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ABSTRACT

The harmonic nature of load changes at every point of power supply systems. Because of the increase in
usage of switched mode systems and low rated fractional kilowatt motors, in the household appliances, the harmonic
injected to the distribution systems is very high. For mitigation of harmonics, it should be analysed and the nature of
harmonic should be understood in broad manner. In this paper the harmonics injected by the major household
appliances is analysed and an apt filter to mitigate the domestic harmonics is identified and implemented. The study
on the implemented filter shows that the total harmonic distortion is reduced from 21% to 4.01%. The resonance
phenomenon usually happens with the implementation of passive filter is taken care of with the special C-type design
of the filter. A cost optimised filter is designed by using the algorithm of genetic evolution for fixing up the kilovolt-
ampere rating of the filter.
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1. INTRODUCTION

The problems related to power quality are ever growing because of the increased use of power electronic
devices. The use of electronic devices in a domestic level increases with a day today basis with the increase in
technology. It is highly impossible to restrict the end users from using such instruments and equipments. A lot of
such devices proves to inject harmonics to power system to a large extend. Efforts to analyse this harmonic injection
to the power system involves a lot of challenges, such as a continuous dynamic load, an under rated load, a
combinational non-linear load (Beres, 2016). A careful investigation on these loads show that, these loads which are
used most in the household injects odd harmonic unlike industries like arc furnaces inject even harmonics
(Allenbaugh, 2011). The odd harmonic will eventually lead to heating of equipments followed by its failure
(Witherden, 2010).

Since most of the practical loads connected to the supply is of inductive nature, the power factor of the
supply system goes low once these loads are connected (Kushare, 2007). This issue is considered as a serious problem
and capacitor banks or synchronous condensers (Sher, 2013), are used for power factor correction. The presence of
these capacitors with some practical notch filters (Ghaffari, 2013), increases the total harmonic distortion of the bus
connected to it because of higher frequency voltage components inserted by the capacitor bank and due to the
resonance problem in the notch filters (Das, 2015). A careful design of filter is of at most need to place the resonant
frequency some way far from the stop band. Resonance caused in power system will not introduce any harmonics
but it amplifies the harmonic frequency which falls under the resonance band (Gonzatti, 2016). This is a serious
problem when we are dealing with low order harmonics as its magnitude is already high compared to higher order
harmonics. The concept of micro grid (Omar and Scarcella, 2014), to a certain extend can reduce the effect of
harmonics to the substation transformers and other equipments related (Nisworo and Berahim, 2015). But still in
places like India, the installation of micro grid is not effectively done in distribution systems. Most of the places in
India suffers from brown outs or black outs when any fault happens with the substation feeders or transformers
(Dash, 2003). Therefore each and every harmonic component generated from a non-liner load which can either be
from the industry or an apartment with number of dwelling units becomes a major source of harmonics to the power
system and affects the system (Sharma, 2013).

The authors are made an attempt to understand the distribution network in detail and the dynamic loads
which are coming into play from time to time for a whole day (Djeghader, 2015). A system model is created and the
system is validated for power flow and impedance properties (Bagheri, 2016). The information of impedance, allows
us to calculate the distortion at the point of common coupling (PCC) (Dinh, 2015). The single line diagram of a
substation with its transformers and feeders gives a broad idea of the distribution power system. Most of the
distribution transformers which supply electric power to residential apartments are rated between 250KVA and
3MVA as far as a local city is concerned. The impedance percentage also will vary from 5-7%.The third harmonics
related to transformers can be avoided by a delta connection of the transformer (Cuk, 2014). But the residential
distribution transformers demands star connected secondary to meet the demands of single phase loads. Single phase
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loads are used mostly in domestic applications which create an unbalance to the supply system and are an additional

problem of concern.
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Fig.1. Local Distribution System with non-linear loads

The common household appliances such as a refrigerator, compact fluorescent lamps, Television, Home
Inverter, Blender et with any additional voltage regulators or controllers for speed, load or illumination involves
switching components which will destroy the sinusoidal profile of supply current by introducing spikes (Kus, 2015).
The spikes occurs at different time instants with different frequency while the appliances are working with different
loads and speed within a short specific time. This can often termed as dynamic nature of non-linear load. Predicting
the harmonic frequency at these type of situation is a great challenge and many algorithms are developed to predict
the frequency out from a dynamic load (Razzaq, 2016). After predicting the frequency, a suitable filter should be
designed with adjustable filter parameters. The filter can design with proper filter parameters which should be within
the constraints of size and cost (Wu, 2015).

This paper mainly deals with the identification of harmonic frequency from a practical non-linear load
system which is used in domestic applications with the major constraints and design of the particular power harmonic
filter according to IEEE 519 standards.

2. MATERIALS AND METHOD

A local distribution system supplying electric power to about 550 houses in an apartment at Chennai in India
is taken as the system for study of harmonics and its effects. The apartment is powered from an outdoor substation
of 41MVA capacity and with a voltage rating of 110/33-11 KV. The substation and the apartment has an average
distance of 5km.Therefore an 11kv feeder of about 6km is necessary. The distribution transformer is of 2.5MVA
capacity. The secondary of the transformer is of 11KV alternating supply. This supply is given to motor control
centres and other three phase loads in the secondary type of industries. The local distribution network is as shown in
fig.1.

The 100MVA transformer which is used in the substation has a 12.5% impedance and an impedance to
resistance ratio of around 37.4531%.These are air cooled core type transformers with a temperature rise restricted to
around 55 degree Celsius. 33KV transmission lines are observed to have around 526A current rating. However the
line which is entering the apartment premises is a 11KV line which is connected to a 500kva core type distribution
transformer which is air cooled. The impedance percentage of the distribution transformer is around 5% and the
maximum temperature rise is 50 degree Celsius. The total loss in the transformer is calculated as 6640 watts. This
information is necessary while proceeding with the design of harmonic filter for domestic network. In the apartment
each block has a panel board which can be considered as a 415V bus for our study. To this 415V, 16 individual
houses are connected through some low voltage circuit breakers.

A non-linear combinational load of refrigerator, ceiling fan, Television, Air Conditioner. Lamp loads,
microwave ovens etc., from an individual house are considered. The equipments with their power factor, wattage
and kvar rating is shown as in table.1.

Table.1. Domestic loads with wattage ratin

Sl.No. Equipment pf | Wattage | KVAR
1 Compact Fluorescent Lamp | 0.67 44 246
2 Microwave Oven 0.64 1000 2291.29
3 Refrigerator 0.66 200 1386.212
4 Ceiling Fan 0.68 50 245
5 Television 0.54 150 370
6 Air Conditioner 0.52 | 1000 4898

These loads when considered with all the 16 dwelling units in the tower injects at around 21% of harmonics
to the 415V bus. Therefore it is necessary to monitor the harmonics injected by each tower block to the low voltage
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bus, since it may have a cumulative effect in the distribution transformer causing overheating. This is identified as
the major issue of unexpected tripping of transformers and different sensitive load failure. At this stage the harmonic
analysis in the 415V distribution bus seems to be necessary to design an apt filter for the harmonic mitigation and
reactive power components. There are many different methods to analyse the harmonic components in the power
system (Jain and Singh, 2014). We prefer the simplest method of Fast Fourier Transform (FFT) to analyse the
frequency components with its amplitude.

Impedance Scan and Frequency Analysis of System: The impedance scan is one of the best ways to analyse the
power system performance. The FFT clearly indicates the presence of harmonic frequencies and their variations. The
non-linear loads connected to the distribution bus mainly inject the odd harmonics such as 5th and 7th to the bus.
Figure.2, shows the impedance scan of the system exploring to the performance of the distribution system.
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Fig.2. Impedance scan of 415V unfiltered bus

The fifth harmonic frequency leads to heating of equipments, thereby reducing its life. The seventh harmonic
frequency leads to crawling in motors which is totally undesirable when it comes to household appliances. Life of
equipment is of increased concern as far as domestic loads are concerned. The bar chart drawn in fig.3, shows the
harmonic spectrum of the loads analysed.

Figure.3, shows that the odd harmonics are majorly injected by the household appliances. The fifth harmonic
value shows the highest amplitude. Any normal tuned filter implemented to mitigate this harmonics create a shift in
the tuning frequency and create a resonance at other harmonic frequencies leading to the amplification of some inter
harmonic frequency. The impedance response of a tuned filter designed to mitigate the third harmonic frequency of
the above system is as shown in fig.4.
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Fig.3. Harmonic Analysis in the 415V bus Fig.4. Impedance Scan of 415V notch filtered bus

Figure.4, shows that the third harmonic notch filters is filtering out a frequency which is shifted from the

third harmonic. Therefore there should be an estimation based frequency fixing and it should be tuned below the
nominal frequency for better performance. This happens because of the capacitor used in the filter. Metalized film
capacitors as they age shows a gradual decrease in tuning frequency in harmonic filter applications. It is a good
practice to refer the capacitor manufacturers ageing table before designing the filter. This issue happens with all
practical harmonic filters and therefore the filters must be tuned at 6% below their rated frequency for acceptable
performance. Also the resonance effect at a frequency of 90Hz is occurred with the notch filter leading to the
amplification of this inter harmonic.
Harmonic Filter Design: The resonance being the main issue of a practical notch filter, alternative filters are to be
considered for acceptable performance. The C-type filters (Aleem and Zoba, 2016), are a good option since it avoids
most of the resonance problems as well as it can be tuned for a range of harmonic frequencies. While designing the
C-type filter some assumptions are to be made such as the resistance in the reactors and the dielectric losses in the
capacitors are to be neglected. The basic knowledge of system nominal voltage, frequency and reactive power
capacity at specified fundamental system frequency is mandatory. These details can be easily fetched from the power
flow analysis of the distribution system. The basic structure of a C-type filter is as shown in fig.5.
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Fig.5. AC-Type filter
The filter consists of two capacitors, one inductor and a damping resistor. The value of L and C

tuned

Aux

to the fundamental frequency F,,,, to reduce the power loss. With the knowledge of base voltage and the reactive

power requirement at nominal frequency the value of main capacitor could be easily calculated. The calculation of
Cyain 1 Very simple, because at fundamental frequency, the inductor-capacitor path acts as a short circuit. The

reactance of the main capacitor is given by equationl.
v

Xcmai.ﬂ: [31 (1)

The other three parameters of the filter can be estimated with the knowledge of the main capacitor value by

making use of optimisation techniques.
Optimization procedure of filter parameters using Genetic Algorithm: Genetic algorithm is a stochastic
optimisation technique which works based on the principle of natural evolution (Verma and Singh, 2010). The
process of genetic algorithm iteration always yield a global solution compared to other deterministic methods which
yields a local solution. It works based on the very basic principle of genetics "Survival of the Fittest".

A fitness function is defined for a group of individuals in a selected population. The fitness of each individual
is checked in accordance with the fitness function to identify the best individuals in the population. These individuals
mate together to create new population where the fitness is again checked against some constraints. This iterative
process goes over and again till the fittest individual is identified.

A set of standard reactive power rating is considered as the initial population in the genetic algorithm given

by equation 2.
Qc; = {ch,chr SRR Qc;} (2)

For each reactive power rating, the value of main capacitor reactance is calculated and used in the iteration
process of genetic algorithm where the fitness function is minimising the particular harmonic voltage value so that
the total harmonic distortion is reduced below 5% which is the IEEE 519 recommended standard. For the considered
residential apartment the fitness function is derived as below.

Minimize the objective function

Y, = sin[hywt] (3)
Y, = sin[h,wt] (4)

Subject to
0.010616 < X, < 0.031847  (5)
0.000635 < X < 0.000835 (6)
0.5<R<10 (7
Where,
N2
h = Xemi2+ (2.2246%10~6)n** ©8) h," = (%) X+(2-2246*10_6)h*2 ©)

h*?R (1.4915%1073) %(h_hi)
The C-type filter is advantageous to use in lower harmonic mitigation as it consumes less power at these
frequencies. Therefore we could reduce the rating of the filter when it comes to lower harmonics when compared
with other tuned filters. The filter design also involves the part of optimising the cost of the filter. A cost optimised
C-type filter for residential load application could be designed based on some modified parameter equations.

As the components L and C,,,, are tuned to the fundamental frequency, the main capacitor reactance and
system voltage would determine the amount of current flow in the tuned branch. The current flow in the tuned branch
is as given in equation 10.

. VwgCMmain
t=—7 (10)
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The total resistance of the tuned filter should be a positive quantity for the filter to have a physical meaning.
Therefore a parameter y is fixed such that it would proportionately represent the overall resistance of the filter. The
value of y should be greater than or equal to one as per the filter design conditions. The capacities of Land C in the
tuning circuit is same and is derived from equation 11.

2Q(¥*-rVr?-1

Qtunedbranch = 31f2WfL = % (11)

For a given current, if the inductor value goes high, the rating of the inductor might go high leading to an
increased cost. Therefore it should be minimized the term y? — y,/y2 — 1 for least cost optimization of the filter.

Let us define the function as

F)=v*-yyr:-1 (12)

Since the derivative of the function shows that it is a monotonically decreasing function, the value reaches

maximum when y value approaches infinity,

lim F(y) =0.5 (13)
y—>00
Accounting this function, the values of L and C can be derived as given in equation (14) and (15) as.
VZ
L= 14
G (14)
(h*z—l)Qc
C==v (15)

The quality factor for the design is opted as 2. The quality factor plays an important role in designing the
damping resistance. Accurate value of quality factor, would help in suppressing the excess harmonic voltage close
to the tuning frequency.

The value of damping resistor is derived as

2
- )

The variation in quality factor will retrieve different impedance responses of the filter.

Table.2, shows the values of filter parameters based on the genetic optimization algorithm considering the
cost optimization technique.

Table.2. Filter Parameters from Genetic Optimization

SI.No. | Parameter Value

1 Frequency(f) 50Hz

2 Harmonic Order(h*) 3

3 System Voltage () 415V

4 Reactive Power Rating(Q,, | 0.0117

5 Quality Factor 2

6 Damping Resistance(R) 9.5125Q

7 Filter Inductance(L) 0.030189H
8 Filter Capacitor(C ,,, ) 0.000336F
9 Filter Capacitor(C,,,,) 2.16*10°10

3. RESULTS AND DISCUSSIONS

The filter optimized by using the genetic algorithm is giving an acceptable performance compared to notch
filters for reducing the harmonic pollution in tower blocks. The resonance problem related to the notch filter is
eliminated by the inherent nature of C-type filter. Figure.6, shows the impedance-harmonic response of the designed
filter.
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Fig.6. Impedance Scan of C-filtered bus
The tuning tolerance is applicable to the C-type filter also, since this filter is also showing a slight drift from
the desired tuning frequency. However it can be noticed that there is no resonance effect in the designed filter and
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also the magnitude of the fundamental component has risen to higher level, compared to notch filtered output. This
shows the effectiveness of reactive power compensation of C-type filter. A comparative Total Harmonic Distortion
analysis of notch filter and C-type filter is as shown in fig.7. The total harmonic distortion while using a C-type filter
is reduced to 4.01% which is well within the limit specified by IEEE-519 Standard.
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Fig.7. Comparitive Analysis of THD

The third, fifth and seventh order harmonics are analyzed and the results are obtained as shown in fig.7. It
can be seen that the C-type filter is yielding a superior performance compared to conventional Notch filters in
domestic load harmonic mitigation process. The C-type passive filter is becoming a good substitute to most of the
tuned filters in power system applications and arc furnace applications. The filter is popular for its simplicity and
economical reliability. The selection of the basic material of filter elements is an interesting research area since while

implementing in a practical scenario, the filter parameters are highly sensitive to ambient temperature variations.

Appendix:
For any harmonic order h*
En = VimaxSIn(2 * 7 * f % t) 17)
We have,
(’;CT)Zthl*xs)
R = 1nhl—Xs (18)
From the above equation h;* can be written in terms of R and X,,,, as
* Xcm2+(nh1*Xs)2(h1*)2
hi = (hy")2RnX; (19)
Similarly we have
2
(Bem) +mny

X = (20)

Xem * 1
(hz* )(hz _h2*>
From equation 20, h," can be obtained in terms of X_,,, and X as

X 2
(Eem)” s uny

ha

(ngm)(hZ*_h;*)

4. CONCLUSION

The genetic algorithm optimization of filter parameters yields highly accurate results since it converges to
the global minimum point. In this paper a genetic algorithm based optimization of C-type filter parameters is done
with the constraints in the values of filter elements. The algorithm is optimizing the parameters to a maximum
possible accurate level so that the filter is able to perform superior compared to conventional harmonic filters. The
total harmonic distortion is reduced to 4.01% from 21% in the considered system by using the particular filter. The
identification of harmonic frequencies can be done in a predictive analysis method to avoid human errors involved
while measuring the harmonics. The C-type filter is more durable compared to tuned passive filters, therefore the
manufacturing tolerance level is limited. The problem of parallel resonance is completely eliminated by the use of
C-type filter in the domestic load system.
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