A), Current (A),
Sinusoidal Supply Voltage Flat-Top Supply Voltage
60 0.261 0.254
75 0.326 0318
100 0.435 0423

Figure 2 exemplarily presents the 5th harmonic current emission of the chosen CFL and LED
lamps under sinusoidal and flat-top supply voltage. The flat-top supply voltage has a minor impact
on the harmonic magnitudes of both types of lamps, while the impact on their phase angles is high.
The current characteristics for all considered harmonics of the selected CFL and LED lamps are included
in the Appendix A.

To quantify the impact of the voltage distortion on the harmonic emission of the selected CFL
and LED lamps, the relative difference in magnitude and the absolute difference in phase angle of the
considered harmonic currents under sinusoidal and flat-top supply voltage are analyzed. Besides the
individual assessment of the CFL and the LED lamps, a mix of 70 lamps (35 CFL and 35 LED lamps)
is also considered. Figure 3 presents the distribution of the difference in current magnitude for each
considered harmonic order, including the fundamental. The upper edge, the black line, and the lower
edge of the boxes depict the 95th, 50th, and 5th percentiles of the data, respectively. The relative
difference is calculated taking the harmonic magnitude under sinusoidal supply voltage as a reference,
and the difference is expressed in percent. In general, the flat-top distortion can produce deviations
of up to —15%/+25% in the harmonic magnitudes. The impact is qualitatively different for CFL and
LED lamps. For instance, Figure 3a indicates a significant reduction of the third harmonic current
for the CFL, while Figure 3b shows a slight increase of the third harmonic current for most LED
lamps. The opposite behavior is observed, e.g., for the 7th harmonic. The mix of CFL and LED
lamps represents a better diversity of the relative difference due to the combination of lamps from
diverse lighting technologies (cf. Figure 3c). On the other hand, Figure 4 shows the distribution of
the difference in the phase angle between flat-top and sinusoidal supply voltage for all considered
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harmonics. These box-plots show that the phase angles of CFL tend to be less affected than that of
LED lamps (cf. Figures 4a,b, respectively). In general, the fundamental and 3rd harmonic are the least
affected harmonic orders. The higher deviation and diversity of LED lamps indicate a better potential
for cancellation effects, particularly in the mixed scenario.
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120 5 |+ LED 120 0° | o ED
60 mA 60 mA
150° g% L, 40mA 30° 150°  ® 40 mA 30°
.': .? ¢ |my -
s 20MA . N ", 20mA
¢ .
'; 7 ‘.: .. :o-.:' : *
180° ot 0° 1807 R R T B o
d -
210° 330° 210° 330°
240° 300° 240° 300°
270° 270°
(@) (b)
Figure 2. Fifth harmonic current emission under: (a) sinusoidal supply voltage; (b) flat-top
supply voltage.
25 25 25
t 2 1 20} S
£ 15 8 15 Q15
$ 10 1 S 10} % 10
g & £
5 5 1 5 5t 5 5
g o D : g of g o
g < g
§ s 1 & st e -5
-10 H -10f -10
15 -15

1 3 5 7 9 11 13 15
Harmonic order —»
(@)

1.3 5 7 9 11 13 15
Harmonic order —»

(b)

o

1 3 5 7 9 1 13 15
Harmonic order —»
()

Figure 3. Relative difference in current magnitude between flat-top and sinusoidal supply voltage:

(a) CFL; (b) LED lamps; (c) mix.
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Figure 4. Difference in phase angle between flat-top and sinusoidal supply voltage: (a) Compact
Fluorescent Lamps (CFL); (b) Light Emitting Diode (LED) lamps; (c) mix.

2.3. Simulation Scenarios

The impact of different lamp technologies and the transition from IHL (past), via the mix of CFL
and LED (today), to LED (future) on the neutral conductor current is evaluated with five simulation
scenarios. To assess the impact of supply voltage distortion [22,23], all scenarios are simulated for two
cases: flat-top and sinusoidal voltage waveform. To obtain a conservative estimate, all scenarios are
considered for an evening of a winter day, i.e., at 7 p.m. when the peak load occurs, and it is expected
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that more lamps are simultaneously switched on [24]. Table 3 reports the share of lighting units for
each scenario.

Table 3. Percentage of lamps per scenario.

Scenario IHL (%) CFL (%) LED (%)

1 100 0 0
2 50 50 0
3 0 100 0
4 0 50 50
5 0 0 100

In Reference [25], a survey is conducted for a medium-class residential area in Bogota,
a Latin-American city with similar housing characteristics compared to the synthetic distribution
network used in this study. The survey found an average of fifteen lamps installed per house. Based on
this result, this study assumes that each house (user) has a maximum of fifteen lamps, which means
there are 1890 lamps in the LV grid.

2.4. Implementation

2.4.1. Monte Carlo Simulation

MC simulation is used to consider the randomness related to the use of lamps by residential
customers. The brand of the lamps installed in each house, as well as the number of lamps in operation,
are randomly determined in each iteration for all simulation scenarios. The brand of each lamp is
randomly selected from the set of lamps described in Section 2.2, and it is assumed that all lamps in the
set have the same probability to be installed in a house. To determine the number of operating lamps
in each house, a weighted uniform distribution is applied, where the weights represent the different
probability that the respective number of lamps is in operation. Lower weights (probabilities) are
applied for 0-5 and 11-15 lamps operated together, while a higher probability is applied for 6-10 lamps
(Table 4). This is also in agreement with the findings of the survey developed in Reference [25].
The distribution to the phase conductors of each household is determined by the single-line diagram
of the LV network described in Section 2.1.

Table 4. Weighted distributions to determine the number of operating lamps.

Lamps in Operation Weight per Lamp Number
0-5 0.0476
6-10 0.0952
11-15 0.0476

The number of MC iterations is estimated initially to obtain neutral conductor current values
with a 95% confidence level and an error within 2% of the true values. Hence, the percent error of the
sample mean criterion is considered and the number of iterations is calculated using

(100.s'zc )2
n = —
&EX

)

where 1 stands for the number of iterations, ¢ for the percent error, s for the sample standard deviation,
X for the sample mean, and z. for the quantile of the normal distribution (Gaussian distribution) [19].
The value of z; is obtained from the normal distribution for the before mentioned confidence level,
which yields to 1.96. A sample of 50 iterations is considered initially to calculate s and x. Then,
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using Equation (1), it is obtained that at least 810 iterations are required to estimate neutral conductor
currents for all scenarios and all analysis points with a confidence level of 95% and 2% error. To be on
the conservative side, 1000 iterations are defined for each MC simulation.

2.4.2. Neutral Conductor Current Calculation

The current spectrum of each lamp is obtained for each simulation run from the PANDA database.

All phase angles (fundamental and harmonics) of individual harmonic currents (I}, , ) are referred to the
zero-crossing of the fundamental voltage and can be directly used for phase A. However, all harmonic
current phase angles, as well as the fundamental current phase angle, have to be recalculated in case
a lamp is connected to phase B or C to consider the —120°/+120° phase shift in relation to phase A.
Based on the introduced simplifications, aggregated harmonic components of phase currents at each

analysis point (}tot h,z) are calculated by

Py

= real .imag o r@ﬂl zmag
Tiotpnz = T phz ) Itot,p,h,z = Lak=1 P,hz k17 Zk 1 p,h zk @)

where h stands for the harmonic order, N for the number of lamps installed downstream an analysis

point z, and p for the network’s phase. Harmonic components of the neutral conductor current (I, j, ,)
are determined according to Equation (3). The RMS value of each harmonic current in the neutral
conductor at each analysis point (I, 5, ;) is calculated using Equation (4) and the total RMS current
(In,rms,z) according to Equation (5).

- . 1 zmag
Iﬂrh/z - Z =1 trg?,p,hz ] Z =1 tot,p,hz ©)
3 2 3 . 2
. 1 imag
In,h,z - \/(Zp_1 ItrS?,p,h,z) + (szl Itot,p,h,z) 4 (4)
8
Inrmsz = Z 1 nhz ; h=2xm—1. ®)

2.4.3. Neutral Conductor Current Assessment

In order to evaluate the impact of the different scenarios and the type of supply voltage on the
harmonic summation characteristics in the neutral conductor current, the prevailing ratio (PR) is
used [26], which compares the magnitude of the phasor sum with the sum of the phasor magnitudes.
This index assesses the level of phase angle diversity and, consequently, the level of cancellation when
harmonic components of multiple devices are summed up. It is calculated as follows:

Ijn,h,z I

(h) _
PR = =
: Z]I(\]:l|lh,z,k|

(6)

where £ is the harmonic order, N is the total number of lamps installed downstream an analysis point
z, fn,h,z| is the magnitude of the neutral harmonic current at the analysis point z, and ﬁh,z,k| is the
magnitude of a lamp’s certain harmonic current. The PR varies between 0 (perfect cancellation) and 1
(no cancellation). Table 5 presents four ranges for the PR, and the corresponding level of cancellation
as defined in Reference [26].

Table 5. Description of the prevailing ratio.

Range PR > 0.95 095>PR>0.89 0.89>PR>0..8 PR < 0.8

Level of cancellation Very Low Low Medium High
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3. Simulation Results

3.1. Impact of the Lighting Technology

The range of estimated neutral current RMS values under sinusoidal supply voltage is depicted in
Figure 5 for all analysis points and scenarios. The boxes represent the 95th, 50th, and 5th percentiles of
the respective dataset. The figure shows that the neutral current increases with the number of users for
all scenarios. As expected, the LV side of the transformer (i.e., analysis point 1) represents the highest
values of neutral currents in the LV distribution network. Scenario 3 (100% CFL) presents the highest
neutral currents for the first five analysis points (1-5) with a tendency to overlap with other scenarios
for a lower number of users (analysis points 6 and 7). Scenario 5 (100% LED) shows the lowest neutral
currents between the scenarios with power electronic-based lighting (scenarios 2 to 5). Scenario 1
shows the highest variation of the neutral currents, which is caused by the unbalance of the load and
the higher-rated current drawn by the IHL in comparison with the CFL and LED lamps.

70 | |
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H [] Scenario 3
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= E A [] Scenario5 |
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Figure 5. Neutral current RMS values for all scenarios under sinusoidal supply voltage.

Figure 6 illustrates the harmonic components of the neutral currents and their PRs at analysis
point 1 for all scenarios. The following characterizing properties of the neutral currents are identified:
(a) scenario 1 only presents the fundamental component because IHL are linear loads, (b) in scenario 2
the fundamental and the 3rd harmonic are the predominant components, and (c) in the other scenarios
the 3rd harmonic is the predominant component. These findings indicate that the considered type of
lighting technology significantly influences the resulting harmonic content of the neutral current.

For instance, the neutral current in scenario 1 is a consequence of load unbalance in the LV
network. This is also the reason why the fundamental is one of the two predominant components of
the neutral current in scenario 2. The 3rd harmonic current is emitted by both the CFL and LED lamps,
with the CFL having magnitudes with a minimum of two times higher than the LED lamps. The 3rd
harmonic current adds up almost arithmetically because of a very low phase angle diversity, which is
lower for the CFL compared to the LED lamps. Therefore, the highest neutral current RMS value and
the highest 3rd harmonic neutral current occur at analysis point 1 for scenario 3 (cf. Figures 5 and
6a, respectively). The mix of CFL and LED lamps in scenario 4 leads to a better cancellation for the
3rd harmonic (low level of cancellation), and, consequently, the neutral currents in this scenario are
lower than those in scenario 3. The level of cancellation even improves (medium level of cancellation)
for scenario 5 (100% LED lamps) due to the higher diversity of driver technologies in the market.
Along with the generally lower magnitudes, the expected 3rd harmonic for scenario 5 (future) is less
than 50% compared to scenario 3 (100% CFL).

On the other hand, Figure 6b shows that the PRs of the characteristic non-zero-sequence harmonics
(i.e., 5,7, 11, and 13) and the fundamental are below 0.2 in all scenarios. This indicates a high
level of cancellation with the dominating share of currents not flowing in the neutral conductor.
They form positive or negative sequence currents. However, the unbalance causes at least a small
share of non-zero-sequence harmonic currents forming a zero-sequence, which can be observed in the
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neutral conductor. In all scenarios, the magnitude of these harmonic currents in the neutral conductor
decreases as the harmonic order increases. Meanwhile, the PRs of the 9th and 15th harmonic indicate
an increasing and high level of cancelation in all scenarios. Specifically, the PR of the 9th harmonic in
scenario 4 demonstrates that the high diversity for the combined use of CFL and LED lamps decreases
the magnitude of the 9th harmonic current magnitude in the neutral conductor considerably compared
to scenarios 2, 3, and even 5.
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Figure 6. Overview of the neutral currents under sinusoidal supply voltage at analysis point 1:
(a) harmonic components; (b) prevailing ratios.

To study the impact of aggregation and, consequently, cancellation between multiple users,
the neutral current harmonics are analyzed depending on the number of users. A normalized
magnitude (current per user) is calculated for all analysis points and all scenarios by dividing
the 95th percentile of neutral current harmonics by the respective number of users. Results are
depicted in Figure 7 exemplarily for the 3rd and 5th harmonics representing a zero-sequence and a
non-zero-sequence harmonic order, respectively. The harmonic currents in the neutral conductor do
not increase linearly with the number of users for all scenarios but exhibit a cancellation, which is
significantly higher for the 5th harmonic than for the 3rd harmonic. Table 6 presents the ratio of
reduction between the normalized current harmonics for 11 users (analysis point 7) and 126 users
(analysis point 1). It confirms the significantly higher level of cancellation for the non-zero-sequence
harmonics but also an increase of cancellation for increasing order of zero-sequence harmonics, with the
3rd harmonic being the lowest one with about 11 to 15% for all scenarios.
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Figure 7. Normalized neutral harmonic currents under sinusoidal supply voltage: (a) 3rd harmonic

and (b) 5th harmonic.
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Table 6. Ratio of reduction of normalized harmonic currents between 11 and 126 users.

3 5 7 9 11 13 15

Scenario 2 11.3% 81.8% 80.6% 15.2% 79.6% 79.6% 18.9%
Scenario 3 15.2% 74.1% 73.0% 18.0% 72.2% 72.2% 21.1%
Scenario 4 12.1% 76.3% 83.1% 35.5% 81.7% 75.4% 19.6%
Scenario 5 15.1% 70.7% 69.3% 17.0% 70.0% 68.5% 23.4%

3.2. Impact of Supply Voltage Distortion

Figure 8 presents the relative difference between the neutral current RMS values under the two
types of supply voltage, taking currents under sinusoidal voltage as reference. This figure shows that,
for all scenarios, except scenario 5 (100% LED lamps), the flat-top supply voltage decreases the neutral
current RMS values. The increase for scenario 5 is about 4%, while the highest decrease is observed for
scenario 3 with more than —6%. Scenario 1 (100% IHL) does not show a variation at all as all lamps
behave exactly similar (resistive), which means that the difference between the two types of the supply
voltage is virtually constant.

6 T T T

4 H H H H H H H
1
§ 2 7 [ Scenario 1
5 [ Scenaro2
g 0r ] [[] Scenario3
E | Scenanod

2k y
= - - - - - - L - - [0 Scenario 5
© = = u (M H
S 4p f 1

of H .

B - H H H H H
8 ! I ! I ! I I

Analysis Point

Figure 8. Relative difference between the neutral current RMS values under flat-top and sinusoidal
supply voltage.

In order to explain the reasons for the change in the neutral current RMS values, Figure 9 presents
the box plots for selected individual neutral current harmonics comparing the two different types of
supply voltage at analysis point 1. Figure 10 presents the respective prevailing ratios.
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Figure 9 shows that the fundamental and the 5th harmonic current magnitude are virtually not
affected by the flat-top supply voltage. The 7th harmonic current tends to be higher for scenarios 2—4
in case of the flat-top supply voltage because the CFL exhibit a significant increase of the 7th harmonic
current under flat-top supply voltage (cf. Figure 3a). However, its impact on the neutral current RMS
is not significant, as it is not a dominant contributor to this current. The difference in neutral current
RMS values between the two types of the supply voltage is mainly caused by the change in magnitude
and phase angle diversity of their predominant harmonic components (i.e., scenario 1: fundamental;
scenario 2: fundamental and 3rd harmonic; scenarios 3-5: 3rd harmonic).

Scenario 1 presents a slight decrease in the neutral current because the fundamental component of
IHL for flat-top voltage is slightly smaller than for sinusoidal voltage (cf. Table 2). The scenarios where
CFL are used (i.e., 2, 3, and 4) exhibit a lower neutral current 3rd harmonic under flat-top supply voltage
because the 3rd harmonic current of the CFL also decreases for flat-top supply voltage (cf. Figure 3a).
Despite the fact that Figure 10 indicates the level of cancellation of the 3rd harmonic in these scenarios
decreases and, consequently, the 3rd harmonic current should increase, the impact of the magnitude
reduction is more significant. The increase of neutral current RMS values in scenario 5 under flat-top
voltage (Figure 8) is mainly determined by the increased 3rd harmonic current magnitude of most LED
lamps (cf. Figure 3b), along with a decreasing level of cancellation, as depicted in Figure 10.

Regarding the magnitudes of the other zero-sequence harmonics, Figure 9 depicts that the 9th
current harmonic shows an opposite behavior compared to the 3rd harmonic, with an increase for
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scenarios 2—4 but a decrease for scenario 5. The 15th harmonic shows again lower values for the flat-top
supply voltage except for scenario 5, where under flat-top supply voltage the current magnitude is
about 3 times higher compared to that obtained under sinusoidal supply voltage. This is mainly caused
by the characteristics of LED lamps as discussed in Section 2.2 (cf. Figure 3b). This significantly higher
15th harmonic current under flat-top supply voltage might also be a reason for the presently observed
trend of increasing 15th harmonic voltage levels, particularly in urban residential LV networks.

PRs of the 9th and 15th harmonics are also compared in Figure 10 for the two types of the supply
voltage. The flat-top voltage waveform changes the phase angle diversity of CFL’s 9th harmonic
and results in a medium cancellation effect. Along with the increase of the 9th harmonic current
magnitude (cf. Figure 3a), this leads to the before-mentioned rise of the 9th neutral current harmonics
in scenarios 2, 3, and 4. For the 15th neutral current harmonic, a considerably decreasing cancellation
is only observed for scenario 5, which supports its previously mentioned amplification in scenario 5
under flat-top voltage. The findings derived from Figure 10 indicate that under typical supply voltage
distortion in the LV networks, a lower level of cancellation for certain zero-sequence harmonics has to
be expected compared to laboratory studies based on the sinusoidal supply voltage. On the other hand,
Figure 10 compares the PRs of the fundamental and two non-zero-sequence harmonics (i.e., 5 and 7) for
the two types of supply voltage. Results for 11th and 13th harmonic current in the neutral are similar to
5th and 7th harmonic and, therefore, are not separately shown in this paper. In all scenarios, the high
cancellation effect of these harmonic components is virtually not affected by the type of supply voltage.

The relation between the aggregation of users and the neutral current harmonics under flat-top
supply voltage shows the same findings as explained in Section 3.1 and is therefore not further
discussed at this point.

3.3. Impact of Load Unbalance

As an effect of load unbalances, characteristic non-zero-sequence harmonics (i.e., 5, 7, 11, and 13),
as well as a fundamental component, flow in the neutral conductor. This produces a rise of the neutral
current compared to an ideal reference case in which the harmonic currents of the lamps are perfectly
balanced. On the other hand, a decrease for the zero-sequence harmonics could be expected because
the unbalanced conditions cause that a part of these currents show up as positive or negative sequence
currents and will consequently not flow in the neutral conductor.

In order to obtain an estimate of the impact of unbalance, the percentage deviation of the neutral
current harmonics from the theoretically ideal and perfectly balanced case (all zero-sequence harmonic
currents but no non-zero-sequence harmonics flowing in the neutral conductor) is determined for all
scenarios and types of supply voltage at analysis point 1. Results are presented in Figures 11 and 12.
Non-zero-sequence current harmonics of up to 60% of the line current under ideal balanced conditions
have to be expected with a general trend to increase with increasing harmonic order. While the type of
supply voltage has virtually no impact on scenario 3, scenario 4 shows significant differences for the
7th, 11th, and 13th harmonic (cf. Figure 11).
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Figure 12. Deviation of zero-sequence harmonic currents from the ideal balanced case (100%) at analysis
point 1: (a) sinusoidal and (b) flat-top.

Regarding zero-sequence harmonics, it is observed in Figure 12 that the dominating 3rd harmonic
does not decrease at all and the 9th and 15th harmonic only slightly, except for the 9th harmonic
in scenario 4. Under flat-top supply voltage, the 15th harmonic tends to decrease in particular for
scenarios 2-4, where the CFL are involved.

Based on the simulation results, the possible correlation between load unbalance, which is
expressed by the commonly used negative sequence unbalance factor of line currents CUF (ratio of
negative sequence current to positive sequence current), and the magnitude of the neutral current
harmonics is analyzed. The Pearson correlation coefficient (p) is used to describe the relationship
between both variables. This coefficient varies between —1 and 1, where +1 indicates a strong
positive linear correlation, 0 indicates no linear correlation, and —1 indicates a strong negative linear
correlation [27].

Figure 13 shows exemplarily, for scenarios 2—4, the relation between the CUF factor and the
magnitude of the fundamental, 3rd, and 5th harmonic of the neutral current under sinusoidal supply
voltage at analysis point 1. The 3rd harmonic is virtually independent of the CUF with a tendency to
slightly decrease with increasing unbalance of the load for scenario 2. The fundamental component
increases with the unbalance. The 5th harmonic also increases with the unbalance for scenarios 3, 4,
and 5, but it does not have a strong correlation with the unbalance for scenario 2.
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current) and selected neutral harmonic currents under sinusoidal supply voltage at analysis point 1:
(a) fundamental, (b) 3rd harmonic, and (c) 5th harmonic.

Table 7 compares the p coefficients obtained for all harmonic orders and all scenarios at analysis
point 1. It confirms that the fundamental neutral current has a strong positive correlation with
values larger than 0.9. The zero-sequence harmonics have p coefficients close to zero, which confirms
their independence of the unbalance. Interestingly, scenario 2 shows a weak correlation also for the
non-zero-sequence harmonics due to the presence of IHL in the LV network, which significantly
weakens the link between unbalance and current harmonics. The mix of CFL and LED lamps
(scenario 4) results in a lower correlation for the 7th and 11th harmonic.

Table 7.
harmonic currents.

Pearson correlation coefficient between CUF and the magnitude of the neutral

Harmonic Order

Scenario 3 5 7 9 11 13 15
2 —-0.034 0.010 0.002 -0.040 -0.026 -0.025 —0.040
3 —-0.102 0.643 —0.089 0.613 0.435 —-0.074
4 -0.116 - 0.201 —0.042 0.282 0.321 -0.073
5 —-0.090 0.602 0.494 —-0.102 0.472 0.157 —0.043

!—0.7<pS—0.3|—0.3<pSO‘O<pSO.3 0.3<p<0.7!

4. Discussion of Results

The results of this study show that neutral conductor currents caused by lighting loads in LV
residential networks are mainly influenced by three factors: lighting technology, supply voltage
distortion, and load unbalance. Due to the lower harmonic emission, LED lamps have a minor impact
on the neutral conductor current than CFL. Although LED lamps do not yet represent the majority of
the global lighting residential market, their increasing use [1] is expected to decrease the contribution
of lighting to the neutral conductor current.

A flat-top supply voltage, which can be typically found in residential LV networks, results in lower
neutral conductor currents compared to a sinusoidal supply voltage as long as a considerable amount
of CFL is involved. In the case of 100% LED lamps, a flat-top supply voltage is expected to result in
higher magnitudes of neutral currents compared to the sinusoidal supply voltage, especially for the
15th harmonic. This occurs because the supply voltage distortion modifies the reference current
harmonic spectra of these lamps, as discussed in Reference [22,23].

The unbalanced distribution of lamps to the phases results in additional non-zero-sequence
harmonics (5th, 7th, 11th, 13th), as well as in additional fundamental currents in the neutral conductor,
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which tend to increase the neutral conductor current compared to the balanced case. Zero-sequence
harmonics (3rd, 9th, 15th) are almost not affected by minor load unbalances and no significant reduction
of their content in the neutral conductor current can be expected for higher unbalances. These findings
confirm the results presented in Reference [8,15] concerning the impact of load unbalances on the
neutral conductor current of a 3P4W network supplying fluorescent lamps and, also, they extend the
discussion to the case of LED lamps.

The aggregation of neutral current harmonics depending on the number of users shows that
the non-zero-sequence harmonics exhibit a considerable cancellation with about 80% less harmonic
currents per user for 126 users compared to 11 users. On the other hand, the dominant 3rd harmonic
shows only a reduction of 11%, which indicates a relation only slightly lower than constant. In general,
the results of scenario 4 represent the actual impact of nonlinear lighting loads on the neutral conductor
current of LV residential grids.

5. Conclusions

This paper presents a probabilistic simulation to assess the impact of different lighting technologies
on the neutral conductor current in low voltage residential networks. The simulation uses a network
model developed for a typical urban area in Argentina, but the results are also transferrable to many
other regions of the world. The simulation results are analyzed with respect to the impact of lighting
technology, supply voltage distortion, and load unbalances on the odd current harmonics up to
order 15.

The results show that the highest neutral conductor current has to be expected in the case of 100%
CFL. The values are more than two times higher than for the scenario with 100% incandescent lamps.
In the future, a scenario with 100% LED lamps is expected, which will provide neutral conductor
currents in the same range as the scenario with 100% incandescent lamps. However, the current will
contain a significant share of 3rd, 9th, and 15th harmonic. A flat-top supply voltage can impact the
neutral conductor current differing by almost —8%j/+6% from the current obtained for the sinusoidal
supply voltage. The unbalanced distribution of lamps to the phases tends to increase the neutral
conductor current only slightly.

The study presented in this paper provides a solid first estimate of the impact of different lighting
technologies on the neutral conductor current. It intentionally does not take other residual loads into
account in order to obtain an initial indication on the safe side. Further studies are planned to consider
residual loads, background distortion, network’s impedances, as well as more comprehensive models
of the lamps (e.g., coupled Norton model). In this way, the impact of nonlinear lighting loads on the
voltage distortion can be comprehensively studied, and neutral current magnitudes can be compared
to the ones obtained in this initial assessment.
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Nomenclature
IHL Incandescent and Halogen Lamps
CFL Compact Fluorescent Lamps
LED Light Emitting Diode
RMS  Root Mean Square
n Number of Monte Carlo iterations
€ Percent error
s Sample standard deviation
X Sample mean
Z¢ Quantile of the normal distribution
h Harmonic order
N Number of installed lamps
Lamp number
z Analysis point
p Network’s phase
Tn,h,z,k Individual harmonic currents
Tn,h,z Harmonic components of the neutral conductor current
Innz RMS value of individual harmonic components of the neutral conductor current
Insmsz Total RMS neutral conductor current
PR Prevailing Ratio
CUF Negative sequence unbalance factor of line currents
p Pearson coefficient
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