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Abstract: The paper presents a power-quality analysis in the utility low-voltage network focusing
on harmonic currents” pollution. Usually, to forecast the modern electrical and electronic devices’
contribution to increasing the current total harmonic distortion factor (THDj) and exceeding the
regulation limit, analyses based on tests and models of individual devices are conducted. In this
article, a composite approach was applied. The performance of harmonic currents produced by sets
of devices commonly used in commercial and residential facilities” nonlinear loads was investigated.
The measurements were conducted with the class A PQ analyzer (FLUKE 435) and dedicated to
the specialized PC software. The experimental tests show that the harmonic currents produced by
multiple types of nonlinear loads tend to reduce the current total harmonic distortion factor (THDj).
The changes of harmonic content caused by summation and/or cancellation effects in total current
drawn from the grid by nonlinear loads should be a key factor in harmonic currents’ pollution study.
Proper forecasting of the level of harmonic currents injected into the utility grid helps to maintain
the quality of electricity at an appropriate level and reduce active power losses, which have a direct
impact on the price of electricity generation.

Keywords: nonlinear loads; harmonics, cancellation, and attenuation of harmonics; waveform

distortion; THDi; power quality; low-voltage networks

1. Introduction

Power electronics components and microprocessors are the key entities of the evo-
lution of nonlinear loads and smart devices/systems in commercial and household en-
vironments [1,2]. On one hand, due to their nonlinear V-I characteristics, these devices
introduce power quality (PQ) problems in the electric power distribution system, and on
the other hand they are sensitive to the PQ level. In the case of electrical energy billing,
even the revenue meters that measure electrical quantities may be not immune enough
to the impact generated by disturbing devices [3-5]. Since the intensified integration
of nonlinear components, PQ monitoring is essential to improving the performance of
both power system equipment and the end-user loads. [6,7] Thus, the PQ disturbances
are the responsibility of not only utilities but also end-users, manufacturers as well as
researchers, and engineers. [8,9] The remarkable growth in research and development
work on identifying the avoidable energy losses caused by poor PQ has been observed in
recent years [10-16]. The proper measurements and analysis of the distribution system and
implementation of the evolving methods and techniques to improve the condition of the
supply system are developing areas of present-day electrical engineering [17-19].

Due to the nonlinearity of the electrical devices, the major fault in PQ is observed as
harmonic pollution. The severity of harmonic disturbances contained in the current signal

Energies 2021, 14, 3665. https:/ /doi.org/10.3390/en14123665

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0983-2562
https://orcid.org/0000-0002-4423-7216
https://orcid.org/0000-0002-2388-3710
https://orcid.org/0000-0003-2891-9206
https://doi.org/10.3390/en14123665
https://doi.org/10.3390/en14123665
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14123665
https://www.mdpi.com/journal/energies
http://www.mdpi.com/1996-1073/14/12/3665?type=check_update&version=3

Energies 2021, 14, 3665

20f19

can be specified collectively by the current total harmonic distortion factor (I'HDy), which
can be calculated according to the formula:

\/ ):Zozz Ihz
THD; = ~————-100%, 1)

1

where,

I,—RMS value of the individual harmonic component of order % for current,
I[;—RMS value of the fundamental harmonic (a component of order 1) for current.

To forecast how increased nonlinear loads will contribute to the THD; level and
when they may exceed the regulation limit, harmonic impact and propagation studies of
the distribution network need to be performed for future scenarios [20-22]. Distribution
system operators can use these analyses and simulations to take preventive steps to avoid
deterioration and improve the PQ level [23].

Currently, the increase of new technologies and the changing of conventional appli-
ances to power electronic-driven appliances can be observed in residential and commercial
buildings feeding from the LV distribution networks [18,24]. Modern power electronic-
driven appliances can be divided into four groups (Figure 1).

Lighting appliances

Electrical equipment
used for a short period
of time (one wash, etc.)

Electrical equipment used
for a long period of time
(working hours, etc.)

Entertainment systems

e compact fluorescent
lights (CFLs),
¢ phase-angle controlled
lamp dimmers,
e light-emitting diode
lamps (LEDs)

e cooker,
elaundry dryers,
* microwave oven,
* coffee machine,
evacuum cleaner,
edishwasher

¢ personal computers
(PC),
* monitor,
*laptop,

e charger,
*modem, adjustable
speed drive (ASD)-

based fridge and

*home theatre system

refrigerator

Figure 1. Groups of modern power electronic-driven appliances.

This nonlinear electrical equipment which, indeed, forms the power system is one
of the main causes of harmonic distortion. Since its AC circuit topology draws, often in a
pulsed manner, a distorted current whose waveform shape does not resemble the applied
voltage waveform shape for the considered cycle, it is non—sinusoidal [21,25].

2. Review
2.1. Problems Caused by Harmonic Currents

The first and major problems caused by harmonic currents in the mains feeding
residential and commercial buildings are those caused by voltage waveform distortion [18].
Due to the propagation of harmonic currents through a finite system impedance, the
vector sum of all individual voltage drops results in the increased voltage total harmonic
distortion factor (I HDy), which contributes to significant deterioration of power quality
and affects the effective performance of consumers’ devices connected to the same point of
common coupling (PCC).

Figure 2 shows the power system where multiple customers are connected at PCC
with different operating and load conditions. Because of the significantly distorted supply
voltage waveform, all electrical devices (also linear ones) will generate nonlinear currents
(in different degrees) [25].
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mode power supplies, AC drives,
fluorescent lamps)

linear loads

Figure 2. The typical model of the customer’s loads supply system.

The levels of harmonic currents which the customers are allowed to inject into the
power network at the PCC are limited by standards [26,27].

The second problem caused by harmonic currents is associated with the harmonic
currents themselves [28]. The harmonic currents injected into distribution networks cause
high disturbances [22,29], such as:

overheating and failure of transformers and other power equipment;

false tripping of protection relays;

overcurrent on equipment-neutral connection wiring;

errors in the operation and control of sensitive devices (e.g., microprocessors); and
interference with communication signals (digital technology), and others.

2.2. Recent Research

The equipment within domestic as well as commercial installations is increasingly
sensitive to some type of electromagnetic interference, both from internal and external
sources [1,18]. Therefore, there is a need to control the electromagnetic environment,
namely by limiting the harmonic pollutions caused by any type of electrical appliance.
Thus, the IEC 61000-3-2 standard [30] classifies all electrical equipment into four categories,
that are presented in Figure 3.

Class A Class B Class C Class D

eEquipment having
an active input
power of less than

eBalanced three- eLighting )
phase equipment ePortable tools and equipment 600 W and an input
and all other unprofessional including dimming C“rfe“t witha
equipment not welding equipment devices but except special .,
belonging to incandescent lamp waveshape”
classes B, C,and D dimmers measured according

to the method
illustrated in the
standard

Figure 3. Classification of electrical equipment to limit harmonic pollution.

Unlike IEC limits [30] that can be applied to all systems, irrespective of their stiffness,
the IEEE standards (according to IEEE Std 519) [31] introduce the harmonics current
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distortion criteria limits (individual harmonic distortion as well as TH D factors), which
are a function of maximum short circuit current Isc to maximum demand load current I
at PCC [32,33].

From past literature reviews [34-36], it was found that many harmonic current impact
studies were performed with individual usage of a specific type of nonlinear device or
groups of devices used for the same purpose, often for sinusoidal conditions of the supply
voltage [37].

The effects of harmonics current for fluorescent lamps (FLs) with different ballasts
are studied in [38]. Various configurations of the fluorescent T8 and T5 tube lamps from
different commercial brands were used. The results indicate that with the increased number
of fluorescent T8 lamp (from 4 lamps to 10 lamps) with electromagnetic as well as electronic
ballasts, the percentage of the total harmonic current distortion factor (THDy) has little
change, approximately 0.5-1%, while the consumed power increases significantly. For T8
FLs with electromagnetic ballast, the THD| =~ 9%, whereas for the T8 FLs with electronic
ballasts the THD| ~ 10%. The newer technology, fluorescent T5 lamps with electronic
ballasts, generates much more distorted current waveforms (selected in the experiment
low-class lamps). Four T5 FLs show the THD; = 23.7% and 10 T5 FLs demonstrate the
THD;| = 27.2%. The authors also present the high class T5 type lighting devices with
electronic ballast, which indicate the current total harmonic distortion factor even less
(3-5%) than the tested electromagnetic ballast for the T8 lamp.

The comprehensive overview conducted by several researchers investigating the
harmonic performance of the utility grid when employing compact fluorescent lamps
(CFLs) on a large sczzale is reviewed in [39]. The authors conclude that power quality
is affected significantly by CFLs. For a typical CFL tested in [39], the THD; is as high as
about 75%. However, in [40] the lamps were tested in varying the RMS terminal voltage
conditions. The results show that the THD; for 12 CFLs of the different manufacturers
is practically constant (THD; ~ 110%) in the operation range between 80% to 100% of
the nominal voltage of the CFLs. The next research [41] signifies that when connecting
subsequent CFLs, the harmonic content is expected to increase as the more distorted
current is drawn. To anticipate the problems generated by a massive insertion of small
nonlinear loads, several investigations focused on modeling, characterizing, and predicting
the increase of harmonic currents due to the CFLs [40,41]. The results of the research on the
cancellation of harmonics between groups of compact fluorescent lamps are demonstrated
in [42].

Light-emitting diodes (LEDs) and another solid-state lighting (SSL) system’s impact
on power quality is studied in [12,43,44]. For these types of lighting, the individual current
harmonic components as well as the THDy values often exceed the limits set by the IEEE
standard 519 [26]. According to [44], the LED and micro-LED lamps show moderated
harmonic current pollutions. As indicated in [12], as a greater number of LED lamps
are connected to the grid, their performance improves both in terms of power factor and
harmonic distortion. In [45] it is shown that there is a relevant difference in harmonic
pollution behavior of CFLs and LED lamps, not only between the two types of lamps but
also within the same type. Thus, it seems to be sensible to utilize some lamp combinations
to keep harmonic distortion within permissible limits.

Besides the lighting devices, the literature has documented measurements of other
commercial as well as household appliances such as TV sets, personal computers, monitors,
printers, laptops, chargers, etc. [18,41,46]. The conventional main interface of these electrical
devices consists of a diode bridge rectifier followed by a large DC capacitor. In this case,
the current drawn from the AC supply is relatively linear [21]. However, in the newer
technology, switch-mode power supply (SMPS) systems, the rectifier is usually followed
by a converter that can be controlled in different modes to achieve a smooth DC output.
The input current waveform is highly nonlinear and often comes to the load in very
short pulses [47]. Today, single-phase electronic equipment almost universally employs
SMPSs [21,47,48]. Although individual consumption is small, the collective effect can
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be significant because many of them are often connected to the same PCC. Additionally,
to satisfy harmonic standards’ requirements, the latest SMPSs utilize complex circuits
with active power factor correction (PFC) and usually change the equipment classification
to Class A according to the mentioned IEC standard [30]. In [49,50], three main circuit
topologies of these devices are proposed: without PFC, with passive PFC, and with active
PFC. The result is low pollution in the case of sinusoidal supply voltage but often also
increased harmonic currents’ pollution, which then increases the distortion of the supply
voltage as already described.

The experimental measurements of harmonic currents” generation by a cluster of
desktop personal computers (20 PCs during different operating modes) are described
in [41,51,52]. Generally, the connecting subsequent number of PCs decrease the current
total harmonic distortion factor (THD;). The main reason is the attenuation phenomenon
for the 3rd, 5th, and 7th harmonics [52]. Interestingly, the obtained result shows that when
the number of PCs is increased from 1 to 124, the 3rd current harmonic is reduced from
76% to 24% [41]. Other results [51] provide insight into PC harmonic behavior in different
conditions. Due to voltage change, the THDy of 20 PCs is about 7% lower than that of a
single PC. When a group of 20 PCs is fed from the same supply, the THD| decreases by
more than 15% (in comparison to a single PC) for maximum system impedance. Even with
a group of PCs connected to a single supply, changing the system frequency in the range
50 Hz £ 1% has almost no effect on the generated harmonics. Moreover, the studies [51]
focused on attenuation and diversity phenomena in PC clusters indicate that diversity
effects have a minor impact on the harmonics produced by a cluster of PCs but some kind
of harmonic compensation may occur. Also highlighted is that presented factors affecting
produced harmonics are related to each other, and if nonlinear devices are supplied by
different power systems their harmonics generation and other power quantity levels will
be different [52]. This as well as other relevant experimental data can be useful in harmonic
characterization studies.

In [47], the energy efficiency of power electronic-based home appliances was analyzed.
The authors underline that although most energy-efficient loads based on power electronics
consume considerably less power than their older counterparts, they are harmonic polluters
and inject a relatively large number of harmonic currents into the power grid relative to
their power demand.

2.3. Problem Description

Most of the presented research focuses on the harmonic generated by one type of
commonly used nonlinear loads (NLLs), often in sinusoidal conditions of the supply
voltage. The main general properties of all NLLs can be distinguished as follows [41,42,53]:

e the current harmonic pollutions generated by a load depend on the voltage harmonics’
magnitudes and phase angles. The THD; and individual harmonic currents for a
group of NLLs vary due to the background voltage distortion variations within the
recommended standards limits. This means that changes in one voltage harmonic
lead to changes in multiple current harmonics;
there are no even harmonics if the waveform has half-wave symmetry; and
domination in the amplitude of the lower-order harmonics (sequentially, the 3rd, 5th,
and 7th order) is noticeable.

When large amounts of such appliances operate in power distribution systems, the
collective effect on the feeder power quality [54,55] has become a large concern to utilities.
For predicting the harmonic current injection to the utility grid and implementing com-
pensation technique, several theoretical models and simulations of nonlinear loads were
conducted in the past decades [24]. The level of injected harmonic pollutions from a group
of nonlinear loads of the same type operating simultaneously can be predicted by scaling
the typical harmonic current spectrum of one load in proportion to total load power [52].

However, we seldom must deal with such a situation in real life because many different
types of harmonic sources are almost always connected to one point of common coupling
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(PCC) [56]. Thus, the simple combined approach for forecasting the level of harmonic
current injection to the utility grid is not proper anymore [57]. Therefore, a composite
approach is required, which takes into account different nonlinear load types placed in the
PCC at the same time [58].

By applying such an approach, not only can the addition effect of many harmonic
sources be assessed, but the attenuation outcome of future harmonic distortion in the
network can also be better estimated [59]. The main purpose of the experimental tests pre-
sented in this paper is to create a first baseline study for office and domestic environments
in case of deterioration of PQ by harmonic currents.

3. Case study
3.1. Methodology for Case Study

In Stage 1, the problem was defined and detailed, based on the collected knowledge
of the subject, and a description was delivered. The theory of the power quality deteriora-
tion phenomenon associated with the operation of nonlinear loads was provided in the
Introduction section of this paper.

Stage 2 determined relevant aspects to be included in the study and its scope. For the
analysis of the deterioration level of PQ caused by harmonic currents, some sets of various
commercial and residential electrical appliances with different technical specifications were
tested. For comparison, the research was conducted for selected individual devices as well
as for sets of diverse appliances.

Table 1 shows the technical specification of the selected nonlinear loads. The power
value included in the table is the value that the manufacturer declares the device consumes.
All devices are supplied from a single-phase LV network, in a voltage range of 230240V,
with a frequency of 50 Hz.

The accuracy of the measurements conducted by PQ Analyser Fluke 435 is as follows:

THD; measurement: +£2.5%
% f measurement: +0.1% +n x 0.1%
e  %r measurement: +0.1% + n x 0.4%

Table 1. Technical specifications of the selected equipment.

No. Type Brand Model I(A) P (W)
1 Laptop charger (AC Power Adapter) Samsung A10-090P1A 1.5 90
2 Smartphone Charger Samsung EP-TA20EWE 0.5 0.1
3 Desktop Copier (standby mode) Canon IR2016 2.5 3.6
4 LCD monitor—20" LG L204WT 1.0 45
5 Vacuum cleaner Zelmer 321.0.E01E 6.0 1200
6 Coffee machine Krups EAS81 5.5 1450
7 Microwave oven FIF MD 42035 6.5 800
8 Compact fluorescent lamp OSRAM 20 W /865 0.2 20
9 Fluorescent lamp type T8 Philips TLD 18 W 830 0.36 18
10 High intensity discharge lamp Philips ML 160W E27 0.73 160
11 Dimmer and incandescent lamp F&F SCO-812 15 60

For each set of devices, the same parameters as those obtained for the appliances
individually are measured. One of these sets consists of some typical domestic electrical
loads used for a short and long time. For the second test, the office electrical equipment is
selected. The third test is conducted for a set of lighting equipment (including an incandes-
cent lamp dimmer) that can be used in both commercial and residential spaces. According
to the IEC 61000-3-2 standards [30], incandescent lamp dimmers are not classified into
Class C (lighting equipment) in the case of the injection of high-order harmonic currents
to the grid, but to Class A, which include difficult-to-classify devices. Thus, the level of
harmonic contained in the current drawn from the LV grid by incandescent lamp dimmers



Energies 2021, 14, 3665 7 of 19

is not so strictly limited as other lighting equipment. Table 2 shows the type of set and the
appliances that constitute it.

Table 2. Selected sets of equipment.

No. Type of Loads Group of Loads

LCD monitor—20”

Caffe machine

Compact fluorescent lamp
Microwave

AC Power Adapter (Charger)
Vacuum cleaner

LCD monitor—-20”

Fluorescent lamp type T8
Compact fluorescent lamp
Desktop Copier

AC Power Adapter (Charger)
Adaptive Fast Smartphone Charger
Compact fluorescent lamp
Fluorescent lamp type T8
High-intensity discharge lamp
Dimmer and incandescent lamp

1 Household

2 Office

3 Lighting

After the selection of the appliances, the laboratory test stand to assess the impact of
various nonlinear electrical equipment on PQ were constructed. The diagram and photo of
the prepared test stand are shown in Figures 4 and 5.

o B

| I |

Zs '
h =
|

i

e(t) ’\9 i
1

Common :

probe 1

- e e aml

Figure 4. Diagram of the measurement system.
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f d g e

Figure 5. Laboratory measurement stand for testing the impact of nonlinear devices on power quality: (a) power supply AC

230V 50 Hz; (b) power quality analyzer Fluke 435; (c) adapter for measuring voltage in a single-phase circuit; (d) measuring

clamp; (e) PC with FlukeView software; (f) adapter for testing a set of electrical equipment; (g) electrical equipment

under test.

In Stage 3, the indicators of the impact on power quality associated with their operation
were collected. Hence, the current harmonics distortion rate of each of the devices as well
three different sets of them are measured. To conduct the measurements, the class A PQ
analyzer (FLUKE 435) and the associated equipment were used, including 5 A and 20 A
precision current clamps.

In this work, the steady-state operation and respective harmonic pollution of devices
are considered. The power quality analysis was performed by the assessment of the current
distortion level, which was evaluated via the current total harmonic distortion factor
(THDy) in percentage. The power quality analyzer allows the recording of harmonics
up to the 50th order. Thus, the current distortion rate was calculated according to the
expression shown in Equation (2), as defined in IEC 61000—2-2 standard [60].

VI, 12
THD; = Y ="=2" 100% 2)

1

For organization of the data, Stage 4 in systematic methodology was conducted using
the simple mouse-controlled PC software FlukeView (version 3.2), which communicates
with the PQ analyzer via the optically isolated OC4USB adapter/cable connected to the
USB of the PC. The software enables saving, opening, and printing the data collected by
the PQ analyzer, or exporting it to other programs.

The next section of this paper presents the obtained measurement results. It is followed
by the discussion section, where the analysis and interpretation of the results are provided
(Stage 5).
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3.2. Results of Case Study

This section presents the measurement results that were conducted in a laboratory
environment with the class A PQ analyzer (FLUKE 435) on the commonly used residential
and commercial appliances to assess their impact on PQ.

In Figure 6, the measurement results for the appliances tested individually are pre-
sented. The input current waveforms are shown in a time domain, the harmonic spec-
tra are represented up to the 50th harmonic, and the current total harmonic distortion
factor (THDy) is obtained in percentage. Additionally, Table 3 was prepared to sum up the
information about appliances and results of THDj.

Current A/L1

S0A

0.0A —/\\

30
2
10
5.0A OII PP T T P
0ms 20 ms T3 58 7 % W B B W oW a2 s @ m onomo® WM M e 7w
Harmonic number
1(a) 1(b)
Current A/ L1 b -
5.0A

00af— /____J\_‘_,_\ prs—

S 7 8 A B X ¥ A N B B ¥ B G

5.0A PO T |
0ms 20 ms R g s e s q .
Harmonic number
2(a) 2(b)
00
Current A/L1 !
1.0A 0
80
n
0
S0%
0.0A .
0
2
10
o AL IIIIll.llll.
R EEEEEEEEEEEEE R
1.0A Harmonic number
0 ms 20 ms
3(a) 3(b)
Current A/L1 b
200A
0%
0.0A ©
0
10
P I O .
200A [ T R R T R R R R R R T S
0ms 20 ms Harmonic number
4(a) 4(b)

Figure 6. Cont.
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0
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Harmonic number
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Figure 6. Measurements obtained for individual devices: (a) current waveform; (b) harmonic spectrum; 1—AC Power
Adapter, 2—Adaptive Fast Smartphone Charger, 3—LCD monitor-20”, 4—Vacuum cleaner, 5—Microwave oven, 6—
Compact fluorescent lamp, 7—Dimmer and incandescent lamp.

Table 3. Current total harmonic distortion factor (THD;) measurements obtained for individual

devices.
No. Appliance THDy
1 AC Power Adapter 35.3%
2 Smartphone Charger 207.3%
3 LCD monitor-20” 145.3%
4 Vacuum cleaner 75.9%
5 Microwave oven 24.6%
6 Compact fluorescent lamp 73.5%
7 Dimmer and incandescent lamp 97.7%

The input current waveforms in all cases are highly non-sinusoidal in each cycle.
They are in different shapes and often flow in a pulsed manner, which indicates a relevant
harmonic content in the signals. The level of harmonic distortion is graphically represented
by bars that represent the individual harmonic magnitudes (as a percentage of the funda-
mental component). In all harmonic spectra, there is visible a clear advantage of the odd
harmonics (gradually decreasing for larger orders) over even harmonics, which suggests
that positive and negative half-cycles of the signals are symmetrical.
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Analyzing the numerical indicator of harmonic current distortions (the THDy) for
each device, it can be seen that all of these values are excessively high, which implies that
harmonic pollution injected into the network is very significant. The highest measured
current distortion rate is equal to 207.3% for the adaptive fast smartphone charger. It is
not difficult to imagine the negative impact of a huge number of these devices, which is
adequate to the number of smartphones, on the distribution network. The smallest THD;
is noticed for the microwave oven, and it is equal to 24.6%.

As established in the IEC 61000-3-2 standards [30], the equipment with a rated
current not greater than or equal to 16 A must not breach specified limits for harmonic
current pollution. The literature [28,30,35] studies in detail whether the commercial and
residential nonlinear loads supplied from the low-voltage utility grids meet the established
criteria or not. This paper presents results that only support the hypothesis that nonlinear
electrical loads are one of the main causes of electrical power quality deterioration and
require appropriate analysis to evaluate their negative impact on the AC power distribution
system.

In subsections below (Sections 3.2.1-3.2.3), the results of experimental tests for sets
of devices are presented. The same parameters as those obtained for the appliances
individually are measured.

3.2.1. Experimental Test 1: Set of household equipment

The set consists of some typical domestic electrical loads used for a short and long
time, such as an LCD monitor-20”, coffee machine, compact fluorescent lamp, microwave
oven, AC power adapter (laptop charger), and vacuum cleaner.

Figure 7 shows the waveforms of applied voltage and current drawn by the set of
household equipment when connected collectively to the single-phase utility LV network,
in the voltage range of 230-240 V. Due to the nonlinear behavior of all connected devices
(see Figure 8) the total current drawn from the grid is significantly distorted by high-order
harmonic currents, while the supplying voltage waveform is almost sinusoidal in shape.

Voltage V/ L1 Current A/ L1

400.0 V|

0.0V

-400.0V

-/ YARRERY

5.04

/ \ \

-5.0A \

0 ms

20 ms 0 ms 20 ms

(a) (b)

Figure 7. Set of household equipment: (a) input voltage waveform; (b) input current waveform.

The obtained harmonic spectrum (Figure 8) consists mainly of third (=25%), fifth
(=7%), and seventh harmonics (~4%). The values in brackets indicate the magnitude of
the harmonic current components in percentages of the magnitude of the fundamental
component. The individual amplitudes decrease for larger orders. The THDy factor is
equal to 25. 7%, which means a relatively low impact on PQ.

As previously mentioned, harmonic cancellation and attenuation phenomena in low-
voltage networks occur. The first is due to phase angle diversity between the same-order
harmonics produced by different nonlinear loads; the second is due to system impedance
and the corresponding voltage distortion.
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Thus, the current flowing through the sockets adapter (Figure 6f) has a lower current
total harmonic distortion than each piece of previously individually tested household
equipment.

100
S0
80

70

10

A I I
5 7 09 o1 1B 7 1’8 21 23 25 27 23 3 33 3 I 3 41 43 45 47 48

Harmonic number

Figure 8. Set of household equipment: harmonic spectrum and current total harmonic distortion
factor. THD; = 25.7%.

3.2.2. Experimental Test 2: Set of Office Equipment

The set consists of some typical office electrical equipment used for a short and long
time, such as an LCD monitor—20”, fluorescent lamp type T8, compact fluorescent lamp,
desktop copier, AC power adapter (laptop charger), and adaptive fast smartphone charger.

The combination of lighting and office equipment also features the harmonic currents’
cancellation and attenuation effects in the low-voltage network. Figure 9 shows that the
total current drawn in a pulsed manner by the second set of nonlinear loads is strongly
distorted, while supplying voltage is almost free from distortion.

The visible bars in Figure 10 represent the odd harmonic currents’ magnitudes (as a
percentage of the fundamental component). These results demonstrate that the devices
operating simultaneously produce less current distortion (T’ HD; = 74.7%) than individually,
e.g., or one adaptive fast smartphone charger the THD; = 207.3% (Figure 6).

Voltage V/IL1

/
/

-400.0 V

0 ms 20 ms

400.0 V|

(a)

Figure 9. Cont.
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Figure 9. Set of office equipment: (a) input voltage waveform, (b) input current waveform.
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Figure 10. Set of office equipment: harmonic spectrum and current total harmonic distortion factor.
THD; = 74.7%.

3.2.3. Experimental Test 3: Set of Lighting Equipment

The set consists of some lighting equipment that can be used in both commercial
and residential spaces, such as a: compact fluorescent lamp, fluorescent lamp type T8,
high-intensity discharge lamp, dimmer and incandescent lamp.

Analyzing the harmonics spectrum (Figure 11) for the set of lighting equipment
supplied from one socket adapter, it is evident again that the harmonic currents of different
nonlinear loads are vectorially superposed. The higher magnitude reaches the third
harmonic (c. 35% of the fundamental component). The amplitudes of successive odd
harmonics are lower and do not decrease proportionally (the 17th harmonic ~ 9%, whereas
the 19th harmonic &~ 1%, and then the 21st harmonic ~ 7%). The current total harmonic
distortion factor (THDy) is equal to 46. 3%, and it is reflected in the oscillatory current
waveform shape (Figure 12). This leads to the conclusion that the set of different types of
lighting equipment has less impact on PQ than, e.g., the THD] factor equal to 73.8% for
the CFL operating individually (see Figure 6). However, in general, the harmonic currents
for CFLs are additive in behavior [51].
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Figure 11. Set of lighting equipment: (a) input voltage waveform, (b) input current waveform.
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4. Discussion

The laboratory experiments demonstrated that the harmonic currents produced by
multiple types of nonlinear loads were reduced. This effect is often less significant for
the 3rd and 5th and 7th harmonics but becomes important for higher-current harmonics.
Thus, the current total harmonic distortion factors (THD;) for the combination of different
residential, commercial, or lighting receivers were typically lower than for the individually
tested units.

Although the results were based on a relatively small sample of electrical appliances,
the obtained results are highly useful. For example, adding from 2 to even 10 CFLs to the
set of different types of lighting sources in a typical house is not as harmonically harmful
as one may expect.

In the obtained results, there were harmonic current summation and cancellation
effects between individual loads working on the same network caused by phase angle
diversity as well as a system impedance and the voltage distortions corresponding to them.
This statement is in accord with harmonic studies about the impact of electric equipment
on the utility grid [26,33,36,41].

Causes of summation and cancellation phenomena are other aspects of the presented
analysis that will be investigated in future work, together with considering the interactions
between different types of loads typically found in the residential and commercial sectors.

In all the different load groups analyzed, it was found that although there is a slight
improvement, the distortion effect on the currents is still high.

There are considerable financial losses associated with poor PQ, and thus associated
with harmonics [61,62]. The harmonic currents generated by nonlinear loads decrease the
power factor, which can be considered an indicator of the quality of the device’s energy
conversion and consequently distortion power. The reactive power and distortion power
lead to actual energy consumption required for these loads” proper operation that is higher
than declared by the manufacturer. The losses associated with harmonics constantly vary
with the change of the THDj factor and thus with connected and disconnected electrical
equipment. Even if the amount of wasted energy in one residential area may be negligible,
the total amount of energy that is used in the residential and commercial sector is relevant
and the losses cannot be neglected anymore.

Working in accordance with the standards often requires some assumptions to be
made. In the conducted experimental tests described in this paper, it is simplified that the
voltage stays undistorted (sinusoidal, without harmonics); however, in the real low-voltage
grid conditions the THDy changed continuously in respect to time and location. Thus, the
same loads put in two different places in the power system may result in various harmonic
characteristics because of two different distortion values in supplying voltage [63,64].

Often, the additional difficulty is to measure harmonic characteristics for many non-
linear receivers in laboratory conditions due to lack of space and costs. Thus, to simulate
harmonic currents generated by sets of large-scale nonlinear loads and to assess their
impact on power quality, different software packages such as MATLAB, ETAP, CYME,
PSCAD are often used [29]. Some of the research related to the simulation of harmonic
character by using this software is presented in [42,49].

There are typical mitigation techniques used in industry today to reduce harmonic
loading in a system [65]. They include active filtering, series and shunt passive filtering,
multiple pulse rectifiers, and isolation transformers. Each type of these solutions has its
advantages and disadvantages, which are described in more detail in [66-68].

The PQ problems and their mitigation techniques are playing a very important role in
future electrical engineering. Thus, this area requires a continuous process for research and
development.

5. Conclusions

The appliances commonly used in commercial and residential facilities can be signifi-
cant sources of harmonic currents. This is particularly true when the simple approach for
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forecasting the level of harmonic current injection to the utility grid is taken into account.
The composite approach also contributes to the harmonic-producing characteristics of
electrical equipment.

The objective of this paper was to present a comparative study on both approaches.
The measurements were conducted for different nonlinear load types served from the same
feeder at the same time. The study indicates that harmonics in the current waveforms
strongly deteriorate the quality of the electricity. The current harmonic pollution at PCC
depends on the summation and/or cancellation effects in total current drawn from the grid
by nonlinear loads. This should be a key factor used to determine the guidelines that limit
current harmonic pollution in the distribution system.

Another value of this work is the establishment of a framework for comparing the
harmonic effect of various appliances consistently. The next effort is to increase the number
of appliance types measured so a useful database can be established.
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