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ABSTRACT This paper presents a new automatic detection and classification approach of power qual-
ity (PQ) problems using Kalman filter. Kalman filter is used as an estimator to calculate the fundamental
frequency and harmonic components amplitudes of the voltage or current signals. Then the instantaneous
total harmonic distortion (iTHD) and the energy are calculated. For each half cycle of the processed
signal, five decision quantities are calculated based on iTHD and energy and these quantities are the three
consecutive maximum values of iTHD, standard deviation and energy difference between distorted signal
and its fundamental frequency component. Decision rules based on these decision quantities are applied
to identify and classify the PQ events in this captured signal. The proposed approach is tested on single
and combined PQ events that are generated using the MATLAB with the help of mathematical models
that are conformity with standard IEEE-1159. The performance is assessed using more than 100 dataset
of every PQ event and the results show that the accuracy is 100 and 98.8 for noiseless and high-level of
noise, respectively. In addition, the proposed approach performance is validated through comparisons with
other classification. Several practical PQ events are generated by lab experiments to validate the proposed
approach. The simulation and experimental results show that the proposed approach is efficient and robust

and can be implemented to design PQ monitoring device.

INDEX TERMS Feature extractions, harmonics, Kalman Filter, power quality.

I. INTRODUCTION

Power Quality (PQ) is becoming increasingly of a concern
due to the increase of nonlinear loads and the proliferation of
power-electronic interfaced distributed generation [1]. Poor
PQ causes many issues such as mal-operation of protection
devices, overheating of equipment leading to their failure, etc.
Standard PQ problems such as sag, swell, interruption and
flicker get exacerbated when harmonics are considered. [2].
Identification and classification of PQ problems in the voltage
and current waveforms is the first step in mitigating effect of
these problems [3]. PQ identification and classification are
discussed in different works [4]-[6]. In the literature, the pro-
cess of PQ identification and classification is two consecutive
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stages; viz.,(a) features extraction from the waveform and
(b) problem classification.

Traditionally, Fourier transform (FT) and its modifica-
tions are the most common techniques used in PQ identi-
fication. Nevertheless, using FT loses the time information
of the waveform [7]-[10]. This drawback is overcome by
the wavelet transform (WT) [11]-[14]. Unlike FT, the WT
decomposes the captured waveform in the time domain.
WT performance depends on the selection of the mother
wavelet and the number of decomposition layers [15]. The
S-transform (ST) is also used to identify PQ events and it is
an extension to wavelet transform [16]-[21]. ST decomposes
the waveform in both time and frequency domains. However,
ST is not practically common due to its hefty computa-
tional burden. Other signal processing algorithms such as
Hilbert-Huang transform [22] and Gabor transform (GT) [23]
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are used in PQ problems identification and classification but
they suffer from large computational and running time.

One of the accurate signal-processing estimators is Kalman
filter (KF). This technique applies a set of mathematical equa-
tions to calculate the states of a measured quantity. KF may
result in inaccurate outputs if the state space model is incor-
rectly developed and/or if the choice of the KF parameters,
e.g., process covariance (Q) and measurement covariance (R),
is inaccurate [24]. In the literature, covariance values were
chosen based on either optimal or heuristic based-methods.

Many algorithms are used to identify the optimal values
of these noise covariance matrices. For example, in [25], two
models for Q are provided for the steady state and transient
estimation of power system harmonics. In [26], a reverse
predication is used with Kalman filter to modify value of
Q to enhance the filtering accuracy. In [27], the authors
modified measurement covariance matrix R instead of pro-
cess covariance Q. In [28], genetic algorithm and particle
swarm optimization aided KF were proposed. In [29], the dis-
crete wavelet transform is used to estimate the measurement
covariance matrix. In [30], the extended Kalman filter is
adapted using maximum likelihood. Albeit being the most
accurate, optimal based-methods are known to increase the
computation times and the complexity of implementation,
and they cannot guarantee robustness with different noise
levels [31].

Recently, the artificial intelligence techniques are used
to classify PQ problems. These techniques include artifi-
cial neural network (ANN) [32], [33], probabilistic neural
network (PNN) [34], support vector machine (SVM) [35],
extreme learning machine (ELM) [36], K-nearest neigh-
bor [37], decision tree (DT) [38], deep convolutional net-
work [39] and long short-term memory networks [40]. These
techniques have some shortages such as disability to classify
complex PQ events and the need to be retrained in case of
appearing a new PQ event [41].

A. RESEARCH GAP
All aforementioned works have many shortages such as:

B The use of two stages, feature extraction and classifi-
cation to identify PQ problems and this increases the
computational time.

B Some techniques cannot analysis big data and this
decreases the accuracy.

B Some techniques cannot detect complicated problems
such as sag with harmonics or swell with harmonics.

B Some techniques require a training period for each new
PQ event.

For all these shortages, the need to an accurate, efficient, and
automatic PQ problems detection technique is necessary.

B. WORK CONTRIBUTIONS
The main contributions of this work are:

o Proposing the Kalman filter to automatically detect (in
real time) and heuristically classify PQ problems. The
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proposed real-time detection approach does not need
large memory because it stores only the previous state,
very fast and well suited for online problems.

« Utilizing the fact that the voltage and current waveforms
of modern power systems are sinusoidal waveforms that
are distorted with harmonics that may be exceed or
within the standard limits to models these waveforms
by Kalman filter to estimate the amplitudes of the fun-
damental frequency and other harmonic orders as state
variables with the help of the measured captured voltage
or current waveforms

« Heuristic classification of PQ events (instead of using a
computationally demanding algorithm as reported in the
literature). From the estimated amplitudes, five decision
quantities are calculated based on the instantaneous total
harmonic distortion iTHD ) and energy. These quanti-
ties are the three consecutive maximum values of iTHD,
standard deviation and energy difference between dis-
torted signal and its fundamental frequency component.

« Implementing the proposed approach both in simulation
and experimental setup to confirm its accuracy, sim-
plicity, and robustness as a real-time application when
subjected to wide spectrum of PQ events, Comparing the
results of the proposed approach to those of other works
is also conducted to confirm the validity of the proposed
approach.

o Proving — through simulations and measurements — that
the proposed approach is immune against impact of
signal noise. The impact of errors that could occur dur-
ing any stage starting from capturing the signal to the
decision stage is studied to assess the performance of
the proposed approach. These errors are represented as
noise of different values of signal to noise ratio (SNR).

The rest of the paper is organized as follows. Section II
presents the model of the generalized KF approach, together
with the algorithm developed to implemented the new tech-
nique. Several PQ phenomena are simulated in Section III
using the MATLAB platform, and the proposed generalized
KF approach is used to detect and classify the PQ issues in
the simulated waveforms. The new KF technique is used in
an experimental setup to confirm the robustness of the tool
and its practicality in Section I'V. Conclusions are presented
in Section V.

Il. THE PROPOSED METHODOLOGY

At each sampling interval, the proposed generalized Kalman
filter is used to estimate the amplitude of the fundamental
frequency and harmonic components of the recorded wave-
form, and accordingly calculates the instantaneous total har-
monic distortion of the signal. Moreover, for each half cycle,
the model calculates some decision variables, viz., the energy
of the harmonic contents, standard deviation and the maxi-
mum values of the calculated total harmonic distortion. This
section introduces the principles of Kalman filter, its novel
implementation as a generalized tool, and the details of the
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decision variables that are used to classify the power quality
disturbances.

A. PRINCIPLES OF KALMAN FILTER

Kalman algorithm is an estimator that is used to estimate

the values of unknown variables with the help of observed

measurements. To apply Kalman filter, initial steps should be

prepared [29]:

B Modeling the state variable of the processes by preparing

a relationship of state variables of the current step and
the next step as follows:

Xie41 = Drxr + wi (D

B Iterative processing of the input signal that represents the
noisy measurement, as follows:

Zy = Hixp + vk ()

where: x; and xx4; are state variables at the current
and next time steps k and k + I, respectively, (i is a
relationship matrix between x; and x;41 and is called
the transition matrix, wy is a row vector represents the
state variables error, Hy is a matrix that represents the
relationship between the noiseless measurements and
the state variables and vy is a row vector represents
the measurements error. KF has two operation steps;
prediction and correction. The prediction step updates
the state variables and the associated error covariance
using the following equations [29]:

b1 = BT G)
PI:—H = @kPk@]Z + Ok 4

where: %, | and X~ are prior estimated state variables at
current, k, and next time step, k + /, respectively, Py and
Py, are the a posterior and a prior estimated covariance
of the process at current, k, and next time step, k + 1,
respectively and Qy is the covariance matrix of wy.

The correction step updates Eq. (3) and Eq. (4) with the
help of observable measurements, where Kalman gain
K used in this step is defined in Eq. (5) [25]:

-1
Ki = PpH] (HPUH] + R 5)

where: Ry, is the covariance matrix of vy.
With this estimated Kalman gain and the measured value
Zk, the state variables are updated using Eq. (6) [25]:

X =3 + Kk (Zi — Hip) (6)

where: %; and X, are posterior and prior estimated state
variables at the time steps k.
The process covariance is updated by [25]:

Py = — K Hy) P, @)
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B. IMPLEMENTATION OF GENERALIZED KALMAN FILTER
In modern power systems, voltage and current waveforms are
distorted sinusoidal waveforms due to harmonics associated
with loads, non-linearities due to transformer saturation and
inrush currents, as well as proliferation of power electronics.
As such, voltage and current waveforms are expressed as
sinusoidal functions with angular frequencies iw, where i is
the harmonic order, and with sampling interval AT and time
step k as follows:

n
Z = Aisin (iok AT + 6;) (8)
i=1
where A; is the amplitude of the ith harmonic component.
The measured quantity at time instant k + 7 is expressed
as:

n
Zjg1 = ZA,-sin (iv (k + 1) AT +6,) 9)
i=1
For each harmonic component, two state variables are
modeled, with total number of state variables equals to 2n.
The state variables are modeled as follows:
For fundamental harmonic order,

x; =Ajcos(0)) xp =Ajsin(6y)
For 2" order of harmonics,

X4 = Ap sin (6)
............. (10)

x3 = Aj cos (6)

For n'' order of harmonics,
Xon—1 = Ay €08 (6y)  Xon = Ay sin (6y)

The relationship between state variables at the current and
next time steps is modeled by:

X1 1 O --- 0 0
x2 0 1 0 0
Xk+1 = =
Xop_1 0 0 1
) 0 0 1
X1
X2
X : (11)
Xon—1
X2n k

The measurement signal can be modeled as a relationship
between state variables and matrix H as follows:

sin (wk AT) T X1
cos (wk AT) X3
Zi = Hyxy = f f (12)
sin (nwk AT) Xon—1
cos (nwk AT) X

k
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FIGURE 1. Flow chart of the proposed PQ classification approach
technique.

The process noise covariance matrix Q, stated in
Eq. (4), is chosen to be equal to the identity matrix
in this model to provide fast tracking of variations in
the system [25]. The measurement covariance matrix Ry,
stated in Eq. (5), is chosen using an experience-based
method.

At each time instant k, the state variables are estimated
for each harmonic order to calculate the amplitudes and the
instantaneous total harmonic distortion (iTHD).

The fundamental frequency amplitude is calculated by:

Ay = ‘/xfk +x%’k (13)

The harmonic orders amplitude is calculated by:

Ah,k:m i=23,....n (14
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The energy of this signal can be calculated by:
n
Edistorled = Z A,‘%k (1 5)
i=1

The energy of harmonic distortions is the given by:

Diﬁ _E = Edistorted — Eﬁmdamenlal (16)

The instantaneous total harmonic distortion (iTHD) is esti-
mated by:

2
Ay
Al

iTHD; = (17)
For each half cycle of the measured signal, five quantities
are calculated from the estimated iTHD as follows:

For each harmonic order, the mean value (M ,) is calculated
by:

M., =mean(A))i=1, 2,...,n (18)
The standard deviation quantity is calculated by:

MeZ/Mel
Me3/Mel

STD = STD : (19)

Menfl/Mel
Men/Mel

which represents the first quantity that is used in classifying
the PQ problems. The second quantity is M7 that represents
first maximum value of instantaneous iTHD, the third quan-
tity is M> that represents second maximum value of iTHD,
the fourth quantity is M3 that is the third maximum value of
iTHD and the final value is the Diff _FE for this half cycle. The
classification of PQ problems is conducted using the values of
the five decision variables, as shown in Fig. 1. The thresholds
indicted in Fig. 1 are heuristically proposed.

Ill. SIMULATION RESULTS

A. GENERATION OF WAVEFORMS WITH PQ ISSUES

To illustrate the application of the proposed approach to
detect and classify PQ problems, 16 different PQ events
are generated using the equations depicted in Table 1 [20].
These events include the standard issues; sag, swell, inter-
ruption, flicker, transients, harmonics distortion, notch and
spike, as well as combination of these issues MATLAB
platform is used to generate the waveforms including the
PQ issues. The effect of noise is taken into account by
imposing noise signals to the main waveforms, with different
signal to noise ratio (SNR) values of 20, 30 and 40 db. This
noise represents the errors that could be occurred during the
measurement, processing or classification stags. A sampling
rate of 128 samples per cycle is used in the simulation
environment.
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TABLE 1. PQ modeling equations and their parameter values [20].

Modeling Equations

x{38_o K[u(t — (¢, — 0.02n) — u(t — (t, — 0.02n)]}

Disturbance class Equations’ Parameters
>
Normal h() = Acos(wt)u(t) A=1puf=50Hzw=2nfu®) ={) ‘20
Sag h(t)=A{1-k(u(t-t))-u(t-t;)) }cos(wt) 0.1<k<0.9, 0.5T<t,-t,<9T
Swell h(t)=A{1+k(u(t-t)-u(t-t;)) }cos(wt) 0.1<k<0.9, 0.5T<t,-t,<9T
Interruption h(t)=A{1-k(u(t-t;)-u(t-1;)) }cos(wt) 0.9<k<I, 0.5T<t,-,<9T
Flicker h(t) = A[1+a cos(f wt)]cos(wt) 0.1<a<0.2, 0.1<<0.4
. 0.1<k<0.8, 150 <1/t<1000
=4/ * —(1- _ ’
Transient h(t)=A{cos(wt)+k*exp[-(t-t;)/t]cos[w.(t-t;)] } w, = 2, 700 Hz < £,< 1600 Hz
Harmonics h(t)=A*cos(wt)+ascos(Bwt)+ ascos(Swt)+ azcos(7wt) 0.02<03<0.1, 0.02<05<0.1, 0.02<a;<0.1
h(t) = A*cos(wt) — sgn(cos(wt)) k<
Notch A3 K[ut — (¢ — 0.021) — u(t — (£, — 0.02m)]} 0.1sk<0.4
= 4%
Spike h(t) = A*cos(wt) + sgn(cos(wt) 0.1<K<0.4

Sag with Harmonics

ht)=A{1-k(u(t-t,)-u(t-t;)} cos(wt)
+ A p exp[-(t-t3)/1] cos[w,(t-t3)]

0.1<k<0.9, 0.5T<t,-1;<9T, t;<t;=t,
0.1<p<0.8, 150 <1/z<1000
w, = 2xf,, 700 Hz < f,< 1600 Hz

Interruption with Harmonics

h()=A{T-k(u(t-t,)-u(t-1,)) }cos(wt)

0.9<k<l1, 0.5T<t,-1,<9T, 0.02<03<0.1, 0.02<05<0.1,

+ ascos(Bwt)+ ascos(Swt)+ azcos(7wt) 0.02<0;<0.1
. . h(t)=A{1+k(u(t-t,)-u(t-t;)) }cos(wt) + azcos(3wt)+ 0.1<k<0.9, 0.5T<t,-1,<97, 0.02<03<0.1, 0.02<05<0.1,
Swell with Harmonics ascos(Swt)+ acos(Twt) 0.02<0,<0.1
. . . h(t) = A[1+o cos(f wt)]cos(wt) + ascos(3wt)+ 0.1<0=<0.2, 0.1<<0.4, 0.02<03<0.1, 0.02<0;5<0.1,
Flicker with Harmonics ascos(Swt)+ azcos(7wt) 0.02<0;<0.1

Transient with harmonics

h(t)=A{cos(wt)+k*exp[-(t-1;)/t]cos[wn(t-1;)]} +
ascos(3wt)+ ascos(Swt)+ arcos(7wt)

0.1<k<0.8, 150 <1/2<1000
wa = 21f,, 700 Hz < f,< 1600 Hz
0.02<a;<0.1, 0.02<a5<0.1, 0.02<a,<0.1

TABLE 2. The extracted features of Case I.

Features Sag and swell disturbances and normal event
Sag Normal Swell

Magnitude 0.2 0.4 0.6 0.8 0.95 1 1.05 1.2 1.4 1.6 1.8
STD 0.0039 0.0028 0.0018 0.0008 0.0002 0.0000 0.0002 0.0008 0.0015 0.0022 0.0028
M 81.99 45.44 25.09 10.93 2.50 0.00 2.38 8.91 16.48 23.07 28.92

M. 79.44 45.09 25.02 10.89 2.50 0.00 2.37 8.89 16.45 23.01 28.83

M 3.18 1.87 1.24 0.62 0.15 0.00 0.15 0.62 1.23 1.85 2.46
Mi-M; 2.55 0.35 0.08 0.04 0.006 0.00 0.003 0.012 0.032 0.055 0.098
Diff E -0.1033 -0.0891 -0.0667 -0.0368 -0.0098 0.00 0.0102 0.0429 0.0913 0.1443 0.2015

B. RESULTS AND DISCUSSIONS

The generalized KF approach discussed in Section II is
applied to analyze the waveforms descried in Section III-A.
Results are presented in this section, including the impact of
noise on the accuracy of the proposed technique.

1) CASE I: NORMAL, SAG AND SWELL EVENTS

Normal sinusoidal waveforms are tested using the proposed
approach and the required features are extracted and shown
in Table 2. The STD feature value is less than 0.02 and
this means that these normal signals do not contain har-
monic distortions or the distortion is within limits. The
frequency spectrum and the calculated iTHD are shown
in Fig. 2(a). This figure shows that the magnitude of the
fundamental component is 1 pu and the magnitude of the
harmonic orders is very small and this is also depicted
in Fig. 3 (b). Where the value of M1 is less than 3 and
this means there is no any PQ events in this processed
signal. A sample example of normal signal is shown in
Fig. 3.

93618

Different case studies of the sag event are generated with
different magnitudes; 0.2, 0.4, 0.6 and 0.8 pu. For these
case studies, there is no harmonic contents because the STD
value is less than 0.02 as shown in Table 2. The values
of M1 and M2 are greater than 5 and M3 is less than
5 and this means that these events are interruption, sag or
swell. Where the value of M1 is less than 125 then these
events are sag or swell. To distinguish between sag and
swell event, the value of last feature, Diff_E, should be
checked.

Form Table 2, the values of these magnitudes, 0.2, 0.4,
0.6 and 0.8 are less than zero, negative values, and this means
these case study events are sag. Fig. 4 shows an example
of sag event with an amplitude of 1 pu. Fig. 4 (a) shows
the waveform of the signal containing sag event. The ampli-
tudes of fundamental frequency and other harmonic orders
are shown in Fig. 4(b). The features M1 and M2 are shown
in Fig. 4(d) and the value of M3 does not appear because
it is very small in comparing with M1 and M2 values. The
frequency spectrum at the starting instant of sag event is
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FIGURE 4. Case I: Sag event (a) waveform, (b) amplitudes, (c) iTHD and (d) Maximum values of iTHD.

shown in Fig. 2(b). From this figure, it is clear that the
magnitude of the fundamental frequency is 0.5 pu and the
other harmonic orders have significant values and this causes
that the iTHD is very high and equals 36.2 % at the starting
of this event.

Fig. 5 shows an example of the swell event. Fig. 5 (d) shows
that the values of M1 and M2 are high but less than 125 and
this means that this event is sag or swell. From Table 2, it is
found that the value of Diff_E is greater than zero and this
means that this event is swell. In addition, the value of STD is
less than 0.02 and this means that this signal does not contain
harmonic distortions.

At the starting instant of the swell event, the calcu-
lated amplitudes of fundamental and harmonic orders using
Egs. (13) and (14) are shown in Fig. 2(c). The amplitude of
the fundamental frequency is 1.5 pu and the other harmonic

VOLUME 9, 2021

orders have significant values so the calculated iTHD is high
and equals 18.3 %.

2) CASE II: INTERRUPTION EVENT

Table 3 shows different case studies of interruption events.
The values of features M1 and M2 are greater than 5 and
the value of M1 is greater than 125, indicating an inter-
ruption event has occurred. The values of STD feature are
less than 0.02 and this means that these signals are pure
sinusoidal waveforms. Fig. 6 shows the amplitudes of fun-
damental frequency and harmonic orders of the interruption
waveform at the starting of this event. The figure shows that
amplitudes of harmonic orders have high values where the
amplitude of second and third orders are 0.38 and 0.2 pu,
respectively, and this causes a high value of iTHD that
reaches to 185%. Fig. 7 shows an example of interruption
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TABLE 3. The extracted features of Case Il.

Features Interruption events
Magnitude 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
STD 0.005 0.0049 0.0049 0.0048 0.0047 0.0047 0.0046 0.0046 0.0045 0.0044
M 347.50 293.30 251.44 215.79 185.10 159.96 146.16 139.02 132.01 125.22
M. 202.0 174.15 152.12 141.72 135.68 129.98 124.61 119.53 115.18 111.03
M; 8.44 7.30 6.65 11.01 8.67 7.12 6.02 5.80 5.60 5.50
Mi-M. 145.5 123.15 99.32 74.07 49.42 29.97 21.55 19.48 16.83 14.19
Diff E -0.109 -0.1089 -0.1088 -0.1087 -0.1085 -0.1083 -0.1081 -0.1078 -0.1076 -0.1073
0.4

ITHD =185 %

Magnitude (pu)
e e
N w

e

1 2 3 4 5 6 7 8 9
Harmonic Order

10 11

FIGURE 6. The frequency spectrum and iTHD at the starting of Case II:
interruption event.

event where the values of M1 and M2 are 347.5 and 202,
respectively.

3) CASE Ill: FLICKER EVENT

Fig. 8(a) shows a sinusoidal waveform with a flicker in
the amplitude i.e., a change of the waveform amplitude but
within the acceptable limits (£10%), which can be detected
in the waveform envelope. The estimated amplitude of the
waveform is shown in Fig. 8(b). The calculated maximum
values of iTHD are shown in Fig. 8(d). From the flow chart
of the proposed approach, the signal contains flicker if the
value of M1 is between three and five. From Fig. 8(d), it is
clear that the value of M1 is 3.5 and also the value of STD
feature is less than 0.02 and this depicts that the waveform
does not contain harmonic distortions. Fig. 9 shows the
frequency spectrum and iTHD value for the flicker event.
The amplitude of the fundamental frequency is 1 pu at the
instant of calculation and the harmonic orders have very
small amplitudes and this is shown in the value if iTHD that
is 3.5 %.
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4) CASE IV: TRANSIENT EVENT

The transient event is a sudden increase in the waveform
magnitude for a very small duration of time. The calcu-
lated amplitudes of fundamental and harmonic orders using
Kalman filter at the starting instant of this event are shown
in Fig. 10. It is clear in this figure that the harmonic orders
have high values and rises the iTHD to 156 %. The generated
signal containing transient event is shown in Fig. 11(a). The
value of M1 is shown in Fig. 11(d) and the value of M2 is very
small and may not be existed. The STD value reveals that the
signal is free of harmonic contents.

5) CASE V: HARMONIC DISTORTIONS EVENT

Different case studies of this event are generated by superim-
posing the sinusoidal waveform with harmonic distortions of
THD; 10, 15, 20, 25, 30%. These signals are analyzed using
the generalized KF methodology and the results are shown
in Table 4. The values of STD are greater than 0.02 and this
means that all tested signals contain harmonic. The value of
M1 is less than three and this mean that there are no other PQ
problems. Fig. 12 shows an example of a distorted signal by
20% THD.

6) CASE VI: NOTCH AND SPIKE EVENTS

The notch is a periodic decrease in the wave for a very small
duration of time while the spike is a periodic increase. The
frequency spectrum of the notch and spike event is almost the
same as shown in Fig. 13. Fig. 14(a) shows the notch event
waveform while the spike is shown in Fig. 15(a). Different
cases of notch and spike event are tested and their extracted
features are shown in Table 5. The features of notch and spike
events are the same except the Diff_E values where Diff_E
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FIGURE 9. The frequency spectrum and iTHD at the starting of Case IlI:
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FIGURE 10. The frequency spectrum and iTHD at the starting of Case IV:
transient event.

values are negative for notch and positive for spikes, as shown
in Table 5. Fig. 14 shows a sample example of the notch event
and Fig. 15 depicts the waveform and features of spike event.
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TABLE 4. The extracted features of Case V.

Features Distorted Voltage
THD 10 15 20 25 30
STD 0.676 0.73 0.79 0.88 0.96
M 2.66 2.493 2.375 2.488 2.611
Mz 2.514 2.446 2.354 2.444 2.520
M; 2.382 2.378 2.347 2.379 2.383
Mi-M: 0.146 0.047 0.021 0.044 0.091
Diff E 1.32 1.66 1.97 2.65 3.37
TABLE 5. The extracted features of Case IV.
Features Notch and Spike Disturbances
Magnitude NN N Y
STD 0.0002 0.0004 0.0002 0.0004
M 6.67 13.17 6.84 13.86
M; 6.67 13.17 6.84 13.86
M; 6.67 13.17 6.84 13.86
Mi-M: 0.00 0.00 0.00 0.00
Diff E -0.002 -0.0044 0.0022 0.0044

7) CASE VII: SAG AND SWELL EVENTS WITH HARMONICS

In this case study, the sag or the swell events occur in a
distorted signal. The results of processing different events of
this case study using the proposed methodology are tabulated
in Table 6. The STD values of all sag and swell events
are greater than 0.02 indicating that the waveforms contain
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FIGURE 13. Case VI: The frequency spectrum and iTHD at the starting of
(a) Notch and (b) Spike events.

harmonics. The values of features M1 and M2 are greater
than 5 while the value of M3 is less than 5, i.e., sag or
swell is detected. To distinguish between these two types of
events, the value of Diff_E is used where positive Diff E
indicates a swell, and a negative Diff_E corresponds to a sag
event. Fig. 16 shows an example of sag with harmonics event.
The amplitudes of fundamental frequency and harmonics are
shown in Fig. 16(b). The example of swell with harmonic
event is shown in Fig. 17. The frequency spectrum of these
two events at the starting instant are shown in Fig. 18. The
amplitude of fundamental order of sag event is 0.5 pu while
itis 1.4 pu for swell event. The iTHD values are close; 25.09
% and 21.4 % for sag, and swell sample example events,
respectively. So iTHD values cannot be used to distinguish
between these two events.
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TABLE 6. The extracted features of Cases VIl and VIII.

Features Sag Swell
Magnitude 0.2 0.5 0.8 1.2 1.5 1.8
STD 0.0039 | 0.0018 | 0.0008 | 0.0008 | 0.0022 | 0.0028
M, 81.99 | 25.09 10.93 8.91 23.07 | 28.92
M: 79.44 | 25.02 10.89 8.89 23.01 28.83
M; 3.18 1.24 0.62 0.62 1.85 2.46
Mi-M; 2.55 0.08 0.04 0.012 | 0.055 0.098
Diff E -0.103 | -0.067 | -0.037 | 0.043 | 0.144 | 0.202

The other combined events, standard event with harmonics,
are generated and tested using the proposed methodology.
The results show that the STD values are greater than 0.02 and
each event has its feature values that are used to identify its
class using the decision variables shown in Fig. 1.

C. ERROR ANALYSIS

The impact of errors that could occur during the measure-
ment, recording and processing stages of captured signals are
studied. These errors are represented by a noise superimposed
on the captured signals. More than 100 case studies are
randomly generated for each PQ event, with different signal
to noise ratios. The proposed approach is applied to identify
the PQ issues in the case studies, and the results are shown
in Table 7. The results show that with increasing the SNR,
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the error decreases and thus, the estimated value closes to
the actual value. The mean values of percentage error for
the noiseless and the noisy conditions of 40 dB, 30 dB, and
20 dB are 0%, 0.07%, 0.3% and 1.2%, respectively, and the
corresponding mean accuracies are 100%, 99.93%, 99.7%,
and 98.8%, respectively. All case studies are running on
MATLAB-2019b, Window 10, CPU; Intel core i7-2.7 GHz,
6 GB RAM.

The validation of the proposed approach is assessed by
comparing its results with those of other works. The com-
parison results are tabulated in Table 8. The results show that
the proposed approach has the ability to identify 16 classes of
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PQ problems with high accuracy that equals to 100%, 99.93%
and 99.7% for noiseless, 40 dB SNR and 30 dB SNR signals,
respectively.

IV. EXPERIMENTAL RESULTS

To validate the proposed methodology in detecting and clas-
sifying the PQ events, an experimental model is established
in the laboratory, as shown in Fig. 19. This model con-
tains different types of loads to generate different types of
power quality events. The loads comprise motors, linear and
non-linear loads. Four potential transformers (PT) and four
current transformers (CT) are used to step down the voltages
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TABLE 7. Simulation tests of PQ events with different SNR.

Error (%) and accuracy (%) at different noise levels
PQ tested events Noiseless 40 dB SNR 30 dB SNR 20 dB SNR
Accuracy (%) | Error (%) | Accuracy (%) | Error (%) | Accuracy (%) | Error (%) | Accuracy (%)
Normal 100 0.0 100 0.0 100 1.1 98.9
Sag 100 0.0 100 0.2 99.8 1.3 98.7
Swell 100 0.0 100 0.2 99.8 0.9 99.1
Interruption 100 0.1 99.9 0.4 99.6 1.2 98.8
Flicker 100 0.0 100 0.2 99.8 1.3 98.7
Transient 100 0.0 100 0.1 99.9 1.0 99
Harmonics 100 0.0 100 0.0 100 0.8 99.2
Notch 100 0.1 99.9 0.3 99.7 1.0 99
Spike 100 0.2 99.8 0.1 99.9 1.1 98.9
Sag with Harmonics 100 0.0 100 0.3 99.7 1.1 98.9
Swell with Harmonics 100 0.0 100 0.1 99.9 1.2 98.8
Interruption with Harmonics 100 0.2 99.8 0.5 99.5 1.3 98.7
Flicker with Harmonics 100 0.2 99.8 0.5 99.5 1.9 98.1
Transient with harmonics 100 0.1 99.9 0.6 99.4 1.2 98.8
Sag with Transients 100 0.1 99.9 0.7 99.3 1.4 98.6
Swell with Transients 100 0.1 99.9 0.6 99.4 1.5 98.5
Mean values 100 0.07 99.93 0.3 99.7 1.2 98.8
0.6 (&) 15 O]
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FIGURE 18. Case VII: The frequency spectrum and iTHD at the starting of
(a) Sag with harmonics and (b) Swell with harmonics events.

and currents to the data acquisition device to convert these
captured waveforms from analog to digital form. The detailed
parameters of this experimental model are provided in Table
9. The data acquisition device (DAS) is Circuit Monitor
2000 (CM2000) model. This DAS captures the voltage
and current waveforms with 6.4 kHz (128 samples/cycle at
50 Hz) sampling frequency. Different case studies of PQ
events are investigated and processed using the proposed
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FIGURE 19. The experimental setup.

methodology. The results are explained in details in the fol-
lowing subsections.

A. CASE STUDY I
The experiment is run without nonlinear loads. The syn-
chronous motor and linear RLC load are fed by the
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TABLE 8. Comparison of classification accuracy with the existing
methods.

Number | Number of | Mean accuracy (%)
Methods of tested PQ
features events NS N40 N30
KF and FES
29] 2 7 - 98.71 97
FFT and
ANNS [8] - 8 - 93.95 | 95.65
WT and PSO-
ELM [34] 6 10 97.6 - -
WPT and
SVM [14] 15 8 98.3 - -
DWT and
PNN [34] 9 16 99.87 | 98.6 95.2
ST and PNN
[16] 4 11 97.4 - -
ST and
Dynamics [42] 5 12 - 99.27 | 97.91
LSTM [40] 6 14 - 9745 | 95.25
MTW and DT
[43] 4 13 99.9 - -
Proposed
Methodology 5 16 100 | 99.93 | 99.7
TABLE 9. Detailed parameters of the experimental model.
Parameter values
Sources - AC voltage source: two 3- phase auto transformers
of 0 —400 V
- DC variable voltage source: 0 - 220 V
Loads - Synchronous Motor: 4.5 kW, 380V Delta, 7A and

220 V excitation
- Nonlinear load represented by DC motor driven by
3-phase full wave bridge: 3.6 kW, 220 V DC, 20 A
- Linear load: RL series load of 2.2 kW , 0.8 power
factor

Current Four CT of turns ratio 50/5
transformers

Potential Four PT of turns ratio 380/110
transformers

T T
13.0005 135005 14.0005 145005

FIGURE 20. The captured Voltage waveform of Case I.

autotransformers. For few milliseconds, the linear RLC load
is disconnected. The voltage waveform, captured by DAS,
is shown in Fig. 20.

This waveform is passed to the proposed approach, where
the extracted features are shown in Fig. 21 and Table 10. The
values of the extracted features (STD, M1, M2, and Diff E)
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FIGURE 23. Case Il (a) amplitudes, (b) iTHD and (c) Maximum values of
iTHD.

are listed in Table 10. The values of the decision variables
illustrate that this waveform does not contain harmonics and
comprises a swell event.

B. CASE STUDY II

In this case study, the linear load is connected to the cir-
cuit for few milliseconds to generate a sag event. The volt-
age waveform, shown in Fig. 22, is captured by the (DAS)
and transmitted to the PC to be processed by the proposed
methodology. The extracted features are shown in Fig. 23 and
Table 10. From Table 10, the STD is less than 0.02, cor-
responding to a waveform free of harmonics (no nonlinear
loads were connected in this setup). The values of the other
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FIGURE 24. The captured voltage waveform of Case Il
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FIGURE 26. The captured waveform of Case IV.

decision variables listed in Table 10 indicate that the captured
waveform contains sag event.

C. CASE STUDY Il

This case corresponds to a transient event imposed on a
pure-sinusoidal waveform. To generate the transient event
in this experiment, the linear load is switched off and on
instantaneously. The captured voltage waveform is shown
in Fig. 24. The extracted features are illustrated Fig. 25.
In Fig. 25(c), M1 exceeds 125, indicating a transient event,
while the corresponding STD in Table 10 indicates that the
waveform does not contain harmonics.

D. CASE STUDY IV

In this case, all load types are connected to the circuit. The
captured current waveform and extracted features are shown
in Figs. 26 and 27, respectively. The Kalman filter computes
the amplitudes of the fundamental frequency and harmonics

93626

(@) (b) (¢)

1 2. aamaas 3 3
0.8 3Fudmi F2s 3 2.5
—_ e ~ <
= a =
2 Sth 2 a 2
0.6 Tth E E
] 9th | »
£ nm | 215 g 15
=04 H H
£ f £ 1 £
< ‘n s &
0. ik, 2 =
I i |- e =0 03
0 I A e 0 0
22 225 23 22 22.5 23 50 100 150
Time (s) Time (s) no. of half cycles

FIGURE 27. Case IV (a) amplitudes, (b) iTHD and (c) Maximum values of
iTHD.

T T T T
36500 37.000s 375005 38.000s

FIGURE 28. The captured voltage waveform of Case V.
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TABLE 10. The extracted features of experimental case studies.

Experimental case studies
Features Casel | Casell | Casell Case IV Case V
STD 0.0055 0.0060 0.0037 0.038 0.041
M 12.7819 | 36.0613 | 525.576 2.865 32.95
M: 12.0450 | 30.0929 0.104 2.338 32.72
M; 0.05 6.64 0.00 2.111 0.00
Mi-M: 0.7369 5.9684 421.667 0.527 0.23
Diff E 5.6134 | -5.4499 5.2693 5.2112 -5.0629
dfcliz;:(sm Swell Sag Transient | Harmonics hii%nv;iti};s

and these values are shown in Fig. 27(a). The calculated
features for this case are shown in Table 10. The STD value
is 0.038 and this means this waveform contain harmonics and
the other features depicts that this current waveform does not
comprises any other PQ events.
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E. CASE STUDY V

In this case study, a complicated PQ event is generated
by connecting all loads and disconnecting the linear load
for few milliseconds. The captured current waveform is
illustrated in Fig. 28. The proposed methodology pro-
cessed this waveform and computes the amplitudes that are
shown in Fig. 29(a). The values of M1, M2 and Diff_E
in Table 10 confirm that this current waveform contains sag
event. Considering the value of STD associated with this
case, one can confirm that the waveform is polluted with
harmonics.

V. CONCLUSION

In this paper, the power quality problem identification and
classification are presented. A generalized approach based
on Kalman Filters is developed and tested using simulation
and experimental environments. The new approach is based
on calculating five decision variables in real time. Based on
the ranges of these variables, the algorithm decides whether
the PQ issue is a sag, swell, transient, harmonics, etc. The
thresholds proposed for these decision variables are heuristic.
The simulation and experimental results have proven that
these thresholds are accurate and dependable.

The simulation results for a wide range of cases are pre-
sented and analyzed. The results of the simulations — using
the proposed approach — are compared against other reported
techniques. The proposed approach proved its superiority to
handle any kind of PQ events, even when noise is introduced
to the waveforms. To confirm the practicality of the proposed
KF method, an experimental setup was used to mimic differ-
ent PQ events, with and without harmonics. The classification
of the PQ events using the proposed approach were always
correct and proved that it can be implemented to design PQ
monitoring device.
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