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Abstract: The proliferation of low-power consumer electronic appliances (LPCEAs) is on the rise in
smart homes in order to save energy. On the flip side, the current harmonics induced due to these
LPCEAs pollute low-voltage distribution systems’ (LVDSs’) supplies, leading to a poor power factor
(PF). Further, the energy meters in an LVDS do not measure both the total harmonic distortion (THD)
of the current and the PF, resulting in inaccurate billing for energy consumption. In addition, this
impacts the useful lifetime of LPCEAs. A PF that takes the harmonic distortion into account is called
the true power factor (TPF). It is imperative to measure it accurately. This article measures the TPF
using a four-term minimal sidelobe cosine-windowed enhanced dual-spectrum line interpolated
Fast Fourier Transform (FFT). The proposed method was used to measure the TPF with a National
Instruments cRIO-9082 real-time (RT) system, and four different LPCEAs in a smart home were
considered. The RT results exhibited that the TPF uniquely identified each usage pattern of the
LPCEAs and could use them to improve the TPF by suggesting an alternative usage pattern to the
consumer. A positive response behavior on the part of the consumer that is in their interest can
improve the power quality in a demand-side management application.

Keywords: demand-side management; low-power consumer electronic appliances; low-voltage
distribution system; non-intrusive identification of appliance usage patterns; power quality; smart
home; true power factor; total harmonic distortion

1. Introduction

Clean and affordable energy—Goal no. 7 of United Nations’ Sustainable Development
Goals (SDGs)—is targeted for achievement by 2030. Demand-side management (DSM)
plays a vital role in accomplishing this goal [1]. Clean energy is normally interpreted as
green energy that is generated with renewable non-fossil fuels to reduce climate pollution.
Interestingly, in its policies, the Government of India has articulated very well that both
green energy and electrical power quality (PQ) are essential and need to be in balance
without any ambiguity [2,3]. In this article, the authors consider the latter part of the
interpretation of clean electrical energy.

1.1. Perspectives on Demand-Side Management

Consumers must be cognizant of unnecessary consumption and conscious of not
polluting the power supply. To achieve the latter part of SDG 7—affordable energy—a wide
range of technologies, such as compact fluorescent lamps (CFLs) and light-emitting diode
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(LED) lamps, have been deployed on a large scale by all nations across the globe, including
India. This has led to indiscriminatory usage of consumer electronic appliances (smart
TVs, smart phones, smart fridges, etc.) and computers with SMPS. This pervasive usage of
low-power consumer electronic appliances (LPCEAs) is defeating the very purpose of SDG
7—clean energy with quality electric power. The traditional approach to DSM is primarily
focused on energy conservation, and improvements in the true power factor (TPF) could
effectively be achieved by way of a human-in-the-loop DSM [4]. The purpose of this paper
is to ensure affordable power and to ensure that LPCEAs do not cause issues of poor PQ in
low-voltage distribution system (LVDSs).

The PQ in an LVDS is multi-dimensional and includes both the current harmonics
and the power factor (PF). The ill effects of current harmonics have been discussed in
detail [5-7]. While current harmonics themselves are not healthy, they also result in a poor
PF due to the bidirectional exchange of reactive power between the source and the load.
The current harmonics and the poor PF negatively affect the accuracy of electricity meters
and the PQ of the distribution system’s supply [8-10]. The existing smart energy meters in
our distribution systems are not designed to measure the TPF and reactive power; hence,
they are not billed to the consumers. So, the need to bill consumers for poor PQ caused by
their behavior is not recognized, and hence, the requirement of compensation of reactive
power has gone unnoticed [11-13]. Therefore, the authors feel strongly that the DSM for
the PQ is the need of the hour, and serious attention is required in order to measure and
address issues of poor PQ in LVDSs and to meet SDG 7—affordable, clean, and quality
energy for all.

1.2. Non-Intrusive Monitoring of the Usage of Appliances

While homes use several electric and electronic appliances, the energy consumption
is measured at a single point of common coupling (PCC) of the supply mains from the
distribution system. Several techniques have been explored by various researchers since
G.W. Hart explored the idea of the disaggregation of electric loads and identified the usage
of individual appliances in order to prompt responsible energy consumption and healthy
consumer behavior [14]. A cooperative response from consumers to the insights from this
critical objective analysis will help in achieving the energy conservation targets set by the
United Nations. Hart’s work was performed at a time when energy availability was not
in abundance. With the advent of energy-efficient smart appliances, the average energy
consumption has come down significantly. Yang H. et al. articulated in detail that the DSM
in smart homes is focused on the PQ issues introduced by smart appliances, including
power savers, in addition to energy conservation [15]. Due to harmonics, the displacement
PF is not equal to the TPF. Because household appliances are considered to have low-power
consumer electronic loads, their effect on the PQ will be significant when too many of
them are in use [10]. The effects of harmonics on the displacement PF and %THD are not
additive, so it is not right to ignore the effects of harmonic distortion when metering energy
for both consumers and utilities [13].

A typical home uses multiple appliances at different times and for different durations,
thus forming different load patterns; their usage is uniform neither over a day nor over
a season. As a household might have numerous load points, there are unknown loads
that could be connected in open sockets, and several load patterns could possibly reach
an unwieldy number (factorial N; N is the number of loads, and some of the loads are
unknown), but in practice, they would usually follow a very small number of appliance
usage patterns. It is not common for a modern household to use single loads at any point
in time [5]. Therefore, it is clear that the focus of DSM should be on appliance usage
patterns (a combination of loads), and the usage of individual loads becomes irrelevant.
The recommendation to the consumer should be to switch from an appliance usage pattern
with a low PQ to an appliance usage pattern with a better PQ, thereby ensuring clean
power in the LVDS.
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1.3. Feature Selection for NILM

The harmonic interactions among several nonlinear appliances change the PQ indexes
significantly. For instance, the PFE, distortion factor (DF), and current THD are directly
impacted; these indexes influence the billing of the electrical energy depending on the ap-
pliance usage patterns. Therefore, from the perspective of PQ, a combination of appliances
that improve the PQ can determine the amount to be billed. Two different experiences
were cited: One suggested the use of fundamental signals (displacement factor) to calculate
the surplus of reactive power in electrical grids. Another suggested the use of the TPE. This
fact shows that this work is important for the industry in the discussion of the problems
caused by nonlinear appliances on electrical energy billing systems in order to rectify PQ
issues [12].

R. Gopinath et al. researched the development of robust NILM techniques for the
effective management of the energy of appliances in order to support reliable and sus-
tainable DSM [16]. A significant improvement in the system efficiency can be realized if
the improvement of the PF and the elimination of harmonics can be applied in the whole
network [17].

Therefore, the authors proposed the use of aggregated measures of the PQ, such as the
percentage of the total harmonic distortion (THD) and the TPF, in order to understand the
appliance usage patterns and for consumers to adapt to PQ-sensitive behaviors. Devarapalli
et al. discussed how the percentage THD can be applied in order to disaggregate load
patterns and to suggest appropriate load patterns, thus reducing the harmonic pollution
produced in the system [5].

This article presents the use of the TPF as a unique feature for identifying appliance
usage patterns and for helping consumers by providing them with insights in order to
switch from low-PF appliance usage patterns to high-PF appliance usage patterns and
to become responsible consumers. The schematic of the non-intrusive identification of
appliance usage patterns in smart homes with the TPF is depicted in Figure 1.
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Figure 1. Schematic of demand-side management with the non-intrusive identification of appliance
usage patterns in smart homes with the TPF.

1.4. The Major Contributions and Organization of the Article

e  TPF measurement of real-world LPCEAs as per the IEEE 1459-2010 standard [18]
by using the four-term minimal sidelobe cosine window (4MSCW)-based enhanced
dual-spectrum line interpolated FFT (EDSLIFFT).

Development of a virtual instrumentation-based measurement system for TPF measurements.
Recommendation of appliance patterns for improvement of the TPF and DSM by
using a lookup table in order to improve the utilization indexes of consumers.

This paper is organized into five sections; Section 2 describes the TPF measurement
method. Section 3 elaborates on the real-time measurement of the TPF with the 4AMCSW-
based EDSLIFFT in the NI-cRIO (compact reconfigurable input-output)-based virtual
instrumentation environment for various combinations of LPCEAs. Section 4 deliberates
on the results and demonstrates that the TPF is a reliable single feature for identifying
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appliances’ consumption patterns. Section 5 discusses the insights of the results, and
Section 6 concludes with a summary of the proposed research work.

2. Measurement of the TPF Using the Four-Term MSCW-Based EDSLIFFT

In this section, the measurement of the TPF by using the 4-term MSCW-based ED-
SLIFFT. The 4-term MSCW-based EDSLIFFT was proposed in [19] for the accurate estima-
tion of the harmonics of LPCEAs. In this article, it is further extended for the computation
of the TPF as per the IEEE 1459-2010 standard [18].

2.1. Overview of the Four-Term MSCW

Given the better main lobe, sidelobe, and sidelobe roll-off rate of the 4AMSCW and the
accuracy of the EDSLIFFT algorithm with the RT current harmonic signal analysis [19], they
are further extended to measure the TPF in real time. Initially, the 4-term MSCW-based
EDSLIFFT was used to measure the spectral amplitude and phase of an LPCEA’s harmonic
current signal. A brief overview of the 4AMSCW is given in the following.

The discrete-time 4-term MSCW is expressed as:

w(n) = ZZ_(}(—l)hahcos<M£m> forn=0,1,..., N—1 1)

where n denotes the sample index, N denotes the total number of samples, m represents
the window item index, M is the maximum window item number, and a;, denotes the
window coefficients.

The spectral window corresponding to the 4AMSCW is written as:

M-1 —j(n—m)(N=1) in(_ —jn(n+m)(N=1)

W _ ay | 2R sin(n—m)m Zjrnrm)IN=Y) - sin(n+m)
(7’1) - Z 2 |¢€ . (n—-m)m e N . (ntm)m
m=0 sm<7N ) sm<7N )

forn=0,1,..., N—-1

2

2.2. Processing with the 4MSCW-Based EDSLIFFT Algorithm

Generally, in digital signal processing, the harmonic signal is represented as [20]:

hmax

x(nTs) = x(t) = ) ,_, Apsin2rfynTs + ¢;) wheren =0,1, ..., N — 1 3)

where the signal amplitude is denoted as Ay, and the signal frequency and phase are
represented by f, and ¢;. The harmonic signal sampling time is denoted as Ts. The
harmonic order is denoted as h, which starts from 1 and reaches the maximum harmonic
order of hmax. The traditional FFT has the issue of spectral leakage due to non-synchronous
sampling because of the unstable fundamental frequency. To mitigate the spectral leakage
effect, the signal is weighted by window functions.
The mathematical representation of the windowed sample signal under non-synchronous

sampling is given as:

hmax
X(k) = h; ’;‘]’? {ef"’hW(kfkh) — ef<”}rW(k+kh)} (4)

wherek=0,1,..., (N — 1), W indicates the 4-term MSCW function, and kj, denotes the
division factor of the signal frequency and the frequency resolution, which is expressed as:

_ fuN
ky, = fi

where f; is the sampling frequency of the harmonic signal, I, is an integer value, and ¢},
(0 < ¢&j, <1) is the fractional part caused by the non-synchronous sampling. The spec-
tral line corresponding to the h;, harmonic lies between the two highest spectral lines—

=l +¢n %)
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explicitly, either the ey, and the (I, + 1) or the I, and the (I, — 1)". The value of
is determined by the peak location index search algorithm, and the fractional part ¢j, is
determined by using the EDSLIFFT algorithm, as shown in [19]. The computation process
of the EDSLIFFT algorithm using 4MSCW is illustrated in Figure 2.

-~

| X(kcn) |

ke N\ B2 3 I+
Lr=I ln=I+1
Frequency Bins

Figure 2. Computation process of the EDSLIFFT algorithm using 4MSCW.

The frequency spectrum expression used in the EDSLIFFT algorithm is given as follows:
Apr
X(0) = 5 [elWW(é‘h - kh)} foré, =0,1,..., N—1 ©)

The two spectral lines represent the 1" harmonic amplitude, and they are represented
by I1 and I (where Iy =1, I =1+ 1, I1 < kj <ljp). The peak locations of the harmonic
amplitudes are obtained by using the peak location index search method described in [19].

Consider y; = | X(I)| and y, = | X(I + 1) |; then, y; and y; are given as follows:

y1= [X(D] = [Ap]-[W Q@7 (I = k) /N| @)

ya = [X(I+ 1) = [Ap]- W27 ((I +1) — ky)/N]| ®)

The spectral amplitudes are determined with the least-square curve-fitting technique.
The symmetrical coefficient « is considered in terms of I, and kj, as follows:

& =kp—1I;; —05 for—05<a <05 9)
The even spectral lines in EDSLIFFT, y; and y,, are represented as:
y1 = |X(D] = [An]-[W(27r(~a +0.5)/N]| (10)

y2 = [X(I+1)| = [Ap[-[W(27(—a = 0.5)/N]| (11)

A symmetrical coefficient B in terms of « is considered in order to calculate the
harmonic parameters; the expression of §§ is as follows:

_ _ (y2—w1)
p=sl) = (y2+11) 12)

From Equations (10) and (11), 8 can be represented as:

_[W@nr(—a —05)/N)| — [W(2r(—a + 05)/N)]

p=gla)= [W(2r(—a+05)/N)| + [W(2r(—a —0.5)/N)] (19
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The value of & is determined with two maximum spectral lines and the fitting polyno-
mial ¢~ !(a). Thereby, the amplitude, frequency, and phase values of the given signal are
obtained based upon the following interpolated formulas:

ky=a+1+05 (14)
_ 2y,

A = W — k)] 1

fin = 16)

op = arg(X(I)) —arg [W(zn(ll\;kh)ﬂ + g (17)

An LPCEA’s input voltage, appliance current fundamental, and harmonic amplitudes
are computed by using Equations (15)—-(17). Under nonlinear loading conditions, it is
necessary to measure the fundamental and harmonic content accurately; the conventional
FFT has issues of spectral leakage and experiences the picket fence effect, and hence, the
4-term MSCW-based EDSLIFFT is adopted in this article. The measurement of the TPF by
using the fundamental and harmonic amplitudes is discussed in Section 2.3.

2.3. TPF Measurement as per the IEEE 1459-2010 Standard

After measuring the fundamental and harmonic amplitudes of the voltage and current
by using Equation (15) from the 4-term MSCW-based EDSLIFFT, the root mean square
(RMS) values of the voltage and current are determined as follows:

VRms = \/ Virms + Varums T Virums -+ Vienaxrus (18)

_/p 2 2 2
Irms = \/ Iirms + Lrms + Brus - -+ Dimaxrims (19)

The fundamental to higher-order harmonic voltages are represented by Virps, Varms,
VsrMmSs - -+ » Vimaxrms in Equation (18), and the fundamental and harmonic currents are
denoted as I1rps, Iorms, IsrMS, - - - » Inmaxrms in Equation (19). As per the IEEE 1459-2010
standard [18], the RMS of the voltage and current can be decomposed into fundamental
and harmonic components as follows:

hmax

2 2 2 2 2
Vims = Virms + Z VhRMS = Virms + Viirms (20)
h>1
2 2 hax 2 2 2
Ijms = Iirms + ) Tiraas = Tirms + liris (21)
h>1

One of the most significant parameters for efficient power consumption with a good
PQ is the PF. If the PF at the supply mains is at unity or close to unity, then it is designated
as having a high PQ. On the contrary, a low PF means that the system is operating with a
low efficiency and poor PQ. Under nonlinear appliance conditions, the PF is represented by
the TPF, which is computed from the distortion factor and displacement PF. The distortion
factor is determined from the current THD (THDy).

The voltage and current THDs are determined with the following equations:

LI Vi
THDy = ————— 22
v Virms 22)

i Reas
THD; = Y+—-——— 2
! IirMs @)
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The voltage THDy is negligible compared to the current THD}; hence, the current
THD is considered in the distortion factor computation, as given below:

DF = 1

v/ 14+THD? (24)

The displacement factor is determined as follows:

DPF = g (25)

where P represents the active power consumed by the LPCEAs and S denotes the to-
tal apparent power. The computation of the active, reactive, and apparent powers is
discussed below.

The active power consumption of the LPCEAs given as:

hmax

P = Virmshirms cos(01 — 61) + Y VirmsInrms cos(6; — 6;) (26)
h>1

The reactive power consumption of the LPCEAs is represented as:

hmax

Q = Virmshrms sin(61 — 61) + Y VirmsInrms sin(6, — &) (27)
h>1

Based on the definitions of the voltage and current RMS values as functions of their
fundamental and harmonic components, the total apparent power is expressed as:

§* = (VRMSIRJ\/IS)2 = (VlzRMS + VI%IRMS) (I%RMS + IIZLIRMS) (28)

Using Equation (8), the fundamental and non-fundamental components of the appar-
ent power are written as follows:

§* = <V12RM5112RM5) + (VlzRMslfz—IRMs) + (VIZJRMSI%RMS) + (VI%IRMSIIZJRMS) (29)

§* = (Virmshirms) + (VirmsInrms ) + (Virms irms)® + (VarmsInrms)® (30)
§* =St +5y (31)

s= /2 +% (32)

In Equation (31), Sy is the non-fundamental apparent power because of the occurrence
of harmonic frequencies in the voltage or current waveforms. The fundamental apparent
power S is represented by:

S1 = Virmslirms (33)

The non-fundamental apparent power has three distinct terms, as shown in Equation (34).

S3 = D} + D} + 5% (34)

The term D; denotes the current distortion power and comprises the fundamental
voltage (Virms) and the harmonic current (Igrps). It is determined as a function of the
fundamental apparent power (S1) and the current total harmonic distortion (THDj):

D; = VirmsIurms = S1(THDy) (35)
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Similarly, the voltage distortion power, Dy, encompasses the harmonic voltage (Virpms)
and the fundamental current (I1rpms):

Dy = Vurmslirms = S1(THDy) (36)

Eventually, the harmonic apparent power, Sy, is determined from both the voltage
and the current terms, and it contains the total harmonic distortion of the voltage and
current, as given below:

St = VurmsIurms = S1(THDy) (THDy) (37)

By substituting the active power given in Equation (26) and the total apparent power
represented in (33), the displacement power factor is computed by using Equation (26).
Then, the TPF is computed using the following equation:

TPF = DF x DPF (38)

Thus, the TPF is measured by using the 4-term MSCW-based EDLIFFT. The real-time
(RT) validation of the proposed method of TPF measurement for identifying appliance
usage patterns for DSM is presented in the next section.

3. Real-Time (RT) Measurement of the TPF

The real-time measurement of the TPF by using the 4-term MSCW-based EDSLIFFT
for non-intrusive appliance usage pattern identification for DSM is described in this section.
A compact reconfigurable input—output system (cRIO 9082)-based virtual instrumentation
testbed from National Instruments (NI) was developed in order to deploy the proposed
non-intrusive identification of appliance usage patterns. As per the authors’ observation,
it is prospective hardware for RT measurement of the TPF as per the requirements of
international standards, such as IEEE 1459 [18], 1159 [21], and IEC 61000-4-60 [22]. Table 1.
Summarizes the standards compliance of the proposed RT-based measurement method.

Table 1. Summary of the standards compliance of the proposed RT-based measurement method.

Standard Electrical Parameters Compliance

IEEE 1459-2010: Standard Definitions
for the Measurement of Electric

Instantaneous Power, Active
Power, Reactive Power, Apparent

Power Quantities Under Sinusoidal, . Yes
Non-Sinusoidal, Balanced, or power, Non-Active Power,

Unbalanced Conditions Voltage THD, Current THD, PF

IEEE .1159-2019: IEEE Recomrpended RMS voltage, RMS Current,

Practice for Monitoring Electric Frequenc Yes
Power Quality 4 Y

IEC 61000-4-60: Testing and Power Frequency, Flicker, Voltage
measurement techniques—power Magnitude, Unbalance, Yes
quality measurement methods Harmonics, Interharmonics

The NI-cRIO 9082 was equipped with a field-programmable gate array (FPGA) archi-
tecture, which was detailed in [23]. The voltage and current signals were acquired by the
NI-cRIO 9082 with the NI-9225 (voltage) [24] and NI-9227 (current) modules [25]. Then,
they were processed with the 4-term MSCW-based EDSLIFFT, which was deployed in a
LabVIEW-configured desktop computer system. The desktop computer was interfaced
with the NI-cRIO 9082 through a TCP/IP link, as depicted in Figure 3.



Energies 2021, 14, 4837

90f19

SMART HOME

Voltage Vi

— e ”n“mp e
Current measurement A0V, 90 B -

AC Supply ’
N 2 7
Desktop with I [ | ¥ !; )
NI-LabVIEW - - switch1 I| switch2 || guwirehs | Switch4 \l i
Real-Time LA ‘] \ ‘] \ i
_o. g l 'l C

— NI-¢RIO 5082 Data Acquisition System Tow Power Consumer Electronic Appliances under Test

Figure 3. Hardware/lab setup for the measurement of the TPFE.

CFLs, LEDs, exhaust fans, and SMPSs of personal computers are the LPCEAs that
are most commonly used by consumers in developing countries; they were used here
to showcase the severity of the problem for the readers, as every home that uses these
appliances knowingly or unknowingly causes harmonic pollution.

The measurement hardware was coupled at the single-phase 230 V, 50 Hz utility
supply mains for the TPF measurements. These TPF values were used for non-intrusive
identification of appliance usage patterns. This non-intrusive appliance usage pattern
identification approach took advantage of signal processing to reduce the hardware effort
associated with systems intended for the identification of intrusive appliances with multiple
dedicated sensors.

The TPFs of the different appliance usage patterns were measured by turning the
connected appliances on or off, as shown in Figure 2. The detailed flowchart of the non-
intrusive identification of appliance usage patterns with the TPF is shown in Figure 4.

Acquire the supply voltage and load current from supply
mains using NI-cRIO 9082 data acquisition system

l

Compute the TPF using 4-term minimal sidelobe cosine
window based dual-spectrum line interpolation algorithm in
NI-LabVIEW virtual instrumentation environment as
discussed in Section 2

!

Identify the appliances patterns as per their TPF values

l

Recommend the preferred appliance patterns to improve the
TPF as per Table 3

Figure 4. Flowchart for the non-intrusive identification of appliance usage patterns with the TPF.

4. RT Results

The supply voltage and appliance current waveforms acquired with the NI-cRIO 9082
for various real-world appliance combinations are illustrated in Figures 5-8. The RT values
of the average TPF, active, reactive, and apparent power, and percentage THD over 24 h
that were obtained from NI-cRIO at 50 kS/s are tabulated in Tables 2 and 3. The figures
depict the phase differences between the input voltage and the harmonic current. The RT
data values for P, QQ, S, S1, SN, TPF, and %THD were observed and are tabulated in Table 4.
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Figure 5. The voltage and current waveforms of a single real-world appliance: (a) CFL, (b) LED, (c) exhaust fan, and (d)

SMPS of a PC.

Table 2. TPFs for all 15 appliance patterns in real time.

S.No Combinations of Different Appliances CODE TPF
1 CFL 1000 0.59887
2 LED 0100 0.92228
3 Exhaust Fan 0010 0.97801
4 SMPS of PC 0001 0.69738
5 CFL + LED 1100 0.63145
6 CFL + Exhaust Fan 1010 0.75781
7 CFL + SMPS of a PC 1001 0.64612
8 LED + Exhaust Fan 0110 0.97925
9 LED + SMPS of a PC 0101 0.72841
10 Exhaust FAN + SMPS of a PC 0011 0.84232
11 CFL + LED + Exhaust Fan 1110 0.77422
12 CFL + LED + SMPS of a PC 1101 0.66289
13 LED + Exhaust Fan + SMPS of a PC 0111 0.85390
14 CFL + Exhaust Fan + SMPS of a PC 1011 0.73836
15 CFL + LED + Exhaust Fan + SMPS of a PC 1111 0.74947
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Figure 6. The voltage and current waveforms of combinations of two real-world appliances: (a) CFL and LED; (b) CFL and
exhaust fan; (c) CFL and SMPS of a PC; (d) LED and exhaust fan; (e) LED and SMPS of a PC; (f) exhaust fan and SMPS

of a PC.
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The combinations of two real-world appliances were observed by turning on the

combinations of the different two appliances. The voltage and current waveforms of the
combinations of the two real-world appliances acquired with the NI-cRIO 9082 are depicted

in Figure 6.
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Figure 7. The voltage and current waveforms of combinations of three real-world appliances: (a) CFL + LED + exhaust fan;
(b) CFL + LED + SMPS of a PC; (¢) LED + exhaust fan + SMPS of a PC; (d) CFL + exhaust fan + SMPS of a PC.

The combinations of three real-world appliances were examined by turning on the
combinations of three appliances; the corresponding voltage and current waveforms of the
CFL, LED, exhaust fan, and SMPS of a PC are illustrated in Figure 7.
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Figure 8. The voltage and current waveforms of the combination of the four real-world appliances:
CFL + LED + exhaust fan + SMPS of a PC.
The voltage and current waveforms when all of the appliances were turned on are

depicted in Figure 8.
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Pertaining to the TPF values obtained from the operation of a single appliance to the
operation of all four appliances, all were unique. Therefore, the TPF can be effectively used
to identify appliance usage patterns. The TPFs measured with the four-term MSCW-based
EDSLIFFT in the RT NI-cRIO 9082 system environment are depicted in Figure 4 and are
tabulated in Table 2.

The performance of the experimentation demonstrated that the TPF could be uniquely
identified for all combinations of the appliances. The standard deviation of the TPFs
indicated that they were all unique and different. Hence, is the TPF can be used as a key
feature of a lookup table in order to discern the appliances being operated.

Table 3. Actionable insights for DR management using the TPE.

Actionable Insights and Benefits

Demand Response Benefits

S.No CODE TPF Actionable Insights S.No CODE TPF Change in TPF%
1 1000 0.59887 Turn off CFL 2 0100 0.92228 —54.0033
2 0100 0.92228 NR'! NR 0100 0.92228 0
3 0010 0.97801 NR NR 0010 0.97801 0
4 0001 0.69738 Turn off LED for daytime 9 0001 0.72841 —4.4495
5 1100 0.63145 Turn off CFL 2 0100 0.92228 —46.0574
6 1010 0.75781 Turn off CFL 8 0110 0.97925 —29.2210
7 1001 0.64612 Turn off CFL for daytime 9 0001 0.72841 —12.7360
8 0110 0.97925 Turn off LED for daytime 3 0010 0.97801 0.1266
9 0101 0.72841 NR NR 0101 0.72841 0
10 0011 0.84232 NR NR 0011 0.84232 0
11 1110 0.77422 Turn off CFL 8 0110 0.97925 —26.4821
12 1101 0.66289 Turn off CFL 9 0101 0.72841 —9.8839
13 0111 0.85390 Turn off LED for daytime 10 0010 0.84232 1.3561
14 1101 0.73836 Turn off CFL 13 0111 0.85390 —15.6481
15 1111 0.74947 Turn off CFL 13 0111 0.85390 —13.9338

Standard Deviation 0.1214 Standard Deviation 0.099

1 NR = No recommendation.

The TPF variations of the appliance usage patterns according to demand are depicted
in Figure 9a. The load patterns 1,4, 5, 6,7, 9, 12, 14, and 15 are in the region of poor TPF
values. The TPFs of the appliance usage patterns after executing the recommendations
given by the actionable insights in Table 3 are illustrated in Figure 9b, which demonstrates
the improvement of the TPFE. Further, it is necessary to adopt mitigation devices in order to
improve the TPF as per the requirements of the IEEE 519-2014 standard [26].

DEMAND RESPONSE
1:2 1.2
Good True Power Factor Region 1 Good True Power Factor Region
E & @ —ea P A 2N
08 » / 08 - NIV ‘ a8
By - ) ™ T >— I ] ] [ @
25 0.6 @ i L ¢ & 06
= Poor True Power Factor Region ; Poor True Power Factor Region
04 = 04
0.2 0.2
0 0
1 3 5 7 9 1 13 15 1 3 5 7 9 11 13 15
Appliance Pattern Appliance Pattern

(a) (b)

Figure 9. The TPFs of appliance usage patterns according to: (a) demand; (b) responses to the insights.
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Table 4. Actionable insights for the improvement of the utilization index.

Actionable Insights and Benefits

Demand Response Benefits
SNo CODE P (Watts) Q(VARs) S(VAs) S;(VAs) Sy (VAs) IE;‘:;Z';“;‘;‘/‘S SNo CODE P (Watts) Q(VARs) S(VAs) Si/S Uti/i’if:}[;‘:f‘l’;gex
1 1000  89.5377  —29.0642  149.51 941348 116165 0.6296 2 0100 874502  —3.1848 948195 09815 35.8531
2 0100 874502  —3.1848 948195  9.30684 1.8162 0.9815 NR 0100 874502  —3.1848 948195  0.9815 0
3 0010  51.0239  —0.0008 521708  51.0239 10.882 0.9780 NR 0010 510239  —00008 521708  0.9780 0
4 0001 802522 260488 115076 843726  78.2664 0.7331 9 0001 889952  —29233 122176  0.7666 4.3703
5 1100 982871  —32.2501  155.651 103.447  116.3270 0.6646 2 0100 874502  —3.1848 948195 09815 32.2887
6 1010 140558  —29.0638  185.479 14353 117.481 0.7738 8 0110 597686  —3.18542 61.0348  0.9806 21.0892
7 1001  169.803  —55.1164  262.805 178522 192914 0.6792 9 0001 889952  —29233 122176  0.7666 11.3999
8 0110 597686  —3.18542  61.0348  59.8534 11.953 0.9806 3 0010 510239  —0.0008 521708  0.9780 —0.2686
9 0101 889952  —29233  122.176 93.672 78.446 0.7666 NR 0101 889952  —29233 122176  0.7666 0
10 0011 131274  —26.0482  155.847  133.832 79.868 0.8587 NR 0011 131274  —26.0482 155847  0.8587 0
1 1110 149305  —322485  192.844 152747  117.728 0.7920 8 0110  59.7686  —3.18542 61.0348  0.9806 19.2290
12 1101 178533  —582972 269323  187.807  193.052 0.6973 9 0101 889952  —29233 122176  0.7666 9.0475
13 0111 140016  —292325 163971 143.034  80.1773 0.8723 10 0010 131274  —26.0482 155847  0.8587 —1.5806
14 1101 220819  —55.1134  299.063 227.59 194.049 0.7610 13 0111 140016  —292325 163971  0.8723 12.7595
15 1111 229565  —582983 306302  236.849 194.263 0.7732 13 0111 140016  —292325 163971  0.8723 11.3560

NR = No recommendation.
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The actionable insights for DR management are tabulated in Table 3, which establishes

the opportunity to improve the TPFs in smart homes. Utilities can benefit from the reduced
malfunctioning of the equipment in their distribution systems, and consumers can benefit
from the enhanced lifetimes of their LPCEAs.

5. Discussion

This section discusses the analysis of the results and the scope of future research.

5.1. Analysis of the Results

The harmonics are non-additive, and the cumulative TPF takes both the inductive and
capacitive factors of various appliance combinations into consideration.

Individual PFs are of no consequence, and the TPF is the value to consider in order
to compare the impacts of appliance usage patterns with the impacts of individual
appliances, as in our article. Therefore, the TPFs of appliance combinations are
nonlinear, making the appliance patterns in use uniquely identifiable.

The TPF can be improved by selecting alternative appliance patterns, as suggested in
Table 4.

Highly nonlinear appliances, such as CFLs, SMPSs, and their combinations, consume
more reactive power, which results in a poor TPF.

The standard deviation of the TPF from the experimental results was 0.1271 for
the demand, and it was reduced to 0.099 according to the recommended consumer
responses. Thus, the consumer utilization index improved, as illustrated in Table 4,
and the quality of the power was enhanced.

According to the results, it is necessary to adopt current harmonic mitigation devices,
such as active power filters and PF correction devices in LVDSs, in order to minimize
the malfunctioning of the utility equipment, such as failures of the transformers, false
tripping of the circuit breakers, etc., as well as to safeguard LPCEAs from overheating.
It is necessary to develop smart energy meters in order to measure the THD and TPF
and to recommend PQ-sensitive measures, with a provision in the power tariffs for
better consumer behavior.

The quantitative metrics tabulated in Table 5 demonstrate the efficacy of the proposed

deterministic method over non-deterministic methods.

Table 5. Quantitative metrics for the non-intrusive identification of appliance usage patterns in comparison with those of

statistical methods.

Quantitative Metric Category Quantitative Metrics TPF Statistical Methods
Feature Sampling rate Medium High
Method Process of Execution Experimental Empirical
Accuracy Disaggregation percentage (D) 100 <100
Disaggregation Error (DE) 0 >0
Precision(P)—TP 1 /(TP + FP 2) 1 <1
Recall (R)—TP/TP + FN 1 <1
Accuracy = (TP + TN 3)/(TP + TN + FP + EN'4) 1 <1
F-measure (f1) 2 x P x R/(P + R) 1 <1
Training User interface Simple Complex
Real-Time Implementation Deployment capability High Low
Scalability Pace of deployment High Low
Identification Factor The standard deviation of the TPF 0.1271 NA
Generalization Generalization over unseen homes High Medium

LTP = true positive; 2 FP = false positive; 3 TN = true; ¢ EN = false negative.
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5.2. Future Research

This paper offers a simple way of identifying appliance usage patterns, but there are a
few challenges before taking this concept to market. The authors propose the following as
the scope for future research.

e A smart home may have very sophisticated appliances that could be programmed and
operated remotely or controlled through a mobile application. How demand-response
systems can take advantage of appropriate communication is of practical interest
to explore.

e  The physical/thermal characteristics of electronic appliances may change over time
and may, in turn, change the THD and TPF values. The accommodation of these
adaptabilities in the demand-side management systems must be considered.

e The compensation of the reactive power must be studied so that a power factor at
unity can be achieved at all times and all nodes in a distribution system.

6. Conclusions

The goal of this research was to save energy with good PQ in order to meet SDG
7. Due to the huge penetration of LPCEAs and their resultant current THD, the TPFs in
LVDSs are poor, and consequently, the energy efficiency and PQ are heavily deteriorated.
In LVDSs, poor PFs and LPCEAs are not penalized, which results in losses to the DISCOMs.
This article illustrated a deterministic approach that uses the TPF in order to identify
the consumption patterns of LPCEAs by using the 4-term MSCW-based EDSLIFFT in a
virtual instrumentation environment for various combinations of LPCEAs in real time.
It was depicted that the TPF values could be used to effectively identify various LPCEA
combinations. This method of the non-intrusive identification of appliance usage patterns
is essential for responsible electricity consumption with TPF that are close to unity. It is
necessary to streamline the tariff structure based on the PQ. It is also necessary to mandate
the correction of the PF to maintain PF that is at unity in an LVDS as per CEA regulations
(2010) and to holistically comply with SDG 7. The standard deviation of the TPF is impres-
sive, but is not sufficient to comply with the IEEE 519-2014 standard, which requires the
installation of compensation devices in LVDSs when appropriate. The actionable insights
recommended in this article highlight the reduction in the active power consumption and
kVA requirement; they also demonstrate the improvements in the consumer utilization
index. The Republic of India does not specify requirements for domestic requirements
at the 230 V level, and hence, no PF penalties are imposed. Hence, the TPF is not even a
concern of consumers at this moment. This work intends to highlight the deficiencies in
the distribution system that must be fixed.
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Nomenclature

n Sample index

m Window item index

M Maximum window item number

h Harmonic order

hmax Maximum harmonic order

ay, Minimal sidelobe cosine window (MSCW) coefficients
144 Four-term MSCW function

N Total number of samples

Ts Sampling time

t Time period

Ay, Amplitude of the hy, harmonic component

fn Frequency of the /i, harmonic component

on Phase of the hy, harmonic component

k Four-term MSCW sample points (k=0,1,... ,N — 1)
ky, Division factor of signal frequency

fs Sampling frequency

I Integer value of greatest spectral line

Ch Fraction part of greatest spectral line

I Spectral line 1 representing the ht" harmonic amplitude
Iy Spectral line 2 representing the 1 harmonic amplitude
I Spectral line peak index location value

n Amplitude of the spectral line 1

Y2 Amplitude of the spectral line 2

o Symmetrical coefficient 1

B Symmetrical coefficient 2

VrMms Total input voltage RMS value

Irms Total load current RMS value

Virms  Input fundamental Voltage RMS value
Virms ht" order harmonic voltage RMS value
Lirums Load fundamental current RMS value
Inrms ht" order harmonic load current RMS value

P Active power consumed by the LPCEAs

Q Reactive power consumed by the LPCEAs
01 Fundamental voltage phase angle

o1 Fundamental load current phase angle

0y, h" order harmonic voltage phase angle

o " order harmonic load current phase angle

Vhyrpms ~ Summation of all of the harmonic voltages
Igrms ~ Summation of all of the harmonic currents

S Apparent power

Sq Fundamental apparent power component

SN Non-fundamental apparent power component
Dy Current distortion power

Dy Voltage distortion power

Sy Harmonic apparent power

THDy  Voltage total harmonic distortion
THD; Current total harmonic distortion
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Abbreviations
CEA Central Electricity Authority
CFL Compact fluorescent lamp
¢-RIO Compact reconfigurable input-output
DF Distortion factor
DPF Displacement power factor
DR Demand response
DSM Demand-side management

DSICOMs  Distribution companies
EDSLIFFT  Enhanced dual-spectrum line interpolated FFT

FFT Fast Fourier transform
FPGA Field-programmable gate array
IEEE Institute of Electrical and Electronics Engineers
LED Light-emitting diode
LPCEA Low-power consumer electronic appliance
LVDS Low-voltage distribution system
MSCW Minimal sidelobe cosine window
NI National Instruments
NILM Non-intrusive load monitoring
PC Personal computer
PCC Point of common coupling
PF Power factor
PQ Power quality
RMS Root mean square
RT Real time
SDG 7 Sustainable Development Goal 7
SMPS Switch-mode power supply
THD Total harmonic distortion
TPF True power factor
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