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Power Quality Evaluation of a High-Power Residential Load: An
Experimental Study
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Graphical Abstract

In this study, the harmonic effects of three different types of washing machines with high power consumption within
residential electrical loads were investigated at different washing temperatures.
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Figure. Measurement setup

Aim

The main objective of this study is to investigate the harmonic characteristics of washing machines under different
operating conditions and their impact on power quality terms.

Design & Methodology

In this study, three different types of washing machines manufactured at different times (conventional, dynamic
resistor-based, and inverter-based) were examined. The behavior of the washing machines was analyzed at commonly
used washing temperatures of 30°C, 40°C, and 60°C throughout the washing program, and harmonic analyses were
performed.

Originality
In this study, a comprehensive power quality analysis was conducted based on the investigation of the electrical

behavior of washing machines operating at various power levels, temperatures, and programs in a real working
environment.

Findings
When examining the THD, variations of washing machines of types A, B, and C, the highest value was measured

during the 40°C washing program. 1t was observed that as the washing temperature increased, the power factor and
cos(¢p) values also increased.

Conclusion

In this study, it was observed that as the washing temperature changed, the magnitudes of individual harmonic
components varied, and as the washing temperature increased, the power factor and cos(¢) values also increased.

Declaration of Ethical Standards
The author(s) of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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ABSTRACT
The global energy demand is increasing day by day due to factors such as industrialization, technologicalR@gvancements, and
population growth. In order to meet this growing demand, merely exploring new energy sources is not suffi issues such as
energy efficiency and power quality are also gaining increasing importance. Harmonics, one of the meters of
power quality, refer to the distortions caused by electrical devices in power systems and can dire@l i8ienCy and safety
of energy systems. Household appliances such as air conditioners, computers, televisions, wad i ishwashers are

among the major contributors to harmonic pollution. In this study, the harmonic effects ashing machines
manufactured in different years were examined. The primary objective of this study is to e impakt of washing machines
on power quality at different washing temperatures and to compare their harmonic generation YgvelsWit#h the scope of the study,

washing machine. Measurements were conducted using a Fluke 435 power
using MATLAB software for detailed analysis. The measurements reveale ic levels of washing machines vary
depending on the model year, motor type, and washing temperature. It was r models produced lower harmonic
levels, whereas modern inverter motor washing machines exhibited higher hal i Is. Additionally, it was determined that

obtained data were processed

aimed at reducing the harmonic generation of electrical household apf gand the importance of techniques that enhance energy
efficiency. This study aims to contribute to raising awareg s and engineers regarding power quality and
harmonic management, thereby guiding the development of eenvironmentally friendly electrical devices.

Keywords: Residential load, washing machine, harmglic luation§non-linear loads, power quality.

Yiiksek Giiclii Bir Konut Yiikiiniin Gii¢ Kalitesi
Degerlendirmesi: Deneysel Bir Calisma

0z
Diinyadaki enerji talebi, sanayilesipé Wk gelismeler ve niifus artist gibi faktorler nedeniyle her gegen giin artmaktadir. Bu
artan talebi karsilamak i¢in yaln eneyj1 ypdynaklarinin arastirilmasi yeterli olmamakta, ayni zamanda enerji verimliligi ve
glic kalitesi gibi konular da zanmaktadir. Gli¢ kalitesinin en kritik parametrelerinden biri olan harmonikler,
elektrikli cihazlarin enerjigsis fsturdugu bozulmalar ifade eder ve enerji sisteminin verimli ve giivenli ¢alismasini
dogrudan etkileyebilir. E¥grde gin gfarak kullanilan klima, bilgisayar, televizyon, ¢camasir makinesi ve bulagik makinesi gibi
cihazlar da harmonik kirliligic Katkigra bulunan 6nemli kaynaklar arasinda yer almaktadir. Bu ¢aligmada, farkli yillarda iiretilmis

makinesi i¢in farkl sicakliklarda (30°C, 60°C ve 90°C) gergeklestirilen yikama dongiilerinde olusan
analiz edilmistir. Olciimler, Fluke 435 gii¢ kalitesi analizorii kullanilarak alinmis ve elde edilen veriler

makinelerin dahg” diigiilk harmonik {irettigi, ancak modern inverter motorlu ¢amasir makinelerinin daha yiiksek harmonik
seviyelerine sahip oldugu tespit edilmistir. Ayrica, yikama sicakligi arttik¢a harmonik bozulmanin da degistigi belirlenmistir. Elde
edilen sonuglar, elektrikli ev aletlerinin harmonik iiretimini azaltmaya yonelik tasarim degisikliklerinin ve enerji verimliligini
artiran tekniklerin 6nemini vurgulamaktadir. Bu caligma, tiiketicilerin ve miihendislerin gii¢c kalitesi ve harmonik yo6netimi
konusunda bilinglenmesine katki saglayarak daha verimli ve ¢evre dostu elektrikli cihazlarin gelistirilmesine 151k tutmay1
amaglamaktadir.

Anahtar Kelimeler: Konut yiikii, camasir makinesi, harmonik degerlendirme, dogrusal olmayan yiikler, gii¢ kalitesi.

1. INTRODUCTION power quality issues arise [1,2]. Due to various factors
1.1. Motivation affecting the power quality of connected loads,
The number of people without access to electricity is ~ deviations from ideal sinusoidal waveforms occur,
decreasing every day, and with the increasing number of ~ Making it impractical to maintain a perfect sinusoidal
electricity-powered devices in developing countries, ~Waveform in real-world applications [3]. Changes in
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power quality not only cause damage to devices or reduce
their lifespan but also increase consumers' energy costs.
Furthermore, it gives rise to hazardous situations for
electrical devices such as voltage drops/surges,
momentary interruptions, noise, and the formation of
harmonics. Therefore, power quality is one of the most
important requirements for the healthy operation and
longevity of household electrical appliances [4-6].

Today, most household electrical appliances require
good power quality throughout their operation.
According to the EN 50160 standard, the user has the
right to receive high power quality energy from the grid
[7]. The EN 50160 standard specifies that under normal
load conditions, the supply voltage should be limited
within £10% of the nominal voltage, and the nominal
frequency should be limited within +1% [8].

In recent times, electrical devices used in homes and
workplaces contain more electronic hardware due to
technological advancements. Ensuring power quality and
reliability is particularly crucial in power electronics
circuits due to the challenges associated with the design,
assembly, and post-production testing of complex
systems [9]. Due to reasons arising from the structures of
these devices, energy quality is affected and deteriorated
[10]. Years ago, the impact of electrical devices on the
fundamental frequency was significantly lower,
However, new electrical devices with efficient povwg
electronics-based hardware, commonly referred to a
non-linear loads, increase energy efficiency. Howeve
by altering the current and voltage ratio, they copfribut
to the degradation of power quality [11].

Most important power quality paramete

system is to have current and volt
resembling a pure sine wave and, ¢

electric power
relationship can

. Thus, harmonics will appear in
ts case, linear devices connected

The presence rmonics causes distortion in voltage
and current waveforms, leading to increased heating of
devices, increased losses, and consequently a decrease in
efficiency [13-15]. Therefore, it is necessary to reduce or
eliminate harmonics in the power system. To address this
issue, international standards such as IEC 61000 and
IEEE 519, define the maximum permissible limits for
harmonic distortion levels [16-18].

Air conditioners, water heaters, washing machines, and
refrigerators, which are commonly used in daily life, are
among the non-linear loads. These devices are prone to
disturbances such as voltage sag, voltage swell, and
harmonic effects, making them less resilient against

power quality issues [19,20]. Furthermore, due to these
issues, these devices will overheat and have a shorter
lifespan due to voltage or frequency fluctuations [21].

1.2. Literature Overview

Measurements of harmonics in electrical household
appliances have been conducted in the literature, and the
problems have been identified in various studies. The
impact of this situation on power systems has also been
investigated. Rahman et al. determined the optimal
switching positions to assess and manage voltage level
changes for different electrical devices, including
washing machines [22]. Torres et al. have developed a
new model for the potential power quahity assessment of
large-scale electric vehicle i into the
distribution network [23].

Rawa et al. conducted R

sdrements to
ics injected by
er modeling to
precisely measure
refrigerator, an ne [24]. Cicek et al.
harmonic analysis by
ntal electrical quantities of non-

t there is a significant harmonic
idential load current and voltage while

Djordjevic et al. conducted research on device load
momftoring based on harmonic analysis focusing on
fluorescent lamps, PC, and monitor devices [27]. Kit et al.
presented a new study that examines measurement results
and harmonic analysis of modern household appliances
under various voltage distortions [28]. Farooq et al.
evaluated the harmonic distortion caused by various non-
linear residential loads in distribution systems in their
research study [29]. Nikum et al. indicated that the total
harmonic distortion current component was measured to
determine the level of harmonic distortion in household
appliances such as laptops, power banks, mobile chargers,
and LED. They found that the power bank had the highest
THD, value [30]. Nassif et al., have created a database by
comparing the harmonic effects and phase angles of many
electrical appliances used in household settings, including
washing machines [31].

Power electronic devices play a vital role in most
industrial, commercial, and residential applications.
However, the nonlinearity of these power electronic
switches can lead to power quality issues [32]. Washing
machines, being equipped with both an electric motor
and power electronic components, fall into the category
of non-linear loads. As a result, it generates harmonic
currents due to the electric motor, and the electronic
circuit components produce harmonics during periodic
current switching. This results in voltage drops,
additional losses, and malfunctions of protection devices
in the electrical grid to which the washing machine is
connected [16,33]. Furthermore, it has been observed that



due to voltage fluctuations, the power consumption of
these devices with electric motors can increase by up to
10%, resulting in increased energy cost [34]. Harmonic
analysis is important in terms of addressing these issues
and designing filter circuits.
A washing machine consists primarily of an electric
motor and a heating resistor. The electric motor can be in
three different operating modes:

e  Off status

e Low-speed operation mode (washing)

e High-speed operation mode (spinning)
These three operating modes are not evenly distributed
throughout a normal washing cycle. Therefore, obtaining
harmonic characteristics for such machines is not easy.
Because it is heavily dependent on the operating mode as
well as the stage of the operating cycle [35]. Therefore,
in order to develop effective methods for minimizing
high harmonics in washing machines, it is important to
identify the problems caused by high harmonics in a
consumer network.
There are a limited number of studies in the literature that
specifically investigate the harmonic characteristics of
washing machines. However, washing machines, which
have an important position among essential household
appliances, account for approximately 10% of electricity
consumption in developed countries. In this context, both
having an electronic control board and an electric moto®
contribute to power quality issues. A study
conducted to determine the power consumption of th
washing machine at different spin speeds, investjga
the dependency of energy output on the
rotation speed [36]. In this context, the harmoni
during start-up and operation are importgnt and
on the power of the electric motor and
mode. Jacobs et al., investigated th
of a washing machine and anal

harmonic currents ge
operated on a 220
Descheemaeker €

machin
In this study; ments and analyses were conducted
on three differe§Pwashing machines that vary in terms of

production year and applied technology. A
comprehensive harmonic analysis was performed by
measuring the fundamental electrical parameters of
washing machines with different power levels while
operating under various temperature and program
settings. The study is based on measurements carried out
under real operating conditions, and the obtained results
were thoroughly analyzed and evaluated.

In this study, a comprehensive harmonic analysis is
conducted based on the measurement of fundamental
electrical quantities during the operation of different
washing machines with varying electrical powers,

temperatures, and programs. The analysis is performed to
understand the electrical behavior of the machines.
Results are analyzed using real measurements taken in an
actual working environment.

This article is organized into four different sections.
Section 2 presents a detailed description of the
methodology used in the study. Section 3 presents the
analysis results obtained in the study. Lastly, Section 4
presents the discussions of the obtained results and our
final conclusions.

2. METHODOLOGY

The main objective of this study is
harmonic characteristics of washing
different operating conditions a i
quality terms. The experignegtal
circuit connections for Measur

investigate the
chines under

Current
Clamp

Voltage
Probe
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Figure 1. Measurement setup

Three different types of washing machines produced at
different times (namely conventional, dynamic resistor-
based, and inverter-based) are examined in this study.
Power quality measurements are conducted using the
Fluke 435 Power Quality Analyzer for different
operating temperatures. The data obtained during the
experimental study was transferred from the Fluke device
to a computer for further analysis.

Comprehensive harmonic analyses are conducted by
extensively measuring the electrical quantities of the
washing machine. The measurements are performed
during the washing machine's commonly used washing
temperatures of 30°C, 40°C, and 60°C, as well as
throughout the duration of the washing program.

The washing program durations are selected to be very
close to each other for each temperature. During the
study, measurements are conducted for commonly used
power quality parameters such as Total Harmonic
Distortion of Current (THD,), Power Factor (PF), and
Cos(¢) values. The measurement results are analyzed
using MATLAB 2022b software. The characteristics of
the washing machines used in the experimental study are
given in Table 1.



Table 1. Technical specifications of the washing machines

Washing Vhom P Pmax  Spin Speed Load Capacity
Machine V) (W) (W) (rpm) (kg)
Type A 220-240 3000 3300 850 6
Type B 220-240 2000 2350 1000 7
Type C 220-240 2000 2300 1400 9

Washing machine A operates with a conventional
resistive heating element, washing machine B uses a
dynamic resistive heating system, and washing machine
C is equipped with an inverter-driven motor and heating
system.

Total Harmonic Distortion (THD) is an important
parameter that quantifies the amount of distortion present
in a real waveform and represents the impact of
harmonics on system disturbances. It is well known that
with increasing harmonic orders, the magnitude of
voltage and current tends to decrease, and after a certain
value, it can be neglected. THD; is shown in Eq. 1 [40].

NE+BE+E+ -+ 1

THD, = ; 1)
1

Here, |, represents the current value at the n-th harmoni
order, and I, represents the value of the current at e
fundamental frequency.

In calculating the power factor, Eq. 2 is used. H
power factor close to 1 indicates that the power
high.

PF = P
- S
The P (kW) in Eq. 2 represents thaactiwg p avhile S
(kVA) represents the apparent géwer, whisg are obtained

using Eq. 3 and Eq. 4 respegtivi

®)
(4)

he phase angles of the n-th
e harmonics respectively, Vims

voltage. The
respectively.

alues are given by Eq. 5 and Eq. 6

The analyses are performed using data collected at
intervals of 3 seconds. The data presented in the tables
and figures represent the average values of the
measurements taken throughout the measurement period.

Irmsz\/112+12?+132+---+1,% ®)
I/rmsz\/V12+V22+V32+“'+Vnz ©)
In addition to the towl (PF), the

represents the
the fundamental

components. Unlike the total power
does not consider harmonic distortion, making
gortant indicator of reactive power effects.

FSULTS AND DISCUSSION

e operation programs of the machines are recorded by
sampling the data every 3 seconds throughout the
operating time. Each washing machine exhibits similar
power variations for different temperature values. The
moments of maximum power consumption vary at
different times depending on the washing machine type.
The average THDI values of the current drawn from the
grid during an average one-hour operating period are
given in Table 2.

Table 2. Average THD Values of Current

Degree THD: THD, THD;

(°C) (Type A) (Type B) (Type C)
30 6.464828 18.639823 16.92995
40 6.697376 18.789273 2151431
60 6.375730 15.569237 18.27195

The time-dependent variation of the active power drawn
from the grid by the washing machines for different
washing temperatures are shown in Figure 2.
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The lowest TH value is observed in the Type C washing
machine during the 60-degree operating program. The
current harmonic spectra for each investigated
temperature value of the washing machines are shown in
Figure 3.

Type A is a conventional resistive washing machine
equipped with a resistance-based heating element and a
simple motor control system. In such systems, due to the
absence of switching elements and the relatively low

) s i L |

2000 2500 3000 3500 4000 4500
time(sec)
presence of nonlinear loads, certain harmonic

components, particularly the 3rd and 5th harmonics,
become more pronounced.

Type B features dynamic resistance control, which
adjusts the resistance value based on load conditions.
This system can help smooth the current waveform and
reduce the levels of low-frequency harmonics, such as
the 3rd harmonic.

Type C utilizes an inverter-controlled motor system,
which optimizes motor speed and energy consumption
using Pulse Width Modulation (PWM). This modulation
technique suppresses low-order harmonics (e.g., the 3rd
harmonic) while generating higher-frequency harmonic
components.
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Figure 3. Harmonic spectrure

It is clearly observed in Figure 3 that there are variatiaps

other current harmonic components.
When examining the harmonic spec

observed that the 5th current h
dominant compared to

g
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Harmonic Order

pe B, dynamic resistance adjustments, and in Type
erter-controlled drives lead to the attenuation of
these harmonic components.

Due to the harmonic currents drawn by the examined
three types of washing machines, the power factor and
cos(¢p) values differ from each other. The average values
of power factor and cos(¢) measured during the operation
of the washing machines are given in Table 3.

le 3. Average Power Factor and Cos () Values

Type A TypeB TypeC
) PF Cos ¢ PF Cos ¢ PF Cos ¢
0.6962 0.7284 0.4277 0.4870 0.6949 0.9370
0.7104 0.7297 0.4944 0.5477 0.7777 0.9483
)50 0.7243 0.7458 0.6356 0.6752 0.7951 0.9503
Upon examining all measurement values, it can be  When examining the THD, variations of A, B, and C

observed that as the washing temperature of the washing
machines increases, there is an increase in the power
factor and Cos(¢) values. In particular, it is clearly seen
that the Cos(¢p) value of the C type washing machine is
close to 1 for all temperature values.

types of washing machines, it is observed that the highest
values occur during the 40° washing program. Therefore,
the THD, variations during the 40° washing program for
all devices are shown in Figure 4.
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Figure 4. THD: Changes in 40 °C washing program

4. CONCLUSION

Power quality is one of the most important parameters that
ensure the smooth operation and efficient use of electrical
appliances in homes. Deviation from standard power
quality can lead to a range of issues, including higher
energy and maintenance costs, equipment instability, and
device damage. Washing machines consist of an electric
motor and an electronic control board that determines the
operating sequence of the motor. Therefore, they are
devices with non-linear load characteristics that
negatively affect power quality. In this study, a

comprehensive harmonic analysis of washing machinesg

which have significant power consumption amdfg
household appliances, is conducted under differe
operating conditions. The obtained results have
evaluated from different perspectives. T
measurements of harmonic components of

performed using a power analyzer:
harmonics, active and apparent powe

type washing machine at
Celsius. In addition, the

40 degrees

primarily wit eeg”’and power of the washing
machine. , it is known that washing
machin armonic distortion during their

operation,
harmonics gen d by washing machines and limit their
effects on the power grid within the limits of international
standards.

Although the A-type washing machine has the lowest
THD, value among the examined washing machines, its
THD, value varies continuously during operation. On the
other hand, the THD, variations of B and C type washing
mchines remain close to a constant value throughout the
operation.

This study provides an in-depth analysis of the harmonic
effects of different types of washing machines under real
operating conditions. The findings highlight the impact of
washing machine technology on power quality and
emphasize the need for harmonic mitigation strategies.

The originality of this re
evaluation of everyday
data collection and ana
different operational
harmonic emissions
apparent power,

Se

insight into how
machines affect

serve as a practical guide
designing devices with lower

explore the implementation of active
g barmonic filters to minimize the power

2y, extending the research to other nonlinear
gntial loads, such as refrigerators, air conditioners,
pesUishwashers, could provide a more comprehensive
understanding of power quality challenges in residential
electrical networks. Furthermore, investigating the long-
term effects of harmonic distortion on household
appliances and electrical infrastructure could offer
valuable insights for manufacturers and grid operators.
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