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ith the advancement in technology, non-linear loads, continue to increase, and the
K k / enigma of harmonics is getting more and more serious; thus the huge addition of
electronic loads in power systems has formed the problem of the harmonic

generation that has resulted in many associated drawbacks. This paper aims to analyze the
harmonics in advanced power electronics-based systems and describes a solution to mitigate
them through two distinguished filtering techniques. A rigorous analysis is done concerning
the generation of harmonic distortion through different types of loads and harmonic
mitigation by employing passive and active power filters. The active harmonic (adaptive)
filtering method mitigates all sorts of undesirable frequency components using adaptive
control-based algorithms by calculating the weight of the fundamental component and
generating a harmonics replica to subtract it from the original periodic wave. The simulations
that were done in Simulink, a MATLAB®-based graphical programming environment, clearly
show that the indicated techniques can mitigate undesirable harmonics and can lower the total
harmonic distortion (THD) effectively according to the statutory limit of the IEEE 519-2014
standard and IEC 61000-3 series standards, hence lowering the associated drawbacks of
harmonic generation in advanced power electronics systems.
Keywords: Total Harmonic Distortion (THD); Sinusoidal Pulse Width Modulation
(SPWM); Passive Harmonic Filtering (PHF); Active Harmonic Filtering (AHF).
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Introduction

Up to 1960, a large portion of the electric load was undeviating loads, hence, the
coursing through the machines was a flawless sine wave too. These machines incorporate
incandescent lighting bulbs, single-phase and three-phase induction motors, and most other
low-power appliances. With the arrival of solid-state hardware, equipment and machines show
nonlinearity as they get power through electronic power supplies [1], [2]. The variable
frequency drives (VFDs) and uninterrupted power supplies (UPS) are a noteworthy wellspring
of harmonics being infused into the electrical frameworks. Without legitimate security, these
harmonics can influence different parts of the plant machinery and even the connected grid.
VEDs produce harmonics during speed control of induction motors and synchronous motors.
On the other hand, UPS frameworks change the incoming alternating signal to a direct signal
to charge batteries in the case of a power blackout, thus switching originate harmonics [3].
Harmonics can cause several issues by producing overloading, viz., power transformers and
motors heating and damage, appliances heating and dysfunctionality, communication
interference, malfunctioning of protection devices, conductors’ heating, and derating of
equipment capacities, etc. [4]. The normal operating conditions required by a real power
system can be assessed by performing a load flow analysis showing the actual capacities of the
connected equipment [5]. Harmonics of a sinusoidal signal having a fundamental frequency
component ‘f > will be 2f, 3f, 4f, ..., and so on. With the presence of harmonics, the energy
of the signal distributes itself among harmonic components. The best examples are the square
wave, the saw-tooth wave, the triangular wave, etc. The coefficients of the Fourier series are
calculated using integrals that give us the coefficients of cosine and sine components in the
form of a series. The Fourier series is evaluated with continuous intervals —L to +L by equation

() [6].

nm nmx
L

fx) =ag/2+ Z (an cos X + b, sinT) )
n=1

Where a, is the DC component, a, is the even component and by, is the odd component.

By considering the square waveform that can be easily obtained by transistor-based inverters,
one can know that it has a half-wave symmetry so it will only contain odd components. Thus,
the Fourier series will become:

oo

()_4 1 nmx = odd int ?)
fx—ﬂ nsm(L)n—o integers

n=1
THD (total harmonic distortion) is a standard to measure harmonics in a particular wave. As
for square waves, the harmonic distortion is found to be about 48.3% and it is formulated by
equation (3) and equation (4) [6].

VRMS—without Fundamental component 3
THD = d 3)
VRMS— Fundamental component
JvE+vE+ v+ 4)
THD =
L4

Another way to describe the degree of distortion of a wave is the crest factor. As for square
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waves, the crest factor is found to be less than 1.41, and it is formulated by equation (5).

k Vol
Crest Factor = < ’o1a9¢ 5)

RMS Voltage

The equations (3), (4), and (5) can also be represented in terms of current values.
A more effective way to find out the harmonic content in a current wave is the total demand
distortion (TDD) factor, which can be given by equation (6) [7].

TDD = ©)

Maximum Demanded RMS Current

Where, h3 of phase ‘a’ can be found by:

2
2 _ ( THDg%
ha - ( 100 * IRMS: a—Fundamental component (7)
Thus,
2.2, 2
iy+ig+ig+
TDD = Y2 >~ (8)
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2, :2 2
y+ig+ izt
TDD = 22~ ©9)
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Lower order harmonics are more severe and difficult to eliminate. The triplen harmonics cause
the neutral conductor to overheat [7]. The intermingling between the positive and negative
arrangement of harmonics in an electrical framework produces torsional motions in the motor
shaft. These motions can be possibly cataclysmic if the frequency reverberates with the normal
mechanical frequency of the motor shaft itself.

In [8], the harmonic elimination method through modulation technique is proposed.
Other methods to eliminate harmonics through the selective harmonic scheme are described
in [9], [10]. A prominent method to mitigate the harmonics is by using the various types of
multilevel converters (MLCs), including the neutral point clamped converter (NPC) and
modular multilevel converters (M2Cs) [11]-[13]. These power electronics-based converters are
used in various emerging areas of power systems like wind farms, Solar PV Parks, HVDC
transmission lines, electric vehicles connected to the grid, etcetera [14]-[18]. A detailed review
was made in [19], [20] showing different types of filtering techniques like passive power filters,
immunity level mitigation, active power filters, virtual impedance control method, multilevel
converters, and integrated mitigation including their advanced forms.

This paper presents the behavior of the non-linear electric loads and studies the
harmonic content and the mitigation of harmonic content through filtering techniques. To
achieve that mitigation, two different techniques are presented in which a conventional
scheme, as well as an advanced algorithmic scheme, are made. The latter one involves the
calculation of all frequency content of a periodic wave and then by utilizing the fundamental
frequency of the composite signal, all harmonics are replicated and then subtracted from the
composite signal to filter out these harmonics. The simulations performed in the MATLAB-
Simulink® environment have shown that this approach reduces the THD significantly from
the advanced electrical systems within the statutory limit of IEEE 519-2014 standard and IEC
61000-3 series standards [20].

METHODS
In this technological century, there is a drastic increase in demand of advance power
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electronic systems [21], [22]. Diagrammatically, an approach developed in this paper is to
rectify an AC wave into a constant level DC waveform, and then invert that DC waveform
into an AC waveform by using either the 2 or 3 level, square-wave converter technique or the
Sinusoidal Pulse Width Modulation (SPWM) technique (just like in UPS frameworks). Also,
linear and non-linear loads were connected with the three-phase pure sinusoidal supplies to
observe the relevant effects. Thus, the proposed analysis covers harmonic contents both at
the generating end and the consuming end. Finally, the two selected techniques of filtering
were applied to investigate the efficacy of these techniques under different operational
conditions.
The Square Wave Inverter

It is a simple technique of triggering power transistors alternately every 60° for 180"
intervals. The output is an AC wave having a square shape (see Figure 1) and thus contains a

lot of harmonics.

Vo

Figure 1. An AC output 3-level square waveform.
The Sinusoidal Pulse Width Modulation (SPWM) based Inverter
This technique involves modulation of a triangular carrier wave (Ac) with a sinusoidal
reference wave (Ar) of the desired frequency, which in return produces gate pulses for
MOSFETS/IGBTS as shown in Figure 2.

e

Ac
A,

wt

Figure 2. Modulation technique for SPWM pulses.
Filtering Techniques and Mitigation of Harmonics
With the introduction of harmonics in power systems, associated waveforms take
complex shapes and their characteristics differ from the perfect sinusoids. Fourier analysis
requires a greater amount of computation, and decomposition of the waveforms into their
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basic components is difficult. However, several electronic processors have been developed for
computations that give real-time analysis along with graphical plotting.

Approach of Passive Harmonic Filters (PHFs)

The Passive harmonic filters (PHFSs) include the series or parallel association of a
regulated LLC and RC circuit to frame a low impedance way for a particular harmonic
frequency. The filter is connected in parallel or series with nonlinear loads to redirect the
regulated frequency harmonic current far from the power supply. Low Pass RLC filter is
simulated as shown in Figure 3:

-
R

T
c"l‘ e
T
I

Figure 3. RLC low pass filter.
Taking the value of R at random 160 ohms and C = 20 pF for a 50 Hz system [0]:

_ 1 (10)
2nRC

fe

For the value of inductance, it is calculated by the following equation:

__t 1)
2nVLC

Then L comes out to be 500 mH for 50 Hz and C = 20 uF.

Although this Passive RLC filtering technique is cheap, easy to design, reliable, and highly
efficient; the major drawback it shows is that it causes resonance problems that can be adverse
in some cases. It is also tuned for fixed frequency and it provides fixed reactive power
compensation. To compensate for all these drawbacks, the usage of an Adaptive Active Power
Filtering technique for suppression of harmonics can be used.

Approach of Active Power Harmonic Filters (APHFs)

The output of the square wave inverter is initially filtered to make it a perfect 3-phase
sine wave and the non-linear load is driven from it. Furthermore, it is observed that from a
non-linear load, the current is distorted, and to mitigate this distortion Active Power Harmonic
(Adaptive) Filter (APHF) is developed.

Three-phase active power filters are used to compensate currents in high power
applications such as adjustable speed drives (ASDs). There are two kinds of active filters, one
to compensate current (Current Source Active Filter-CSAF) and the other to compensate
voltage (Voltage Source Active Filter-VSAF). VSAF is easy to implement in terms of
controlling circuitry and expenses like Shunt Active Power Filter (SAPF) is used to achieve
the desired task (as shown in Figure 4). This SAPF uses the ‘P-Q, Instantaneous Power
Theory’, i.e. initially to convert the 3-phase into two axes components, and then by calculating
the active and reactive powers, the relevant harmonics are filtered out by generating
June 2022 | Vol 4|Issue 2 Page |516
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compensating currents [7], [23].
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Figure 4. The active power harmonic filter (APHF).

The figure shows a possible parallel connection of the APHF or AHE, with a source inverter
and a nonlinear load. By switching the three-phase switch, the filter can be connected to the
system for filtering the unwanted harmonics.
RESULTS

Simulations are done with different types of supplies, loads, and filters. Figure 5 shows
the output of the square wave inverter and its Fast Fourier Transform (FFT) analysis. The
sample is taken for initial 5 cycles for a 50 Hz system and THD% along with the frequency

spectrum is obtained.
FFT window: 5 of 500 cycles of selected signal
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Figure 5. Output and FFT analysis of 3-level inverter.
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The result shows although a comparative low THD content (29.26%) is on the lower side of

the frequency spectrum, it is difficult to filter out that content from the described inverter.

FFT window: 4 of 500 cycles of selected signal
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Figure 6. Output and FFT analysis of filtered waveform of a square wave inverter.
Note that whereas Figure 5 shows the simulation of the square wave inverter without a filter,
Figure 6 shows its filtered output of it along with the FF'T analysis.

Figure 7 shows the output of the SPWM inverter and its Fast Fourier Transform (FFT)
analysis. The sample is taken for the initial first cycle for a 50 Hz system and THD% along
with the frequency spectrum is obtained.

Although the THD content of the SPWM inverter is high (50.69%) as shown in Figure 7, still
it is on the high-frequency side and can easily be filtered out by using a high pass filter.
Nonetheless, filtering of high-frequency harmonics is easy than that of lower ones and most
of them are also filtered out by the leakage reactance of the system’s transformers.
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Figure 7. Output and FFT analysis of SPWM inverter.
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Simulations are also done with a 3-phase, 270 volts (RMS), 50 Hz supply (shown in Figure 8),
and the non-linear load is operated by it.

O/

Figure 8. The three-phase line-to-line voltages.
When a non-linear load was driven by it, the current waveform gets distorted and is displayed
in Figure 9.

g

Figure 9. The distorted current waveform.
The nonlinear load distorted the current waveform whereas the related FFT analysis is shown
in Figure 10.

FFT analysis
Fundamental (50Hz) = 58.2 , THD= 30.32%
i}
g2t
£
@
T 15¢
=]
[y
s 10}
: ‘
o 3
=l
= 0 |||."“|| | HIN RIS TR TR R TR TRT I A
0 2000 4000 6000 8000 10000

Frequency Hz
Figure 10. FFT analysis of the distorted current waveform.
The frequency spectrum having a THD of 30.32% shows a gradual decrease in harmonic
content, hence a high pass filter can be used to mitigate them.
For continuously changing loads, a Shunt Active Harmonic Filter is connected across the
transmission line, and the compensation currents produced are marked in Figure 11.
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Figure 11. 3-phase active harmonic filter (compensation) current.

These compensation currents when added to the distorted load currents, produce currents

nearer to the fundamental sinusoidal currents, having only the fundamental frequency

component. The filtered output current is displayed in Figure 12.

Figure 12. The filtered output current.

The figure shows a very close approximation of the filtered currents that produce lower
harmonic contents and thus lower associated drawbacks. Two sub-types of the AHF
method/technique are the FFT-based control and the Full Spectrum Cancellation control. In
the first sub-technique, each harmonic amplitude and phase angle are to be calculated and then
injected by the filter with an equal and opposite current to cancel out the particular harmonic
current. In the second sub-technique, the controller of the filter removes the fundamental
current component and cancels out the remaining whole harmonic spectrum, thus the power
spectral density (PSD) shifts towards the useful fundamental component [24], [25].

The related FFT analysis is delineated in Figure 13.

Fundamental (50Hz) = 59.29, THD=4.56%
T T T T

0451 7

04 1
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Freauency (Hz)

Figure 13. FFT analysis of filtered current.

The frequency spectrum has a THD of 4.56% shows a drastic decrease in the harmonic
content, hence an active power filter is a good choice to mitigate harmonics in a distorted
current waveform produced by nonlinear loads.
DISCUSSION

The PHF technique includes sub-techniques of series-connected inductors, parallel-
connected tuned LC filters, and AC to DC multi-pulse converters. These sub-techniques can
mitigate the harmonics by either offering high series impedance paths in the flow of harmonic
currents, or by offering tuned low-impedance grounded paths to the undesirable harmonics.
The tuned filters require a higher level of system analysis to avoid capacitor failures and
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resonance problems. On the other hand, the multi-pulse converters do not require any
rigorous system analyses.

Although the source plus line reactance can decrease the flow of harmonic currents
while dealing with non-linear loads, still mitigation can be done by inserting extra series-line
reactors. These reactors have a harmonic mitigation performance based on the load current.
The tuned harmonic filters can ground the high-frequency harmonics by means of series or
parallel connected tuned LC components. Although they can be used with the non-linear
loads, they cannot decrease the content of all harmonics but do the elimination on an
individual harmonic basis, as shown by the obtained simulation results. The mitigation of
harmonics at their generation points is the best strategy to decrease the power losses associated
with the harmonics, otherwise, the farther the connection points of the filters in the power
network, the more power losses will be occurred due to the presence of the system component
resistances. The multi-pulse converters like six, twelve, eighteen, and twenty-four pulses can
offer low frequency-based odd harmonics. The higher-order harmonics are present at a lower
level. These multi-pulse converters can decrease the AC supply current harmonics and are
used as either an uncontrolled rectifier or a controlled rectifier. These converters can also
contain coupling transformers and smoothing inductors to improve the current waveform
quality. The overall costs are acceptable when compared with the associated costs of the non-
filtering cases [24].

Also, the AHF technique can be used with the non-linear loads and can mitigate the
harmonics by injecting an equal but opposite current into the system to cancel out the
undesirable harmonic contents. The size and cost of the AHF filter depend upon the
magnitude of the filtering current. Another classification of AHF can be done on the
connection type which is series or parallel connected filters. The series-connected AHF
produces more power losses and uses the SPWM voltage waveform to mitigate the voltage
distortion. On the other hand, the parallel AHF is connected in parallel with the power
network and can mitigate the current harmonics besides a lower power loss. The AHF has the
ability of switching mode converter but contains more cost. A solution is to make hybrid
harmonic filtering (HHF) technique in which both PHF and AHF features can be merged
having variable harmonic mitigation with lower cost.

The results related to the two major filtering techniques are summarized in Table 1.

Table 1. Harmonics generation and mitigation analysis.

Type of Converter Case/THD%
3-level square wave No filtering Passive harmonic
converter source applied/29.26% filtering/1.45%
PWM converter source No filtering Passive harmonic
applied/50.69% filtering/0%
Converter supply with No filtering Active power harmonic
non-linear load applied/30.32% filtering/4.56%

After analyzing the obtained simulation results, the following facts can be observed
noticeably:

June 2022 | Vol 4|Issue 2 Page |521




OPEN (3| ACCESS

International Journal of Innovations in Science & Technology

(@)

(®)

()

(e)

®
(€9
(h)

An AC generator's output voltage and current are nearer to a pure sinusoidal wave shape,
thus producing no or very little harmonics. The associated drawbacks are also very
minimal.

The output voltage and current waveforms of an inverter (either used in a UPS or VFD)
have a lot of harmonics and thus increased associated drawbacks.

Whenever a linear load (having no electronic components) is connected with a pure
sinusoidal generating source (like a synchronous generator), it produces negligible
harmonics and doesn’t distort the current waveforms.

Whenever a nonlinear load (having electronic components) is connected with a pure
sinusoidal generating source (like a synchronous generator), it produces harmonics and
distorts the current waveforms.

Whenever a nonlinear load (having electronic components) is connected with a non-
pure sinusoidal generating source (like an inverter), it produces harmonics and distorts
the current waveforms up to a larger extent.

For constant-nonlinear loads and sources, passive power filters including shunt, hybrid,
and series filters are a good choice to mitigate the harmonics and associated drawbacks.
For varying-nonlinear loads and sources, active power filters are a good choice to
mitigate the harmonics and associated drawbacks.

Besides these, the simulation-based analysis cleatly provides the significance of the use
of passive and active power filters for the mitigation of harmonics. Although the passive
power filtering technique reduces the THD content from 29.26% to 1.45%, but not
suitable for the variable nonlinear loads. On the other hand, it is evident that the active
power filtering technique contributes a great deal to reduce the THD content of line
currents associated with such loads. As from Figure 9 and Figure 12, THD content is
considerably reduced from 30.32% to 4.56%, so it satisfies the IEEE 519-2014 standard
and IEC 61000-3 series standards.

The system characteristics of the three major filtering techniques are summarized in Table 2.

Table 2. Comparisons of major filtering techniques.

Harmonic Cost Harmonic Content Failure Maintenance
Technique Rate and Repair
PHF Low Low but non-adaptive High High

mitigation
AHF High  Low with adaptive mitigation Low Low
HHF Medium Low with adaptive mitigation Medium Medium
CONCLUSION

Electronic loads like semiconductor lights, computers, laptops, cell phones,

uninterrupted power supplies, switched-mode power supplies, variable frequency drives, etc.
show a non-linear trend in their impedances when they are in operation that causes harmonic
generation. These harmonics have shown adverse effects on electrical systems, i.e. they distort
the voltage and current waveforms of the consumer as well as the supply side. These effects

June 2022 | Vol 4|Issue 2 Page |522




OPEN (73 ACCESS . . . .
International Journal of Innovations in Science & Technology

include lowering of the: losses, poorness in total power factors, overheating of auxiliary power
equipment, overloading of power factor correcting capacitors, production of electromagnetic
interference (EMI), production of high neutral currents, random tripping of circuit breakers,
damage to the equipment insulations, lesser energy unit cost, derating of equipment kVA
ratings, etc.

This paper clearly shows the behaviors of various power sources and loads in producing
harmonics and associated disadvantages. Also, it presents two prominent techniques to
mitigate the harmonics in advanced power electronics systems. The conventional way of
filtering i.e. through the passive power filtering technique is easy and cheap to implement but
is not a permanent solution due to continuous load variation. The adaptive active power
filtering techniques based on p-q theory contribute a great deal to the mitigation of harmonics
and solve the problem that arises due to load variation in passive filters. In addition, it meets
the IEEE 519-2014 standard and IEC 61000-3 series standards.
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