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Abstract—The increasing application of power electronic facilities in the industrial environment has led to serious concerns
about source line pollution and the resulting impacts on system equipment and power distribution systems. Consequently, pas-
sive or active power filters have been used as an effective way to compensate harmonic components in nonlinear loads. Ob-
viously, fast and precise harmonic detection is one of the key factors to design power filters. Various digital signal analysis tech-
niques are being used for the measurement and estimation of power system harmonics. Presently, neural network has received
special attention from the researchers because of its simplicity, learning and generalization ability. This paper presents a neural
network based algorithm that can estimate the total harmonic distortion present in the output form power electronic converter.
Comparison with the Fourier series method is presented to demonstrate the fast response and high accuracy of neural networks.

Index Terms—Harmonics, Fourier series, Fourier Transform, Power filters, Artificial neural network

1 INTRODUCTION:

Harmonics are mathematical way of describing distortion
to a voltage or current waveform. The term harmonic

refers to a waveform that occurs at an integer multiple of
the fundamental frequency. Fourier theory tells us thatany re-
petitive waveform can be defined in terms of summing si-
nusoidal waveforms which are integer multiples (or har-
monics) of the fundamental frequency. For the purpose of a
steady state waveform with equal positive and negative half-
cycles, the fourier seriescan be expressed as follows:

£ = Z An sinfniTt/T)
n=1

Where

f(t) is the time domain function

n is the harmonic number (only odd values of n are
required)

A, is the amplitude of the nth harmonic component

T is the length of one cycle in seconds

A common term that is used in relation to harmonics is THD
or Total Harmonic Distortion. THD can be used to describe
voltage or current distortion and is calculated as follows:

THD(26) = /(ID12 + 1D22 +...... IDn2)

Where

IDn is the magnitude of the nth harmonics as a pecentage of
the fundamental (individual distortion).

Another closely related term is distortion factor(DF) Which is
essentially the same as THD.

2 CAUSES OF HARMONICS:

Harmonics are caused by non-linear loads that is loads that
draw a non-sinusoidal current from a sinusoidal voltage
source. Some examples of harmonics producing loads are elec-
tric arc furnaces, static VAR compensators, switch-mode pow-
er supplies, and AC or DC motor drives. In the case of a motor
drive, the AC current at the input to the rectifier looks more
like a square wave than a sinewave (see Figure 1).

Fig. 1 Typical 6-pulse rectifier input current waveform

The rectifier can be thought of as a harmonic current source
and produces roughly the same amount of harmonic current
over a wide range of power system impedances. The charac-
teristic current harmonics that are produced by a rectifier are
determined by the pulse number. The following equation al-
lows determination of the characteristic harmonics for a given
pulse number:

h =kqg+l
where
h is the harmonic number (integer multiple of the fun

IJSER © 2019
http://www.ijser.org


http://www.ijser.org/

International Journal of Scientific & Engineering Research Volume 10, Issue 5, May-2019

ISSN 2229-5518

damental)
k is any positive integer
qis the pulse number of the converter

This means that a 6-pulse (or 3-phase) rectifier will exhibit
harmonics at the 5th, 7th, 11th, 13th, 17th 719th 23rd D5th etc. mul-
tiples of the fundamental. As a rough rule of thumb, the mag-
nitudes of the harmonic currents will be the fundamental cur-
rent devided by the harmonic number (e.g. the magnitude of
the 5 harmonic would be about 1/5% of the fundamental cur-
rent). A 12-pulse (or 6-phase rectifier) will, in theory produce
harmonic currents at the 11th, 13th, 23rd, 25th, etc. multiples. In
reality, a small amount of the 5%, 7th, 17th and 19 harmonics
will be present with al2-pulse system.

Variable frequency drives also produce harmonic currents at
the output of the inverter which are seen by the motor. Most
of these harmonics are integer multiples of the inverter operat-
ing frequency and not the power supply frequency, but the
little generalization can be made about their magnitude since
this varies greatly with the type of drive and the switching
algorithm for the inverter semiconductors. some “interhar-
monic” currents may also be present at the input or the output
of the drive. Interharmonics do not fit the classical definition
of harmonics since they do not necessarily occur at integer
multiples of power supply or inverter fundamental frequency.
Harmonics can occur on the input at the power system fre-
quency plus or minus the inverter operating frequency. The
inverter output can contain harmonics at the rectifier pulse
number times the power system frequency plus or minus the
inverter operating frequency. Proper DC link design can mi-
nimize the presence of interharmonics.

3 METHODS OF HARMONIC ANALYSIS:

Harmonic analysis is a branch of mathematics concerned with
the representation of functions or signals as the superposition
of basic waves, and the study of generalization of the notions
of fourier series and fourier transforms.

The summary below shows the phase sequences of odd har-
monics

- Harmonics of order h =1, 7, 13, are all positive sequence.

- Harmonics of order h = 5, 11, 17 are all negative sequence.

- Triplens (those who are multiples of 3) h = 3, 9, 15 are called
zerosequence

Odd harmonics:

Fig. 2 shows the graph of an odd harmonic Fourier series. The
Fourier series will contain odd harmonics if

fit+m) =0

In this case, the fourier expansion will be in the form of;

f)= az_o + (alcost + blsint) + (a3cos3t+b3sin3t) +....... all
of the harmonics are odd
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Fig. 2: Odd harmonics.

Even harmonics:

Fig.3: Even harmonics.

The Fourier series as shown in Figure 3 will contain even har-
monics

if

fe+m) =1 ()

In this case, the Fourier expansion will be of the form:
a0

f(t)=
(t) 5
Fourier transform:

The Fourier transform is an extension of the Fourier series that
resultswhen the period of the represented function is leng-
tened and allowedto approach infinity. Basically Fourier
Transform is a mathematicaloperation used to decompose a
signal into sine and cosine components Fig. 4.

Fundamentally Fourier Transform is a mathematical operation
used to break a signal into sine and cosine components. The
result of the alteration represents the signal as a function of
frequency while theinput signals as a function of time. It can
refer into 4 categories.

¢ Aperiodic-Continuous (Fourier transform)

e Periodic-continuous (Fourier Series)

¢ Aperiodic-Discrete (Discrete-time Fourier Transform)

e Periodic-Discrete (Discrete Fourier Transform)
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Figure 4: Fourier transform of harmonics

4 THREE PHASE HARMONIC FILTER:

A three phase harmonic filter is a connection of paral-
lel elements that are useful in a power system in order to de-
crease the voltage distortion and to correct the power factor.
Harmonic elements such as electronic converters produce har-
monic currents and harmonic voltages or both at the same
time. These distortions are injected into the power system.
This will in turn produce a distorted current flow through the
impedanceof the system which will yield to the produc-tion of
harmonic voltage distortion. Harmonic filters wheth-er single
phase or three phase are used to reduce this distor-tion by
guiding the harmonic currents to the path where there is a
relatively low impedance. Harmonic filters are ca-pacitive at
the base or fundamental frequency and they can also be used
for producing reactive power which will be re-quired by the
converters for purpose of power factor correc-tion. In order to
achieve an acceptable distortion limit, a lot filter banks are
usually connected in parallel, the most commonly used of
these filters are;

- Band pass filters: these filters are used to filter low order ha
monics like the 5th, 7th, 11th, 13th etc. these filters can be in
two forms namely; single tuned and double tuned single
tuned filter is operated at one frequency while the double
tuned filter is o erated at two frequencies.

- High pass filters: These filters are used to filters high har-
monic frequencies as the name implies. A special type of high
pass filter called the C type filter was used in this thesis to
provide reactive power and to stop parallel resonance. It
enables the filtering of lowest order harmonic that is the 3rd
ha monic as well as keeping zero losses at the base frequency.

- Three phase harmonic filters: This filter is built with RLC
elements. These RLC values are determined from the form of
the filter using the following parameters.

- Reactive power at the nominal voltage
- Tuning frequency
- Quality factor.
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The four types of filters that can be designed along
side the three phase harmonic filter are shown below.

The simplest form of these filters is the single tuned, that is the
one that is operated using only one frequencyand Figure 5
shows the quality factor and formulae for calculating the rea-
tive and active powers respectively. The quality factor Q of the
filter is given as, Q = nX/R

The quality factor Q indicates the bandwidth B which meas-

ures the sharpness of the tuning frequency.
Fig 5: Different types of three-phase RLC harmonic filter.
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Fig. 6: three phase harmonic filter (Simulink diagram)
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5 CASE STUDY:

The HVDC line in the system’s rectifier was gotten from the
two 6 pulse thyristor bridges that were connected in series.
Connected to the system is also a converter with a 120MVA
three phase transformer. Connected to the DC side is a
1000MW resistive load through a 0.5H smoothening reactor
Figure 6. The filters comprise of the following four compo-
nents of the power lib library.

- One capacitor bank C1 of 150Mvar designed by a “Three
Phase Series RLC Load”,

- Three filters designed using the “Three-Phase Harmonics
Filters” are used in the HVDC line as shown in the Figure 6.

- One C type filter tuned to the 34 F1 of 150Mvar.

- One double tuned filter 11th/13th F2 of 150Mvar.

- One high-pass filter tuned to the 24" (F3) of 150Mvar.

The filter is opened and closed with the breaker in the circuit.
When the breaker is closed, the current and voltage from Bl
will pass through the filter and will subsequently be filtered
and can be seen through the scope. However, when the break-
er is opened, the filter will be deactivated and will have no
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Fig. 7: Output Waveforms of the System with Filter Disconnected

effect on the output waveforms of the system. Gds kAL OBPRL A 0@ =T
The following waveforms will show the filter effects on the o Snacies sgna & cytes T o e 2 ccies s
output waveforms of the system Fig. 7. at/ "MV‘I!”” _ﬁ'"\,‘ JI"L\\‘ X Py Ve
o ) I f ” ) ¥ ) el numer
TEARTERTEEVERY | .
. - g ' A L4 FET window
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loads in the system. Checking the FFT analysis of the system, ' S—
we will also see a very high amount of THD which will be %: T Lon
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The FFT analysis of the voltage waveform at Bl above shows a & e R
highly distorted waveform and an unacceptable level of R A R T I TR R

THDat 17.78 % Figure 8.

The FFT also shows a highly distorted current waveform at Bl
and an unacceptable level of THD at 12.59% Figure9. Now, by
closing thebreaker, the filter will be activated, and the wav-
forms will be as follows;

Fig. 8: FFT analysis of the voltage with filter disconnected.

The output from VI measurement Bl was connected to the

filter,and hence, we can see the voltage and current at Bl were
duly filtered toan almost ideal sinewave. The FFT analysis also 7Tt T —
showed that the THDwas significantly reduced to an accepted ¥ LY TFA LT S
level Figure 10. -~ SRVIRY ! L)\
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ure 11.

The FFT analysis of the current waveform at Bl also shows | | || e
that the THD of the current waveform was reduced from : I Bl i kv
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Figure 12.
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Fig. 9: FFT analysis of the current with filter disconnected.
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Fig 10: Output waveforms of the system with filter connected at bus B1.
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6 ANALYSIS USING ARTIFICIAL NEURAL NET-
WORK

Recently, there has been considerable interest in the applica-
tion of Artificial Neural Network (ANN) to power system.
ANN has the ability to classify complex relationships proper-
ly. The relationships classified by ANN are highly nonlinear
and often result from large mathematical models. Once
trained, the ANN can classify new data much faster than it
would be possible by solving the model analytically: An inte-
grated based system, ANN, and conventional power system
solution methodologies have potential to provide real-time
optimization and control of power system. This paper presents
the application of ANN for harmonic analysis of power sys-
tem.

Data Set Preparation :

Inputs:

The firing angle to rectifier is veried form 0 to 90 degree in-
steps of 3 which isconsidred as input set for training ANN.
The corresponding THD and output DC voltage and current
are considred as targets.
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Fig. 11: FFT analysis of the voltage with filter connected =
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Fig12: FFT analysis of the current with filter connected 0.58 8197 0.33
0.2 55.21 o.22
0.35 2477 0.1
o.ze 12.53 0.05
Table 2: Target system conditions
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Training ANN:
In the welcome window of ANN toolbox fitting tool app is
selected as shown in the figure 13.

4\ Neural Network Start (nnstart) — x

Getting Started Wizards  More Information

Welcome to Neural Network Start

Learn how to solve problems with neural networks.

Each of these wizards helps you solve a different kind of problem. The last panel of each
wizard generates a MATLAB script for solving the same or similar problems, Example datasets
are provided if you do not have data of your own.

Input-output and curve fitting. (nftool)
Pattern recognition and classification. & Pattem Recognition Tool (nprtool)
Clustering. & Clustering Tool (nctool)
Dynamic Time series. & Time Series Tool (ntstool)

Fig. 13: Neural Network Start

The input and target sets are prepared by considering 30 val-
ues of firing angles, corresponding firing angles are consi-
dered as inputs and THD, output voltage and current are con-
diredas outputs and data sets are loaded first to excel sheet
and then they are imported to MATLAB for training an ANN.

o Neursl Netwerk Fitting Teel [nftocl)

\%

Get Data from Wordapace

Select Data
wh i taegets define your fitting ps

Input data 1o present 1o the network.

B Inputs: ot =

Summary

Inputs nput” s a 1T matris, representing watic date 51 samples of 1
element,
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Tavget data defining desired retwork cutput.
@ Tagets:

Targets ‘Target’ 2 3123 matnn, repreventing tab dets: 31 samples of §

Taigel v hements.

Samples are [ Matetx columns () B Matris rorws:

Wt try out this tool with an example data set?

Lowd Examghe Dats Set

W To ontiews, dick (Next)

8 Meural Nebwork Start 1 Welcome

@aa [Shm | | O

Fig(15): Selecting inputs and targets for fitting tool Problem.

After importing the data ANN is trained using Levenberg-
Macquardit algorithm. The correctness of the trained network
is ensured by using Mean square error and regression value.
The regression value near one shows that ANN is trained cor-
rectly and hence it can be used to produce the results for new
set of data.

4 Maural Netucek Fitting Tood (nftool] - *

Validation and Test Data
Set aside some samplen for validation and testing.

Sebect Percentages Lplamation

& Randoemiy divide up the 11 samples: B Thows Kinds of Samphes

. @ 0% Nsamples @ Training
4 Import Wizard - O X 'w::;: — ey | TSt peted s he ik i i sndh etk
Select variables to import using checkboxes W e s || @ vekdution:
These are used and to g
®) Create variables matching preview. s
; W Tesing
() Create vectors from each column using column names. P Bt %
Create vectors from each row using row names,
Variables in D:\mattttittittttittttt\New folder\ NPUTxlsk, Worksheet: Sheet]
Impart Name = Size Bytes Class 1 ! B
A
colhead... 1x1 e cell | ; s
S5l input 248 doublf - : >
{} P Change percantages if deshred, then dick [Next] to continue
textdata W 144 cel 4 9 & Neursl Netwoik Start M Welcoma o Rack & Neat
5 12 - '_ . I ; o o )
6 1 Fig. 16: Validation and Test Data
7 18
3 21
9 24 .
1 7 Hidden Layer Output Layer
il Bl
g 8 — .
Help < Back Next » ] Generate MATLAB code ~ Cancel
e B 10 3
Fig. 14: Importing the INPUT and TARGET variables
Fig. 17: Trained Neural Network
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Fig. 18: Regression Plot

9 CONCLUSION:

The design of the three phase harmonic filter and its simul-
tions was done using MATLABsimulink. Additionally, varie-
ties of three phase filters were briefly discussed. These filters
are also used in the HVDC line connected in parallel, all in the
hope of achieving an acceptable distortion level. The HVDC
line is used with a three phase filter to reduce harmonic disto-
tion as well improving the overall quality of the power sys-
tem. The results obtained from Simulink are used to train
ANN using neural network toolbox of MATLAB and paer-
formance of the trained network is compared with those ob-
tained form Simulink. From the results obtained in this paper,
we can draw a conclsion that the filter is an effective method
of mitigating harmonics at different frequencies and ANN is
better approach for estimating harmonic distortion.
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