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1. INTRODUCTION

The monitoring of electrical parameters and suppression of harmonics is necessary to improve the
quality of power signal. Timely control and protection makes the electrical grid equipment from unexpected
failure.The nonlinear load mainly power electronic devices disorts the current waveform and termed as
harmonics. Harmonics are integer multiples of fundamental frequency that are non stationary in nature. A
typical problem caused by harmonics is overheating which directly reduce the efficiency of the system and
indirecty reduces the useful life of the equipment. On the other hand, to satisfy the power demand the renewable
energy sources are used as an alternate source for generating electric power,these power are syncronised and
fed to the electric grid via bulky power electronic devices, transformers and controllers.The conventional
controllers in collaboration with transformation techniques are used to extract the fundamental components
that are complex in the sense, tunning of controller parameter is not self adaptability. In this scenario a robust
tool for monitoring and synchronizing the grid is essential to improve the power quality and it is acheived
through adaptive comb filter [1].

There are variety of signal processing techniques exist and used in the past decade to track the
variation of signal with respect to time. Fourier Transform (FT) is a transformation technique that converts the
information of time domain into frequency domain of the analysing signal.The spectral frequencies are
analysed in the better way with total loss of time domain information and it is difficult to determine when or
where the particular dynamic event occurs. To overcome the drawbacks, Short Time Fourier Transform (STFT)
was evolved. It is a windowing technique analyses the signal with respect to window width for a small section
of time period.The STFT gives better frequency response analyses with respect to time but it endures with the
consequence of aliasing and time window effect.These effects reduce the effectiveness of the technique to
analyses the dynamic nature of the signal[2]-[4].
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Hilbert Transform (HT) detects the magnitude variation as an envelope of the non stationary PQ
signal. Yet, the frequency information is lost and phase information is insignificant [5]. In [6] and [7], Wavelet
Transform (WT) has been used to decompose the signal into different sets of frequency has approximate and
detailed version of the signal. WT suffers form several pitfalls including range of sampling frequency, choice
of selection of mother wavelet, number of levels and edge effects. WT in combination with Parseval’s theorem,
estimates the energy of the signals and the data are unique for each PQ disturbances.These datas are used in
artificial neural networks to characterize and classify PQ events.The main drawback is time consuming and
huge data to be analysed, processed and stored [8] and [9].

A number of algorithms are reported in [10]-[14], S transform, TT transform, Kalman filtering,
adaptive infinite impulse response line enhancer and fuzzy logic controller had been proposed to characterize
the PQ signal instantaneously. In [15]-[17], Enhanced Phase Locked Loop (EPLL) is used as detecting tool
which produces the sluggish response under transient condition. Although each technique has specific merits,
none reported simple, robust and good frequency varying environments for smart grid synchronization.The
ACF is good choice compared to other methods, whose applications are parameter estimation such as
magnitude, phase angle and frequency, decomposition of individual harmonic components, estimation and
suppression of harmonics using ACF is proved to be excellent.

The literatures [1]-[27] do not report the synchronization of power grid through ACF. The comparison
of responses of EPLL and ACF for PQ disturbance detection is not reported. This work suggests ACF is a
better tool/ technique for smart(er) grid synchronization.

2. THE PROPOSED METHOD/ALGORITHM
The algorithm is implemented through the following steps.
1. Generation of Synthetic signal as per IEEE standard.

2. APFis realized in MATLAB Simulink using these equations
x(0) = —8x (Dx (D) + 23,6 (De(V)
8 (1) = =y, x (D)8, (De(), k=1,2,...,n
e(® =r() - Y=y x(0)
= — Yo
yk u+N(xﬁ9ﬁ + xlz()
3. Wherey, =aN,q =0 /k?, nand N are positive real constant. k is the order of harmonic or
sub filters used. The values of constant are chosen. {, = 1.25,N = 2500,
o =5500and p = 0.01
4. The frequency limiters are adjusted to operate within the range of +25 Hz around the nominal
frequency.
5. The amplitude and the phase of kth component of the signal is given by
T % arccos (— %) X, >0
(X}Z( 02 + x2 ) = A and o, (t) = h oo\
2T — arccos (— A—) X, <0
k

6. APF estimates the attributes of input signal such as amplitude (Ak(t)), frequency(wk(t)),
phase (&, (t)) and frequency component of signal A sin ¢, ().

7. The first order Low pass filter with the transfer function of 1/(ts + 1) are added posterior to the
estimator to obtain the smooth output, where T = 1/(2110)s
8. Analysis of PQ signals [18]-[19].

3. RESEARCH METHOD

Figure 1. shows the Schematic representation of the ACF bank. In [20], the ACF bank is composed
of n coupled parallel sub filter units, the units can be extended according to the requirement of decomposition.
Each unit consists of specific frequency band, so it passes one particular frequency at a time interval and
suppress or rejects all other frequencies including noise and distortion hence it is called as Adaptive Notch
Filter (ANF). Figure 2. represents the design description of k™ parallel sub-filter as per the dynamic equations
listed in the algorithm. The ACF provides all the information about signal such as amplitude, frequency, phase
and individual harmonic components. This information is used by any converter to synchronize the grid in
closed loop control.
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Figure 1. Schematic representation of ACF Figure 2. Design description of kth parallel Sub-filter.

RESULTS AND ANALYSIS

4.1. Initiatory Performance

The input signal x(t) generated using Matlab code depicited in the equation (1) and shown in Figure

3. The signal is processed through simulink blocks of ACF. The ACF consist of five sub units connected in
parallel which estimates the signal attributes. The ACF extracts the amplitude and frequency of the input signal
as shown in Figure 4 and Figure 5. The amplitudes are A1=1.0 p.u, A,=0.8p.u, A3=0.6 p.u, As=0.4p.u, As=0.2
p.u and the frequency are F1=50 Hz, F,=100 Hz, F5=150 Hz, F4=200 Hz, Fs=250 Hz are estimated by the ACF
bank.

Amplitude (V) ——

x(t) = 1.0 * sin(2 * pi * 50 * t) + 0.8 * sin(2 * pi * 100 * t) + 0.6 * sin(2 * pi * 150 * t)
+ 0.4 *sin(2 * pi * 200 * t) + 0.2 * sin(2 * pi * 250 x t) ; €))
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Figure 3. Input signal to ACF Figure 4. Amplitude estimation of ACF
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Frequency of Individual Extracted Harmonics
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Figure 5.Frequency estimation of ACF
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component

Figure 6 shows the extracted individual harmonics component of highly disorted input signal shown in Figure
1. The output of ACF decomposes the input signal into its individual Harmonic components. The individual
Harmonic component tracks its amplitude and its frequency component accurately and precisely. Figure 7
shows the phase of extracted harmonics component of ACF. The order of harmonic component can be
recognized from the phase response. The phase characteristics is a train of spikes describes the presence of
harmonic component in the signal. For particular time interval say 0.02 to 0.04 sec the fundamental component
has only one peak (ramp), second harmonics has two peaks and third harmonics has three peaks and so on.
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Figure 7. Phase of extracted Harmonic component

4.2. Tracking characteristics

4.2.1. Tracking of Amplitude changes

The tracking feature of the designed ACF is tested by changing the amplitude of the input signal in
equation (1). Initial Amplitude is A1=1.0p.u, A>=0.8p.u, A3=0.6p.u, As=0.4p.u, As=0.2p.u till time t=1.9sec
thereafter the amplitude changes are tracked and depicited in Figure 8 has A;=1.4p.u, A»=1.0p.u, A3=0.8p.u
and other amplitudes such as As=0.4p.u, As=0.2p.u remains constant.

Figure 8.Tracking of amplitude changes

IJEEI, Vol. 7, No. 4, Dec 2019: 599 — 608



IJEEI ISSN: 2089-3272 a 603
Tracking of Frequency changes Tracking of Inter-Frequency component
180 T I T ‘ ‘ 300 T ! T 1
: | : X:2503
: : | : 1 : v
i i e | ]
: ' | : 1 : v |
7 | | — | i
L . . ‘ : ‘ ! ! :
» ] ] | i | : | X 1509 :
§ ; ; 3 ; 3 ; ;] Y: 1% :
3 i y ' : : ' ' "
e ; ; | : | : X : :
n . H . ; e ; 3
. " ' ] " : Y5501 : ;
0 I \ I \ \ \ i I i DV i i i \ i
0 05 1 15 2 25 3 35 4 45 5 0 03 1 13 2 15 3
Time (sec) Time (sec) ———»
Figure 9. Tracking of frequency changes Figure 10.Tracking of inter-frquency components
Response of EPLL and AC for sinusaidal signal Respanse of EPLL and ACF for the input signal with voltage sag
F S s 2 S S S S S S N R
E : — I : ; ; ; ; —— e
: ; — 3 | | | i
TR~ ' — N Hﬁ ‘
S5 / i m ﬂ m 5 15 : |
Y G
gt \ o
S AR U LB
0 01 02 03 04 05 06 07 08 0 0 02 03 04 05 06 07 0
Time (sec) Time (sec)
(a) sinusoidal signal (b) signal with sag
RESpUHSE of EPLL and ACF forthe mput signa\withvnltage swel " Response of EPLL and ACF for the input signal with momentary interruption
2 T T T T T T ' I ! ! ! ! ! ;ACF
: : : : : = ACF : 3 3 3 3 3 —— Ut
15 — ; : —INPUTH | | | | | —
! ! -M- E 3 —pL ‘ I : : T
i 1
AT T AW S
% 05 : st 3 : /
7 2
T il /
E £ i
DI I ,
{5 i i
ALALLER AT AREAARR RS LLG
AP AL | |
PR “ | “ | L I 0 IO
0 01 02 03 14 07 08 1 0 T B 0 0 0 7 08
Time (SEE) Time (sec)

(c) signal with swell

Figure 11. (a-d) The comparision of dynamic tracking of ACF and EPLL of PQ events.

4.2.2. Tracking of Frequency Changes
The tracking feature is tested with the designed ACF by changing the frequency of the input signal
after t=1.9sec. Initial Frequency F1=50 Hz, F,=100 Hz and F3=150 Hz. The transient and steady state behavior

(d) signal with momentary interruption
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of the filter outputs are displayed in Figure 9.The transient response is shown during the time interval from
t=1.9sec to t=2sec after the time t=2sec steady state response is observed with the frequency changes F1=65
Hz, F,=110 Hz and F3=165 Hz.

4.2.3. Tracking of Inter-frequency

The input signal consists of harmonics and interharmonics which are given to ACF, whose amplitude
and frequency of is A1=1.0p.u, A>=0.8p.u, A3=0.6p.u, As=0.4p.u, As=0.2p.u and F1=55 Hz, F,=100 Hz, F3=135
Hz, F4=210 Hz, Fs=250 Hz. Each ACF unit has a specific band of frequency, so that each unit will extract the
particular range of frequency present in the signal. Thus, any inter-frequency component present within the
frequency band will be extracted by that particular unit of ACF as shown in Figure 10. The inter-frequency
component 55Hz, 135Hz and 210Hz are extracted by first, third and fourth units of ACF faithfully.

4.3. Comparision of EPLL and ACF Characteristics
4.3.1. Dynamic tracking ability

Figure 11(a) shows the instantaneous tracking ability of ACF and EPLL for the pure sinusoidal
waveform. In ACF the tracking starts with in half a cycle and attains the steady state in third or fourth cycle,
where as in EPLL the tracking starts with delay of two cycles and attains the steady state after seventh cycle.
Both the technique detects and tracks the PQD such as sag, swell and momentary interruption instantaneously
yet, ACF detects precisely and the simulation results in [27] are compared and depicited in Figure 11 (b-d).
The estimator ACF and EPLL estimates and tracks the amplitude with respect to the disturbances, Figure 11(b)
shows 60% of sag since the value of magnitude is below 1.0p.u during the time span 0.2 to 0.4sec. Figure 11(c)
identified as 70% of swell since the value of magnitude is above 1.0p.u during the time period 0.2 to 0.5sec.
Figure 11(d) characterises as 100% power failure during the time interval of 0.19 to 0.4 sec since the value of
magnitude reaches zero it is recognised as interruption.

4.3.2. Speed of response of EPLL and ACF

Speed of comvergence of AGF Speed of Convergence of EFLL
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Figure 12. Actual and estimated fundamental Figure 13. Actual and estimated fundamental
component using ACF component using APLL

Figures 12 and 13 represents the speed of convergence of ACF and EPLL of the pure sinusoidal
waveform. The estimated output of ACF reaches the actual value in half a cycle and converge at t=0.02sec,
whereas in EPLL it reaches the actual value at t=0.2 sec after fourteenth cycle. Therfore ACF is concluded as
fastest response behaviour.

4.3.3. Noise suppressing/removal characteristics of ACF

The sinusoidal signal is added with the Gaussian noise of 20 decibel is a noisy input signal to ACF
depicited in Figure 14(a). Figure 14(b) represents the filtering characteristics of ACF which suppress the noise
and extracts the pure sinusoidal input.
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4.4, Grid synchronization

When the source is connected to the nonlinear load, the source/grid current is highly distorted and
they are termed as Harmonics. The Harmonics and interharmonics are spectral components yet, harmonics are
integer multiples of fundamental frequency and interharmonics are not integer multiples of fundamental
frequencies.These harmonics are to be compensated before it aggravates as fault or breakdown [21]-[27].
Figure 15 shows the grid synchronization of three phase power system through ACF. The power system
consists of AC power source with the voltage 100 V, and frequency of 50 Hz is used. For grid synchronization
three pairs of identical ACF’s are used.The three phase source Voltages are Va, Vb and Vc and the nonlinear
load current 1aNL, IbNL and IcNL are measured and passed through each pair of ACF. The ACF extracts and
detects all the usefull information embedded in the input signal such as amplitude, frequency and phase of
fundamental, individual harmonic and reactive components. These components provide the compensating
current signal Ic to grid connected inverter for synchronization. Therefore, the source currents are free from
harmonics.
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Figure 15. Grid synchronization of three phase power system through ACF

Figure 16(a) shows three phase AC voltage sources of Va, Vb and V¢ which supplies the nonlinear
load with the amplitude of 100V. Figure 16(b) shows the grid current is polluted by nonlinear load whose
magnitude is 2.9 Amps. Figure 16(c) represents the compensating current (Ic) produced by ACF. The
synchronizing switch is closed at time t=0.04 sec is shown in Figure 16(d) after t=0.04 sec the source current
is pure sinusoidal waveform.

The Total Harmonic Distortion (THD) is stepped down from 26.25% to 1.71% is depicited in Figure
17(a) and Figure 17(b) of phase current A before and after synchronization through ACF bank.The frequency
spectral analysis of signal is carried out by FFT are listed in Table 1 and 2 before and after passing the signal
through ACF. The predominant individual harmonic components are h5, h7, h11 and h13 listed in Table 1 is
reduced as per IEEE specified limit of less than 3% are listed in the Table 2 when the signal passed and
syncronised through the ACF bank. The magnitude of THD of phase A current of individual harmonic
component say, fifth order harmonics (h5) before passing ACF is 22.09%, the compensating current Ic

A Robust Tool for Monitoring and Synchronizing Smart Grid ... (P. Murugesan et. al)
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produced by ACF reduce the THD to 0.23%. Similarly the seventh order individual harmonic (h7) is reduced
to0 0.20% from 10.10% and keep the grid free from harmonics.
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Figure 16 (a) three phase source voltage, (b) Load current, (c) Filtercurrent,and (d) Grid
synchronized current.
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synchronization (snap shot of simulated output) synchronization through ACF
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5. CONCLUSION

This paper describes various application of adaptive comb filter for signal analysis in power system
applications. Several digital simulation tests are conducted to highlight the features of ACF such as simple
structure, self adaptive to frequency, robust, immune to noise, high grade of accuracy and speed of response.
Without loss of generality the results are compared and presented the waveforms, controlling parameters and
numerical datas are depicited to show the feasiblity of the system. The ACF instantaneously tracks the
parameter variation such as amplitude, frequency and phase smoothly and successfully.It also extracts and
estimates the individual harmonic and reactive components faithfully.The n coupled parallel ACF units not
only detect the parameter variation and to a greater extent it is used as a synchronizing tool to compensate the
highly disorted signal resourcefully.

Table 1.Comparison of time domain parameters for EPLL and ACF with respect to sine waveform

Type of Estimator Delay time (S) Rise time (S) Peak time(S) Settling time (S)
EPLL 0.08 0.13 0.2 04
ACF 0.02 0.08 0.1 0.1

Comparison of time domain parameters for EPLL and ACF is shown in Table 1. By using ACF
estimator, delay time is reduced from 0.08 to 0.02sec; rise time is reduced from 0.13 to 0.08sec; peak time is
reduced from 0.2 to 0.1sec; settling time is reduced from 0.43 to 0.1sec; Hence, ACF is superior than EPLL.
The future task is to implement in Field Programmable Gate Array (FPGA) to enhance the features of the
system.
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