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An innovative technique has been proposed for determining the position and characteristics of harmonic generating resources in a
distribution system.,e proposed methodology is primarily based on the wavelet decomposition of power signals on the factor of
dimension. Detail power or harmonic power calculation at level 1 reduces the computational burden of the algorithm. ,e
distinguishing harmonics concept can be used to detect a harmonic generating source from the distribution network. ,e
sampling frequency is chosen so that the appropriate harmonic data are captured at level 1 and the pseudo-frequency of the
wavelet decomposition at first level is close to the characteristic frequency of the load. ,e proposed method has been applied in
different types of distribution systems to check its validity.

1. Introduction

In today’s world, preserving the appropriate quality of
voltage and current waveforms in the distribution system of
the power system network has become a major challenge.
,e identification of participants closer to harmonic pol-
lutants has become important; since the creation of
deregulated power systems framework, the supplier of
harmonics to an otherwise sinusoidal power system may be
penalized and/or proper corrective measures may be ini-
tiated. In the recent times, issues related to the power
quality, especially the identification of the sources for
harmonic problems, have emerged as an integral topic for
the power system researchers. Various methodologies for
the detection of the harmonic source can be found in Refs.
[1,2]. ,e approaches stated by most of the researchers in
this field mainly deals with the development of the ,e-
venin or Norton equivalents that take into account the
loads and sources, as well as the active nonactive power
flows associated with the harmonics are also considered at
the point of measurements. Authors of Ref. [3] discussed

about the three major aspects pertaining to disturbance
emission: (a) the location of disturbance sources, (b) the
differentiation between the network and customer con-
tribution to the emission level, and (c) the evaluation or
assessment of the individual emission levels. ,is report
focuses primarily on the final component. Experience with
the application of emission level assessment guidelines in
the context of postconnection investigations in order to
determine whether the actual disturbance emission levels
of a given installation conform to the IEC/TR limits or not.
In Ref. [4] multichannel data acquisition systems and
commercially available digital signal processing software
packages are used to enable the determination of harmonic
power flow. ,e authors explain how data from a typical
acquisition system can be processed using the fast Fourier
transform and also discuss potential errors (such as those
caused by leakage) and how to avoid them using techniques
such as skew correction and windowing. Presented are
guidelines for the practical application of the transform in
the analysis of measured data. ,e analysis method was
successfully applied to data collected at a traction (railway
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supply) substation with a sixth-harmonic resonance caused
by the interaction of a harmonic filter and the sole supply
system.

,e ever-increasing number and power of polluting
loads (nonlinear, time-varying loads) connected to the
electric power network causes a significant distortion in the
line current, as their combined power is no longer negligible
in comparison to the network power, and also some dis-
tortion is seen in the line voltage.,is degrades the quality of
the electric power, which may disturb other connected loads.
,e availability of an instrument capable of quantifying the
degradation of power quality due to harmonic distortion
helps in determining whether or not this degradation is
caused by a polluting load connected after the metering
section and also in quantifying whether the effects of such a
load is crucial for the proper operation of the electric power
system. ,is paper [5] proposes a measurement method for
identifying the source of pollution in a three-phase power
system based on the evaluation of the harmonic powers. In
order to quantify the electric power quality and the
degrading effects of a polluting load, a number of parameters
are also defined. A virtual instrument-realized digital in-
strument for implementing and experimentally validating
the proposed method is also described. ,e precision of
measurements is discussed in Ref. [5]. In a study [6], the
authors have proposed a method for quantifying the dis-
tortion caused by a single customer in a network with
multiple customers. ,ey have described a technique for
isolating the customer and supplier contributions to
waveform distortion. ,e measurements of voltage and
current at a single point are sufficient.,is strategy is helpful
in determining equitable methods for resolving customer
complaints, such as sharing the cost of waveform distortion
via rate structures or penalties.

In power quality, researchers suffered from the drawback
that the sign of the harmonic power may be erroneous
because of the near 90° phase shift between the harmonic
voltage and currents. ,is problem has been addressed in
Ref. [7], and a corrective solution related to the problem has
been developed in which the determination of the harmonic
power sign has been determined based on the time domain
approach. ,e developed approach in their research has
successfully identified the source of harmonics. Approaches
that are based on the determination and measurements of
nonactive power components do not involve the conducting
of spectrum analysis of system voltage and current signal
and therefore just require a basic measuring framework
[8–11].

,e authors of Refs. [12,13] proposed a methodology
which is based on ,evenin/Norton equivalent of the input
and output at each harmonic frequency, which makes this
approach extremely time consuming to implement. A
critical impedance approach was established in Ref. [14] to
detect the principal source of harmonics by evaluating the
magnitudes of harmonic voltage sources. ,is approach is
also based in the computation of the ,evenin equivalents.

It is also difficult to divide the loads by categorizing them
into the section of conforming and nonconforming com-
ponents [15]. Additionally, these approaches categorize

linear capacitive load with the nonlinear load which seems to
be irrational. Summarizing, nonactive power-basedmethods
may fail to identify whether the network or the loads are the
contributors of harmonic at the threshold value of the in-
dicator. ,ese methods also fail to recognize the weak
harmonic source [16].

Techniques that deal with the detection of total harmonic
distortion (THD) is unable to ascertain the source of har-
monic distortion effectively because they lack proper anal-
ysis of the phase angle deviation associated with the source of
harmonics [17].

,e power components involved in this field of research
has been designated for sinusoidal current and voltage
waveforms which have been found to be inadequate in
depicting and portraying the system's operation under
nonsinusoidal operating conditions. ,us, in Ref. [18], this
inability has been eradicated with the illustration of new
power components. ,e newly defined power component
has been reformulated and specified with the utilization of
the wavelet transform [19–22]. ,e present paper employs
this wavelet-based power component to identify the location
and type of the electrical component producing the har-
monics. In Ref. [23], the authors have utilized the discrete
wavelet transform to develop a method for the identification
of the harmonic source. ,e proposed method in their re-
search work portrays the computation of the detail power at
the first level. ,e detail power basically extracts the har-
monic power of frequency, dependent on the sampling
frequency analysis in association with the analysis of the
central frequency of the mother wavelet. ,e direction of
flow of the detail power has been incorporated for the
harmonic source location confirmation in reference to the
measurement site. When there are many harmonic sources,
the proposed method has been used to identify the domi-
nating harmonic source. ,e paper[24] presented a novel
transmission line approach.

,e computer study of variational inequalities using a
mean extra-gradient technique was given in Ref. [25]. ,e
authors of Ref. [26] execute resource orchestration for
cloud-edge-based smart grid fault detection.,e data-driven
dynamic harmonic model for contemporary home appli-
ances was presented by the authors in Ref. [27]. ,e review
of deep learning techniques used in frequency analysis and
regulation of contemporary power systems was offered by
the authors in Ref. [28]. ,e estimate of the probabilistic
energy flow for the regional integrated energy system taking
into account cross-system failures was given in Ref. [29].,e
distributed model predictive control was suggested by the
authors in Ref. [30] to use reactive power vehicles to the grid
for real-time voltage adjustment in distribution networks.
,e characterization inference using joint optimization of
multilayer semantics and deep fusion matching network was
suggested by the authors in Ref. [31]. Based on a dynamic
game strategy, writers in Ref. [32] devised voltage regulation
using electric taxis. ,e domestic power load scenario
forecast using a transferable flow generation model was
given in Ref. [33]. In Ref. [34], authors presented the ex-
perimental set-up for the identification of power quality
problems in the energy network interfaced with the
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photovoltaic system. In Ref. [35], authors utilized the
S-transform depended decision tree technique for the
identification of complex power quality problems.

In Ref. [36], authors presented the novel technique to
locate and find the type of the harmonics, generated in the
distribution network. For that purpose, authors utilized the
wavelet decomposition of current and voltage waveforms.
For that purpose, loads which generated the harmonics are
identified by extracting its characterizing harmonics. ,e
characteristic frequency of the load serves as the pseudo-
frequency for the wavelet decomposition at level 1, and the
sampling frequency is selected in a way that allows for the
extraction of the necessary harmonic information at level 1.

,e basis of boundary protection is the detection of
distinct frequency bands for the transient fault. ,e wavelet
transform with db6 as the mother wavelet is utilized to
capture two frequency bands from a transient current signal.
,e spectral energies of these two bands are extracted and
utilized in order to determine whether the fault is located
within or outside the protected zone. In Ref. [37], a hybrid
time-frequency analysis method is presented that was de-
veloped specifically to decompose the time-varying har-
monic subgroups and interharmonics of electric arc furnace
(EAF) currents.,e primary objective is accurate perception
of harmonics and interharmonics in cases of rapid voltage or
current changes or power quality (PQ) events. Using discrete
wavelet transform (DWT), which provides time-localization
for highly time-varying signals, it has been possible to detect
harmonic and interharmonic frequencies. Although DWT
produces accurate spectral decomposition at low frequen-
cies, particularly at the baseband, as the bandwidths of the
band-pass filters increase, the accuracy decreases at higher
frequencies. To circumvent this issue, power signals are
modulated with complex exponential waveforms, which
corresponds to shifting the required harmonic subband
contents to the baseband, where the DWT’s accuracy is
optimal.

,e purpose of the proposed research work in this
manuscript is to determine the nature of the harmonic
source that occurs in radial and nonradial framework. ,e
harmonic sources were identified by taking into account the
source signal’s harmonic nature. ,e signal was sampled at
the optimum frequency depending on the frequency to be
recorded, which was then used to acquire the detail power or
harmonic power at the first level of wavelet decomposition.
,e theoretical framework and backdrop of the suggested
technique are presented initially in this publication. ,e
method for identifying harmonic sources is then discussed,
and the methodology is supported by a one-of-a-kind case
study.

Major contributions in this paper are (i) harmonic
source identification based on their characteristics fre-
quency, (ii) denoising of signal, (iii) selection of sampling
frequency, (iv) introduced concept of frequency band to
extract the signature of harmonic generating sources, (v)
application of the proposed algorithm in different types of
distribution systems to check its validity, and (vi) normal-
ized entropy concept implementation. ,e direction of the
fundamental active power flow is considered as the reference

direction. ,e direction of the detail active power is con-
sidered to be positive if it is the same as that of the fun-
damental active power flow. ,at means in case of positive
detail active power, the source of harmonic is in the up-
stream side (from where the active power comes) of the
measurement point, and for negative detail active power, the
harmonic source is in the downstream side (where the active
power flows from the point of measurement) of the mea-
suring point. ,e detail power at level 1, i.e., Pdet1 at a
particular node decides whether the source of harmonic
pollution is located upstream or downstream with respect to
the point of measurement.

In order to facilitate the identification of the harmonic
contributing source in a power network, a new method to
identify the location and nature of the harmonic generating
sources in a distribution system has been proposed in this
paper. ,e method is based on the wavelet decomposition of
the voltage and current signals at the point of measurement.
Detail active power at level 1 of wavelet decomposition has
been used. A harmonic generating load is identified by
extracting its characterizing harmonics in the power system
signals. ,e pseudo-frequency for the wavelet decomposi-
tion at level 1 is set at the characteristic frequency of the load,
and the sampling frequency is so chosen that the desired
harmonic information is extracted in detail at level 1. Power
systems signals are however captured at a higher sampling
frequency. For the identification of the disturbing source, the
required sampling frequency for level one decomposition is
obtained using the down sampling on the captured data.,e
applicability of the method has been demonstrated for both
radial and nonradial power system networks.

2. The Proposed Methodology

2.1. Background. In Ref. [23], the authors have formulated a
new approach for the harmonic source identification in the
power system framework that deals with the wavelet
transform. ,e approach has been inspired by the active
power harmonic analysis based on the analysis of detail or
harmonic active power in the wavelet domain [20].

Based on the discrete wavelet transform (DWT), the
mathematical representation of the active power P can be
represented as

P �
1
T


T

0
v(t) · i(t)dt, (1)

where P can be segregated into components, which are
approximate (Papp) and detail power (Pdetj). ,us, P can be
represented as

P � Papp + Pdetj, (2)

where

Papp �
1
T

 Cjo,kCjo,k
′, (3)

Pdetj �
1
T


j≥ j0


k

dj,k
′dj,k. (4)
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,e DWTcoefficients related to the current and voltages are
denoted as Cj0,k, C’jo,k, respectively, corresponding to the
scaling level j0 and the level of wavelet decomposition and is
denoted as j. dj,k, d/j,k represented in Ref. (4) resembles the
DWT coefficient for current and voltage, respectively, at kth
sample. In Refs. (5) and (6), the RMS values of the voltage
and current signals corresponding to specific frequency
band are marked as Vj and Ij which resembled the detailed
voltage (Vdet) and detailed current (Idet), respectively:

Vdetj �
1
��
T

√

��������


j≥ j0


k

d′


(5)

Idetj �
1
��
T

√

�������


j≥ j0


k

d



, (6)

Cj0,k
′ � v(t), φjj0,k,

dj0,k
′ � v(t), φjj0,k,

(7)

Cj0,k � i(t), φjj0,k,

dj0,k � i(t), φjj0,k.
(8)

In Equations (7) and (8), and the scaling function is
represented as φj0,k, and ψj,k represents the wavelet basis
function [20].

,e formula for detail active power at level 1 is given in
eq. (9) as Pdet1:

Pdetj �
1
T


j≥ j0


k

d1,k
′d1,k. (9)

In Equation (9), the DWT coefficient for current is
represented as d1,k and for voltage is represented as d/1,k
corresponding to the 1st decomposition level and kth sample.

P det1 resembles the detail active power at level 1, which is
associated to a specified node that determines whether the
location of the source of harmonic pollution is located at the
downstream or upstream considering the node as the ref-
erence. At a specific point within the considered system, if
the value of Pdet1 is positive, then it signifies that the har-
monic power has been received from the upstream side with
respect to the point of measurement. Similarly, when the
value of Pdet1 resembles a negative sign, then it is considered
that the harmonic power is obtained from the downstream
side. In the case when there is more than one harmonic
source present, then a conflicting situation arises. In such a
scenario, the identification of the stronger harmonic source
is done by determining the pollution power (DP) level of the
source. ,e source which is highlighting higher value of DP
is treated as the dominant supplier of harmonics. ,e
dominant source of harmonic pollution location can be
determined taking into consideration the signs of the detail
power for the scenario when single nonlinear load or more
than one nonlinear loads are present.

2.2. Specific Harmonic Source Identification Based on the
Selection of Signature Harmonic Frequency. In general, the
source’s characteristic harmonic information is utilized as

the fundamental concept of governing the detection of the
kind of harmonic generating source. Such data are easily
accessible for typically used distribution system loads. ,e
power electronic loads are considered to be the primary
producers of harmonics in power systems framework and
mostly produce odd harmonics. ,is scenario can be
practically observed in the case of a 6-pulse converter that
bears a significant amount of 5th and 7th harmonic com-
ponents, and both 11th and 13th components of the har-
monics are dominant for 6-pulse converters as well as for 12-
pulse converters. It is also seen that triplen harmonics are
present in case of the transformer exciting current. Hence, it
can be observed that based on the characterizing harmonics,
the identification of a particular disturbing load can
performed.

Table 1 presents the comparative analysis at the 1st level
of decomposition between pseudo and sampling frequency.
,e proposed method, the wavelet analysis of the active
power signal at detail level 1, has been utilized to search the
frequency.,e information related to the desired harmonic
power is achieved based upon the adjustment performed in
the sampling frequency. In this paper, the optimum
sampling frequency can be described as the sampling
frequency that facilitates the extraction of the information
related to the corresponding harmonic information at
detail level 1. Obviously, the optimum sampling frequency
will depend upon the frequency of the signal to be extracted
and also on the central frequency of the mother wavelet
chosen.

2.3. Optimum Sampling Frequency for Finding Out the Dif-
ferent Types of Harmonic Generating Sources. ,e frequency
information from the coefficient extracted at the jth de-
composition level in case of the wavelet decomposition can
be represented as

Fpsj �
Fc · Fs

2j
, (10)

where the pseudo-frequency at the jth level is given as Fpsj,
Fs resembles the sampling frequency, and the frequency of
mother wavelet, that is, central frequency related to the
selected wavelet is represented as Fc [11]. ,e mother
wavelet db10 has been used in this study as this has been
found to be the most suitable mother wavelet for steady
state power system distorted waveform analysis [38]. Fpsj
resembles the frequency band around the frequency Fpsj
even if it has a single frequency value. ,e computation of
the sampling frequency can be done considering the in-
formation related to the pseudofrequency that have been
fetched regarding the signature harmonics of the voltage/
current signal. ,e proposed approach portrays the search
of the characterizing frequency bands based on the de-
composition of the power signal for the distribution
system loads. ,e voltage and current have 50 Hz as the
fundamental frequency, and the active power signal ex-
hibits a 100 Hz frequency. Accordingly, for the third
harmonic, the frequency of the active power component is
300 Hz.
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,us, the determination of sampling frequency in case of
the fundamental active power extraction at the level 1 of the
discrete wavelet transform can be represented as

Fs �
2 × Fpsj

0.6842
. (11)

,e pseudo-frequency, and the sampling frequency
corresponding to each harmonic level has been shown in
Table 1 for Daubechies 10 (db10) mother wavelet and the
decomposition at the first level.

,e frequency band estimation included in a wavelet
analysis with specific frequency Fpsj of level j is represented as

Fpsj �
(m + 1)Fs

2j+1 , j � 1, . . . J − 1, (12)

where Fs is denoted as the sampling frequency and J is the
last decomposition level. ,e range ofm is denoted asm=0,
1, . . ..2j−1 and m= 0, 1 for DWT [39]. A simulation in
MATLAB 2021 has been conducted for a network energized
with a nonsinusoidal voltage source which has all odd
harmonics up to the 19th order in order to further verify the
above condition. ,e network’s loads are considered to be
linear, in the present work. Table 2 shows the proportion of
harmonic power computed by Pdet1 at sampling frequencies
of 877Hz, 1461Hz, and 3800Hz.,ese frequencies resemble
the specific pseudo-frequencies of 3rd, 5th, and 13th harmonic
powers, respectively. At a sampling frequency of 1461Hz,
which corresponds to the 5th harmonic power, Pdet1 can
determine the 5th harmonic power. Pdet1 calculates 85.26% of
the 3rd harmonic power, 83.24% of the 7th harmonic power,
and 20.46% of the 9th harmonic power at this sampling
frequency, with the influence of other harmonic powers
minimal. Similarly, at 877Hz sampling frequency, Pdet1 only
records 100% of the 3rd harmonic power and 20% of the 5th
harmonic power. Table 2 also shows the contributions of the
harmonic powers on Pdet1 at 3800Hz sampling frequency.
,e above analysis serves as the foundation for the harmonic
source detection strategy in our suggested method.,emain
concept deals with the pseudo-frequency selection that aids
in the detection of the source. Subsequently, the sampling
frequency must be selected so that the extraction of the
pseudo-frequency component can be done at level 1 of
wavelet. ,e characteristic pseudo-frequency must be cho-
sen with care in order to encompass the bulk of the har-
monics created by the harmonic generator and gather their
contributions to the extracted coefficient for the purpose of
detecting the harmonic source. As a result, the sample
frequencies must be modified based on the defining har-
monics of the targeted harmonic generating sources, as

various harmonic sources may have different characteristics
frequencies. Table 2 presents different values of pdet1 at
various sampling frequencies.

3. Validation of the Proposed Technique

,is section of the manuscript highlights the determination
of various forms of harmonic generating sources existing in
the power system radial network based on the different
sampling frequencies as shown in Figure 1.

,e framework of the radial network bears five nodes
which are demarcated as A, B, C, D, and Y. Each of the node
is also accompanied with a load. In the considered frame-
work, the fundamental frequency internal impedance of the
voltage source ZS has been taken as (1 + j6.28) Ω with
(1 + j12.56) Ω as the value corresponding to the line im-
pedance. In this work, loads Z1, Z2, Z3,and Z4 are assigned
the fundamental frequency impedance of (100 + j 62.8) Ω.

,e proposed approach is validated for two types of
loads. ,e first scenario takes into account the nonlinear
load characterized by single frequency, and in the second
scenario, the multiple frequencies can characterized the load.

(i) Case I: Since it is known that the load will produce a
certain harmonic component, the wavelet pseudo-
frequency adjustments become necessary, and it must
be adjusted equivalent to the harmonic frequency
that will best characterize the nonlinear load. Table 2
demonstrates that in such case studies, the wavelet
decomposition is able to capture 100% of the har-
monic content of the power system signal in addition
to other side frequency signals that are present in the
signals. ,erefore, the wavelet decomposition will
specifically extract the harmonic content of the load
signal whenever single harmonic component is
produced by the nonlinear load.

Table 1: Comparative analysis at the 1st level of decomposition between pseudo-frequency and sampling frequency.

Specific harmonic Captured power frequency (Hz) Sampling frequency (Hz)
3rd 300 877
5th 500 1461.56
7th 700 2046.185
9th 900 2630.8
11th 1100 3215.43
13th 1300 3800

Table 2: Different values of pdet1 at various sampling frequencies.

Harmonic order F s � 1461Hz F s � 877Hz F s � 3800Hz
Fundamental 1.05 3.9 0.12
3rd order harmonic 86.5 100 0.76
5th order harmonic 100 19.5 1.96
7th order harmonic 86.7 — 5.89
9th order harmonic 19.78 — 19.89
11th order harmonic — — 83.6
13th order harmonic — — 100
15th order harmonic — — 82.6
17th order harmonic — — 42.5
19th order harmonic — — 12.5
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3.1. Determination of Load Delivering 3rd Harmonic Current.
To validate the proposed technique, a nonlinear load that
contributes a third harmonic component has been first
attached at node C of the considered distribution system,
with the other linear loads. ,e modeling of the connected
nonlinear load has been done by the current source, and in
this case, the value of the 3rd harmonic current has been
achieved to be equal to 60% of the fundamental current that
is given by the load. A frequency of 877Hz has been de-
termined to be the sample frequency that corresponds to the
pseudo-frequency of the 3rd harmonic power. Table 3
demonstrates in detail the active power measured at level
1 (denoted by Pdet1) across all of the nodes, with the as-
sumption that the sampling frequency is 877Hz. ,e results
of the FFT demonstrate that the power computed with the
incorporation of the wavelet transform and the harmonic
power estimated from FFT are quite similar to one another
and agree very closely. In this case, FFT has been computed
exclusively for the 3rd harmonic power, and it has been
realized that Pdet1 computes the third harmonic power at
877Hz of sampling frequency. It has been seen that the value
of Pdet1 is negative which signifies that the 3rd harmonic
power which has been delivered by the disrupting load is
located downstream (based on Node C), and it is positioned
at upstream when node D and Y are taken as reference node.
,is is indicated by the fact that Pdet1 is negative up to node
C. As a result, node C highlights the dominant harmonic
location [40].

3.2. Detection of Load Promoting 5th Harmonic Current.
We are now considering the connected nonlinear load at the
position C to be a source of the 5th harmonic current rather
than the 3rd harmonic current. ,e analysis of the power
signal has been performed considering sampling frequency
to be 1461Hz which corresponds to the pseudo-frequency of
the 5th harmonic power. From Table 4, it can be noted that at
a sample frequency of 1461Hz, Pdet1 is negative up to node
C. As a result, the position of the harmonic source has been
accurately established. Moreover, the magnitude of the 5th
harmonic current has also been calculated correctly as
observed from the FFT values.

(i) Case II: Ideally, the characterization of the load is
done by more than one harmonic order, and the
pseudo-frequency needs to be set so that it is in the
middle of the characterizing harmonic frequencies.
,is allows the DWT to capture an adequate quantity

of the harmonic information of the power signal that
is derived by the load. In most cases, the harmonic
frequencies are adjacent odd order frequencies. In the
case of a six-pulse converter, for instance, the fifth
and seventh harmonics are the primary components
of the current waveform. Even if the even harmonics
are not present in the signal at this time, the pseudo-
frequency need to be fixed at the frequency of the
sixth harmonics, and the optimal sampling frequency
ought to be established in accordance with this. ,e
wavelet decomposition, in this instance, catches 96
percent of the fifth harmonic and 97 percent of the 7th
harmonic, respectively. In a similar manner, in order
to identify the 12-pulse converter, the pseudo-fre-
quencies set at the 12th order harmonic must be used,
with the 11th and 13th harmonics serving as the
primary distinguishing frequencies for the 12-pulse
converter. Two examples of loads delivering multiple
frequencies are shown below.

3.3. Determination of Loads Delivering 3rd and 5th Harmonic
Current. Figure 2 displays three graphical representation of
curves that illustrate the harmonic contents that have been
recorded by the wavelet decomposition at level 1 when the
adjustments of the pseudo-frequencies are achieved in re-
lation to 3rd, 4th, and 5th harmonics, respectively. It is
possible to detect the sample frequency that corresponds to
the 4th order of harmonics to track the significant compo-
nents of the harmonic frequencies that belong to the 3rd and
5th order of harmonic. ,erefore, the pseudo-frequency that
corresponds to the fourth harmonic should be able to
capture the harmonic features of the load; the third and fifth
harmonics being the typical harmonic frequencies of the
load. ,e outcomes of Pdet1 are shown in Table 5 for the
network depicted in Figure 1. ,e outcomes are achieved
when 3rd and 5th harmonic promoting nonlinear loads are
coupled at the location of node C. ,e 3rd harmonic current
comprises 60% of the fundamental frequency current, and
the 5th harmonic component comprises 20% of the fun-
damental frequency current. When the active power signal is
evaluated taking into consideration the sampling frequency
of 877Hz, the location and amplitude of the source of the 3rd
harmonic are found. When the signal is evaluated using a
sample frequency of 1461Hz, the location and amplitude of
the source of the 5th harmonic may be determined. Now the
signal is decomposed at a sample frequency of 1169Hz,

Vs

Zs Z1 Z2 Z3 Z4A B C D Y

LOAD 1 LOAD 2 LOAD 3 LOAD 4 LOAD 5

Figure 1: Representation of the linear and nonlinear loads in a framework of radial network.
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which is located in the middle of the two sampling fre-
quencies mentioned previously and relates to 4th harmonic
power.

From Table 5, it can be observed that at this sampling
frequency, Pdet1 has the third and the fifth component of
harmonic power. ,erefore, the location of a harmonic
source that delivers both a third and fifth harmonic com-
ponent may be detected by using Pdet1 at a sampling fre-
quency that corresponds to fourth harmonic power. It is
important to take note of the fact that the presence of third
and fifth order harmonics may be determined from a single
decomposition by utilizing a sample frequency of 1169Hz
(pseudo-frequency for the 4th harmonics).

3.4.DeterminationofLoadsDelivering11thand13thHarmonic
Current. ,e decomposed wavelet component records the
frequency content that is depicted in Figure 3 when the
adjustments in the pseudo-frequencies are done in relation
to the 11th, 12th, and 13th harmonics, respectively. ,e image
makes it abundantly clear that the pseudo-frequency of the
12th order harmonics is capable of capturing significant
proportion of the 11th and 13th order harmonics. Because of
this, the pseudo-frequency is adjusted to 12th harmonic in

order to recognize loads whose primary characteristic
harmonics are of the 11th and 13th order. Let us assume that
the nonlinear load positioned at the location of node C
depicted in Figure 1 is now delivering harmonic current of
the 11th and 13th order.,e associated findings are presented
in Table 6 below.,e current at the 11th harmonic is equal to
10% of the current at the fundamental frequency, and the
current at the 13th harmonic is equal to five percent of that
current. ,is current is given by the load that is linked to
node C. In the process of analyzing the active power signal at
sampling frequencies of 3215Hz and 3800Hz, the position
and amplitude of the 11th and 13th harmonics power are
determined, respectively.

When Pdet1 is calculated with a sampling frequency of
3507Hz which relates to the 12th harmonic power, in this
scenario, both the 11th and 13th harmonic powers are cal-
culated by Pdet1, as observed from Table 6. Again, it is evident
from Table 6 that presence of 11th and 13th order harmonics
may be identified from a single decomposition at sampling
frequency 3507Hz, i.e., corresponding to the 12th order
harmonic.

3.5. Determination of a =yristor-Controlled Load.
Table 7 presents the results of determining the harmonic
power impact of a thyristor-controlled single-phase bridge
rectifier load that is located at node C. ,e FFT has been
utilized to individually compute the 3rd, 5th, 7th, 9th, and 11th
harmonic powers and are represented in Table 7. It is
abundantly obvious that the principal frequency compo-
nents of the thyristor-controlled load consist mostly of the
third and fifth harmonics. Consequently, it is possible to
recognize this load by utilizing wavelet decomposition to
obtain the pseudo-frequency components that correspond
to the fourth harmonic. ,e Pdet1 values for a variety of
sample frequencies are presented in Table 7 below. It is clear
that Pdet1 values are the largest for sampling frequency
1169Hz, which corresponds to the 4th harmonic power.
Hence, the identification of the load is performed based on
the active power at level 1 with sampling frequency 1169Hz.

Table 4: 5th harmonic current component contributed by the nonlinear load.

Name of the node FFT values DWT(Pdet1) % Error ConclusionValues Fs � 1461Hz
A −2.79 −2.66

1.974 Node C is the location for the harmonic source
B −7.56 −7.605
C −18.42 −18.62
D 8.56 8.68
Y 3.2 3.25
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Figure 2: Pseudo-frequency vs. captured harmonic power for 3rd,
4th, and 5th harmonics.

Table 3: 3rd harmonic current component contributed by the nonlinear load.

Nodes FFT DWT(Pdet1) % Error ConclusionValues Values Fs � 877Hz
A −2.7 −2.65

1.25 Node C is the harmonic source
B −7.55 −7.38
C −18.45 −18.51
D 8.58 8.74
Y 3.21 3.27
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4. Signal Denoising

Influence of Noise In Real-Time System. ,e voltage and
current signals are always contaminated with noise. Noise,
or interference, can be defined as undesirable electrical
signals, which distort or interfere with an original (or de-
sired) signal. Hence, the effectiveness of the proposed
method for detection of HIF has been studied under noisy
environment also. ,e noise in power system is present
throughout the whole recorded signal and has normal
probability distribution. ,is noise is specified by the signal-
to noise ratio (SNR) expression where

SNRdB � 20log10
Asignal

Anoise
 . (13)

As the proposed work uses the DWT-based technique,
denoising is a very important issue. After denoising, the
signal harmonics can be extracted which will give more
accurate results. In Figure 4, the short circuit fault current
signal has been shown. Figures 5 and 6 are noisy signal and
denoise signal, respectively.

5. Implementation of the Proposed Method

,e proposed approach in this research work can be
implemented to determine the position of the nonlinear load
based on the flowchart, as represented in Figure 7. To il-
lustrate the proposed concept, test results are presented for
the radial and nonradial power system network.

5.1. Application to the Radial Network. Two different case
studies are considered. ,e network shown in Figure 1 is
considered for analysis. Two cases are analyzed so as to
investigate the capability of the proposed method for the
position identification of the 6-pulse and 12-pulse con-
verters. For the 6-pulse converters, the major frequency
contents are the 5th and 7th harmonics though there are
traces of other harmonic like 11th and 13th . ,us, selecting
the pseudo-frequency at the midway between the 5th and 7th
harmonic, i.e., at the 6th harmonic frequencies, the 6-pulse
converter may be identified.

Figure 8 shows three curves representing the harmonic
contains obtained by the wavelet decomposition at detail
level 1 when pseudo-frequencies values are adjusted in re-
lation to 5th, 6th, and 7th harmonic frequencies.

,e corresponding sampling frequency is 1753Hz. ,e
12-pulse converter on the other hand has major frequency
contents at the 11th and 13th order harmonics. ,us, the
identification of 12-pulse converter is achieved by setting the
pseudo-frequency value to the 12th harmonic and accord-
ingly selecting the sampling frequency at 3507Hz. It may be
noted that the 6-pulse converter also contains the 11th and
13th harmonics, but these harmonics are not used to identify
the converter as the 5th and 7th harmonics are the major
constituents.

(i) Case I: In the first case study, a 6-pulse converter
and a 12-pulse converter have been taken which
are connected at node D and node B, respec-
tively, along with one 3rd harmonic source at
C. Table 8 shows Pdet1 at different nodes for this
case study. It can be seen that the value of Pdet1 is
negative up to node C corresponding to the
sampling frequency of 877 Hz, indicating the
presence of the 3rd harmonic source at the
downstream side of node C. Again, Pdet1 is
negative up to node D at the sampling frequency
1753 Hz, indicating the presence of 6-pulse
converter downstream with respect to node
D. ,e sign of Pdet1 at 3507 Hz indicates the
presence of converter on both sides of node C. As
12-pulse converters do not generate 5th or 7th
harmonic power, its presence is not indicated at
1753 Hz and is only indicated at 3507 Hz. Hence,
node B is associated with the 12-pulse converter.
,e direction for the flow of Pdet1 for different
harmonic levels is shown in Figure 9.

Table 5: ,e 3rd and 5th harmonic current generated by the load.

Node name
Determined FFT values Determined DWT (Pdet1) values

3rd harmonic 5th harmonic Fs� 877Hz Fs� 1461Hz Fs� 1169Hz
A −2.7 −0.83 −2.65 −0.89 −3.21
B −7.55 −0.79 −7.38 −0.7587 −8.11
C −18.45 −2.13 −18.51 −2.13 −20.56
D 8.58 0.99 8.74 1.03 9.78
Y 3.21 0.38 3.27 0.38 3.48
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Figure 3: Representation of the 11th, 12th, and 13th harmonics
pseudo-frequency vs. captured harmonic power.
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(ii) Case II: Table 9 highlights the results related to the
second case study. In this case, the 6-pulse converter
has been taken into consideration along with the 12-
pulse converter which are connected at the position
of node B and node D, respectively, along with the
3rd harmonic current source at node C. Pdet1 cor-
responding to the sampling frequency of 1753Hz
shows that the 6-pulse converter generating the 5th
and 7th harmonic power is located at the position of
node B. Pdet1 corresponding to sampling frequency
of 3507Hz reveals that the harmonic source gen-
erating the 11th and 13th harmonic is located on
both sides of node C. As the node D does not
generate the 5th or 7th harmonic power, so it can be
concluded that the position of the 12-pulse con-
verter is at node D. ,e presence of third harmonic
source at node C is observed due to the negative sign
of Pdet1 up to node C indicating the presence of third
harmonic current source at node C. ,e directions
of flow of Pdet1 for different harmonic levels are
shown in Figure 10.

(iii) Case III: Table 10 highlights the results related to the
third case study. In this case, two 6-pulse converters
have been taken into consideration which are
connected at the position of node B and nodeDwith
different firing angle, i.e., 20° and 60°, respectively.
Pdet1 corresponding to the sampling frequency of
1753Hz shows that the 6-pulse converter generating
the 5th and 7th harmonic power is located at the
position of node B andD. Due to higher firing angle,
node D is more dominating; hence, the direction of
harmonic active power flow is in the upstream side.
Based on Table 10, Fs corresponding to the 6th
harmonic shows being negative up to node D and Fs
corresponding to the 12th order harmonics is also
negative up to node D. Hence, through this method,
only a dominating harmonic generating source can
be identified. According to this table, the direction
of harmonic active power is opposite to the fun-
damental active power. Hence, as 6-pulse converters
connected at node D is most dominating, so har-
monic active power flows from node D to the grid
side. So, the bus magnitude of Pdet1 is very high and
then goes on decreasing, but as another 6-pulse
converter is connected at node B, hence the mag-
nitude of Pdet1 gets boosted up. From this, we can
conclude that this network contains two number of
6-pulse converters.

5.2. Proposed Approach Implementation and Analysis for
Nonradial Network. In this section, the framework of
nonradial power system network has been considered to
evaluate the applicability of the proposed approach. In order
to analyze the proposed approach, a 4-bus nonradial net-
work has been opted and has been represented in Figure 11.
Bus 1 has a sinusoidal supply of 230 Volts, 50 Hertz that has
an internal impedance of (1+j6.28) Ω, and each of the
transmission line of the 4-bus system has an impedance of
(1 + j12.56) Ω. In addition to this, a linear load of
−100+j62.8Ω is connected at bus 2 along with a linear load
of −(150 + j78.5) Ω at bus 3 and bus 4 has a (75 + j47) Ω
impedance. Apart from this configuration, bus 3 has a 3rd
harmonic source attached to it, bus 2 and bus 4 have 6-pulse
and 12-pulse converters attached to it, respectively. ,e
detail power flow based on the varying sampling frequency
at level 1 has been represented in Table 11. ,e corre-
sponding detail powers at different buses are shown in
Table 12. ,e 3rd harmonic power flow can be determined
from Pdet1 corresponding to sampling frequency 877Hz.,e
5th and 7th harmonic power flows are observed from Pdet1
corresponding to sampling frequency of 1753Hz, and the
11th and 13th harmonic power is determined at sampling
frequency of 3507Hz. In an interconnected system, if the
detail power at level 1, i.e., Pdet1 and approximate power Papp
in a particular transmission line is flowing in the same
direction, then the source of harmonic pollution is con-
sidered to be located in the upstream side. If the detail power
flows opposite to the direction of approximation power, then
the source of harmonic pollution is located in the down-
stream side. At a particular bus, the incoming power is
considered to be negative. Hence, when detail power con-
nected to a particular bus is negative, it indicates that the bus
is receiving harmonic power and is polluted by the network.
,e outgoing power connected to a bus is considered to be
positive. Hence, positive detail power at a bus indicates that
the bus is delivering harmonic power and polluting the
system network. It is shown in Table 11 that the bus 3
delivering 3rd harmonic power as Pdet1 is positive at bus 3 at
sampling frequency 877Hz, and all other buses absorb this
power. ,e positive sign of Pdet1 at bus 2 corresponding to
1753Hz sampling frequency indicates that bus 2 delivers the
5th and 7th harmonic power. Again corresponding to the
sampling frequency of 3507Hz, it is observed that both bus 2
and bus 4 deliver the 11th and 13th harmonic powers. ,us,
based on the category of the harmonic powers associated at
the buses, it can be understood that bus 2 has a 6-pulse
converter and bus 4 has a 12-pulse converter.

Table 6: ,e 11th and 13th harmonic current generated by the load.

Name of the node
FFT values DWT (Pdet1) values

11th harmonic 13th harmonic Fs� 3215Hz Fs� 3800Hz Fs� 3507Hz
A −1.32 −0.41 −1.3 −0.39 −1.65
B −2.34 −0.6 −2.31 −0.57 −2.81
C −4.51 −1.21 −4.46 −1.19 −5.72
D 2.05 0.45 2.1 0.41 2.5
Y 1.18 0.12 1.19 0.13 1.3
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6. Integration of Distributed Generation in
Radial Distribution System

To connect this distributed generation (DG) to the power
system, it is necessary to understand the voltage and power
profile of the distribution system at each bus. In this paper, a
backward-forward sweep analysis of load flow is utilized. Load
flow analysis is performed in MATLAB. ,e appendix
contains the line data and load data of the IEEE33 radial
distribution bus. ,e power flow problem has reached con-
vergence, with a convergence value of less than 0.001. Bus 18 is
observed to have a low voltage of 0.9136 p.u, and bus 33 is also
observed to have a low voltage of 0.917 p.u. ,ese buses are
considered to be weak buses, and distributed generators can
be introduced to meet the load demand. ,e fundamental
objective function for optimal DG sizes is as follows:

MinimizePL � 
n

i�1
ii



2
Ri, (14)

subjected to

Vimin


≤ Vi


≤ Vimax


. (15)

Iij



≤ Iijmax



, (16)

where PL represents power loss, and power loss must be
minimized. Ri is the resistance of the ith branch. Ii is the
current flowing through the ith branch. In this case, bus 18
and bus 33 are deemed the optimal locations for distribution
generation placement. Using a PSO-based optimization
technique, the DG sizing problem is optimized. Using the
IEEE33 bus radial distribution test system, this optimization
problem is resolved. ,e DG size and power loss obtained
following optimization are shown in Table 13.

In this paper, a PV module with integrated battery is
used as a distributed generation source. ,e power loss is
reduced from 203 kilowatts to 90.3 kilowatts. ,e total
amount of energy saved by this DG placement is 113 kW.
,e PV rating at bus 33 is 1.2MW, and the PV rating at bus
18 is 0.65 kW.,ese distributed generation (DG) sources are
introduced at bus 18 and bus 33. On the block diagram, the
weak buses 16, 17, 18 and 31, 32, 33 are indicated with a red
colour. Figure 12 depicts the block diagram of IEEE33 radial
distribution system with DG.

,e PV module integrated with the battery source is
designed and simulated in MATLAB simulink. ,e MAT-
LAB simulink model of a PV cell integrated with the battery
source is shown in Figure 12.

7. Entropy Calculation

An entropy provides information about uncertainty of the
signal and the quantity of signal. As a result, entropy
measurement provides information on signal defects. ,e
measurement of entropy begins with the computation of
wavelet energy. ,e energy entropy can reflect arc voltage
properties, and the energy entropy (Ei) formula is expressed
by

Sumof EnergiesEi � Ci(t)



2
, (17)

where Ci(t) are the high frequency detail coefficients of the
DWT transform extracted arc voltage, and i are the number
of extraction levels. In this method, the no. of level is 1, and
coefficients are collected corresponding to 4th and 12th
order harmonics. ,e energy distribution is now expressed
as the ratio of the energies corresponding to the 4th and 12th
order harmonics, and the energy of the subband signal is
defined as

Pi �
Ei

E
,

E � 
n

i�1
Ei.

(18)
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Figure 4: current signal during short circuit fault.
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,e spectral entropy of a signal based on wavelet theory
is mathematically denoted as

ESpectral � − 
N

m�1
Pilog2 Pi( . (19)

In order to scale the entropy data and organize in a
structured way, entropy values are scaled from the range 0
to 1. ,is process is known as normalization. Normali-
zation is done by dividing spectral entropy with the

logarithm of N, where N is the number of frequency points
or half of the length of the time series. ,is has been
represented as

NormalizedESpectral �
ESpectral

log2(N)
. (20)

Since the proposed normalized values provide sufficient
discrimination between different types disturbances, based
on Table 14, different types of harmonics generating sources
can be identified.
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Figure 7: Flowchart of the source identification algorithm.
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Table 8: DWT outcomes for 6-pulse and 12-pulse converter positioned at node D node B, respectively.

Node Fs� 877Hz Fs� 1753Hz Fs� 3507Hz
A −0.26 −2.32 −0.51
B −0.56 −7.65 −1.46
C −1.12 2.24 0.4
D 0.63 0.601 −0.106
Y 0.42 0.12 0.318

Vs

Zs Z1 Z2 Z3 Z4A B C D Y

LOAD 1 LOAD 2 LOAD 3 LOAD 4 LOAD 5

3rd Harmonic Flow
5th & 7th Harmonic Flow
11th & 13th Harmonic Flow

Figure 9: Harmonic power flow representation with 6-pulse and 12-pulse converter (at Node D and Node B, respectively) along with one
3rd harmonic source at C.

Table 9: Outcomes of 6-pulse and 12-pulse converter connected at node B and node D, respectively, with DWT.

Node Fs� 877Hz Fs� 1753Hz Fs� 3507Hz
A −0.95 −0.15 −0.71
B −1.53 −0.35 −0.92
C −1.86 −0.61 0.36
D 0.92 −2.16 −0.86
Y 0.75 0.92 0.09
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Vs

Zs Z1 Z2 Z3 Z4A B C D Y

LOAD 1 LOAD 2 LOAD 3 LOAD 4 LOAD 5

3rd Harmonic Flow
5th & 7th Harmonic Flow
11th & 13th Harmonic Flow

Figure 10: Harmonic power flow representation with 6-pulse and 12-pulse converters (at Node B and Node D respectively) along with one
3rd harmonic source at C.

Table 10: Outcomes of two 6-pulse converters connected at node B and node D, respectively.

Node Fs� 1753Hz Fs� 3507Hz
A −0.18 −0.43
B −0.56 −0.56
C −0.69 0.54
D −2.89 −0.91
Y 0.92 0.09

BUS 1

BUS4
BUS3

BUS2

LOAD
LOAD

LOAD

Z12

Z13

Z1
4 Z23

Z34

Figure 11: Nonradial network.

Table 11: Nonradial network line power flow with DWT.

Line Fs� 877Hz Fs� 1753Hz Fs� 3507Hz
1–2 −7.02 −26.21 −3.17
2–1 8.55 35.29 4.34
2–3 −9.8 42.93 8.18
3–2 10.48 −40.21 −7.88
3–4 12.13 21.21 −2.28
4–3 −9.01 −16.25 2.73
4–1 3.96 11.29 8.74
1–4 −3.29 −9.21 −5.97
1–3 −11.21 2.19 −4.18
3–1 17.19 −1.12 5.51
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8. Conclusion

In this research manuscript, a novel approach has been pro-
posed for identifying the region and kind of nonlinear loads
observed in the deregulated framework of the power system. It
is an enhancement of the approach previously proposed with
the aid of the authors for the detection of harmonic resources
which is based totally on the route of the flow of the detail
power. At the first level of decomposition, the active power
signal is decomposed using wavelet decomposition with
specified sampling frequencies of the harmonic polluting
source with a specific mother wavelet to recover the frequency
composition information associated with the performance of
the disturbing load.,is approach has been utilized to identify
kind disturbing load and its location in the power system
distribution network. ,e evaluation of the efficacy of the
proposed method has been examined on the different power
system model including DG in the IEEE33 bus system. To
identify the different harmonic generating sources in the power
system, the normalized entropy concept has been utilized by
different types of disturbances can be identified irrespective of
voltage levels.,e results achieved with the implementation of
the proposed approach highlights that it bears the potential to
effectively identify the category of the disturbing load in the
distribution framework of the power system.
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