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a b s t r a c t

Most of the loads used in our day-to-day life are non-linear in nature. To investigate the performance
of various non-linear loads, a laboratory setup on different load combinations such as light, fan and
drive system in this work. The unbalance in supply voltages, supply current and frequency, reduction
in power factor and total harmonic distortion for current and voltages are monitored through this lab
setup and also the results obtained from these systems are discussed in this paper. To check the nature
of voltage, current, reactive power and power factor in real-time systems, a turret punch machine
incorporated with several single-phase AC servo motors is considered. The variations in the parameters
are recorded using the fluke analyzer. Finally, it is observed that current harmonics at the source side
are dominant in both the laboratory setup and the real-time system. Next, shunt active power filters
are applied to mitigate the current harmonics. The simulation for the system with compensations is
conducted in the Matlab platform and the hardware implementation validates the same.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Power Quality (PQ) issues are commonly categorized by a
few terms to which any consumer may find such information
farfetched when the topic taken goes deeper. Programmable logic
controllers, Arc furnaces, welding machines, variable speed drives
and digital storage devices like computers used in most industrial
load applications and residential loads are non-linear loads (Sub-
jak et al., 1998; Khalid and Dwivedi, 2011; Sangepu and Vi-
jay Muni, 2015). The consumer loads that are generally used
in everyday life, both expensive and heavy loaded, are air con-
ditioners, geysers, washing machines, and refrigerators. These
non-linear loads are more prone to disturbances like harmonics,
voltage sag and voltage swell are less resilient to these PQ prob-
lems (Elphick et al., 2017; Emanuel et al., 1999; Kumar and Zare,
2014). The definition of PQ is ‘‘any power problem manifested
in voltage, current or frequency deviations that result in failure
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mohitbajaj@nitdelhi.ac.in (M. Bajaj), hossam.elsayed@tudublin.ie,
hossam.zawbaa@gmail.com (H.M. Zawbaa), skamel@aswu.edu.eg (S. Kamel).

or miss-operation of customer equipment’’ (Dao et al., 2015; Gao
et al., 2017; Wagh and Singh, 2019; Baggini, 2008). Hence, this
work focuses on providing a methodical practice to provide a
solution such as an active power filter for the issue of harmonics
that is present in the system, capable of placing our expensive ap-
pliances at risk. The model can be used to reference any common
man with an intermediate level of understanding of electrical and
electronics (Mikkil and Panda, 2015; Dugan et al., 2004; Niitsoo
et al., 2010; Malik et al., 2021).

The productivity and profit of the major industries mainly
depend upon modern semiconductor technology. All the systems
based on semiconductor devices are designated to offer clean
power. Even though, most of the controllable switches in the
system increase the smartness of the system, non-linearity in
the system may result in the disturbances of power such as the
presence of harmonics and also increase the demand for reactive
power (Sahoo, 2021; Jerin and Siano, 2018; Yahya et al., 2020).
A pure sinusoidal supply voltage is necessary for systems with
such types of sensitive loads. The system has to be maintained
clean power in order to obtain the maximum efficiency and also
to achieve the PQ issues as per the standards derived by the
international standards (DaviCuriBusarello et al., 2016; Michaels,
1997; Anon., 1993).

https://doi.org/10.1016/j.egyr.2022.04.010
2352-4847/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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Fig. 1. Different load systems.

In most industrial, commercial and domestic applications,
power electronic devices place a vital role. The non-linearity
of these power electronic switches causes PQ issues (Swamy,
2015; Cho and Cha, 2011). Power electronic devices have now
seamlessly integrated into every aspect of our life, including
residential applications such as televisions, personal computers,
etc.; Industrial apparatus such as Adjustable Speed Drives (ASDs),
Programmable Logic Controllers (PLCs), Computerized Numerical
Control (CNC) tools, rectifiers, inverters, etc. Business workplace
equipment such as printers, copiers etc., PQ problems might be
identified by the use of certain symptoms denoted below (Zobaa
et al., 2010; Diwan et al., 2010; Kumar and Mishra, 2014).

The three major aspects of Power Electronics (PE) in power
distribution are

• Many industrial and domestic equipment are designed with
PE

• Notches, neutral currents, harmonics and inter-harmonics
are caused by PE

• Many power quality problems are mitigated by PE.

Power electronic converters related equipment like switched-
mode power supplies, varying frequency devices, computers, bat-
tery chargers and electronic ballasts create dominant harmon-
ics (Hamadi et al., 2010; Al-Zamil and Torrey, 2000). In due
course, it causes a lot of monetary losses. Due to this, there has
been a great concern among power suppliers and consumers to-
wards compensation techniques and PQ problems. The inception
of harmonics is a buzz word from the late 20th century, which has
continuously threatened the power system’s regular working. The
harmonics will distort voltage and current waveforms, which in
turn creates overheating and nuisance tripping of the equipment.
These are the reasons for the increasing interest in PQ (Wang
et al., 2020; Chen et al., 2016; Su et al., 2018) issues.

The harmonics modeling for residential load considered exper-
imental setup was developed in the National Instruments data
acquisition (NI DAQ) module and a virtual instrument developed
in LabView. The parameters such as active power and displace-
ment power factor are obtained with the help of a power quality
analyzer to achieve the true power factor (Karanki and Geddada,
2013; Zhong and Hornik, 2013; Farooq et al., 2011). There were
120 possible combinations of electrical loads are considered. In
this, 120 combinations of loads minimum three combinations of
loads are in the working conditions all the times in the micro-
grid. The values obtained from the load patterns affect the quality

of the power (Blazek et al., 2020). The effect on power quality
due to various residential appliances is discussed. The technology
enhancement in home appliances majorly affects the quality of
the power. The various electrical parameters such as voltage,
current, frequency and power are measured and analyzed using
NI instruments with labview software (Kavitha and Subramanian,
4967; Arsov et al., 2012; Toader et al., 2014).

A test is conducted in a real-time system to monitor the
various PQ issues. The experimental setup is arranged in our
college laboratory by considering tubelights, fans, a DC Drive
system and an AC Drive system. The loads were taken under
different variations and were recorded simultaneously using the
Fluke 434 Series II Energy Analyzer that helps even in storing
real-time data. This data was transferred to the computer and the
required values pertaining to the issue were filtered out. The re-
sults obtained from the different load conditions are investigated
and the SRF control technique rectifies the identified problems in
the proposed work.

2. Analysis of power quality issues in real-time setup for dif-
ferent load conditions

The proposed work focuses on the analysis of PQ issues in the
residential load systems and the Amada-AE2510NT turret punch
CNC machine incorporated with multiple single-phase AC servo
motor drive systems. In case one, laboratory setup is considered
with different fan, light, AC and DC drive systems. In case two,
the test is conducted on a real-time punch machine meant for
different processes.

2.1. Residential load systems

An AC drive system, DC drive system, light loads and fan
loads are considered for this work. A laboratory setup is imple-
mented with these loads to monitor the various parameters like
source voltage, source current, fundamental supply frequency,
and power factor on the source side, also active power and
reactive power. The light and fan loads are connected in ‘R’ phase
along with the three-phase AC and DC drive system to create
unbalance in the supply side. Fig. 1 shows the block diagram
representation of different loads. A three-phase AC supply is
applied by using three-phase autotransformers.

There are 8 cases that were taken under different loaded
conditions for focusing on specific PQ issue that plays a key role

5371



T.M.T. Thentral, R. Palanisamy, S. Usha et al. Energy Reports 8 (2022) 5370–5386

Fig. 2. Various functions of CNC machine.

Fig. 3. Three-phases source voltage in residential loads.

in industries such as harmonics, transients, long and short du-
ration voltage variations, voltage imbalance, etc. By testing done
with the different load with loaded and unloaded conditions, the
harmonic issue has been taken on the supply side with loads such
as lights, fans, DC drive and AC drive.

With the use of a fluke analyzer, the % THD for different
harmonic orders was taken for the above 8 cases. Table 1 shows
the different loads and their ratings. The test has been undergone
in a different time period with various loads, as shown in Table 2.
The various parameters such as source voltage, source current,
power factor, supply frequency and the total harmonic distortion
of source voltage and current are monitored with the help of a
fluke analyzer.

As mentioned in Table 1, the loads are connected to the supply
one by one. Then, the combination of different loads is operated
in a different time period to monitor the variations in different
parameters. The AC and DC drives considered for testing are
operated in loaded and unloaded conditions.

After conducting the experiment in the laboratory setup, the
experiment is carried out in the real-time system to notice the
variations in the voltage, current and other parameters. The
Amada-AE2510NT turret punch CNC machine incorporated with
multiple single-phase AC servo motor drive system in industry
for different applications such as forming, deburring, downward
marking, slotting, safety inch bending and fine contouring is

taken to monitor the variations and unbalance in the three-phase
supply system of various parameters such as voltage, current,
frequency, power factor and total harmonic distortion of voltage
and current on the source side. One metal sheet with differ-
ent thicknesses required for the application is subjected to the
achievement of stable, high speed, high quality and integration
processing. The minimum time period required to complete one
sheet for the various process is designed as 30 min. Each process
in the CNC machine is implemented with individual single-phase
AC servo motors. Every motor in the machine is operated at
different speeds for a particular time period. The various process
of CNC machine is shown in Fig. 2 to explain the operating
conditions of each single-phase AC servo motor incorporated in
the machine.

3. Analysis of power quality issues in different load conditions

The different loads are switched on in different time periods
and the variations in voltage, current, frequency, power factor
and total harmonic distortion in current and voltage are recorded
using a power quality analyzer. The source-side voltage for dif-
ferent load combinations is shown in Fig. 3. According to Fig. 3,
it is more accurate to state that the three-phase source voltage is
unbalanced regardless of non-linear loads connected to the power
system. The load is switched on with different time periods.
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Table 1
Different load combinations and rating.
S. No Load details Load condition Quantity

1 Fluorescent light 14
2 Ceiling fan 7
3 Fluorescent light + Ceiling fan 14 Fluorescent lights 7 Ceiling fans
4 AC motor drive Unloaded 1 AC motor - 3 phase squirrel cage

induction motor
Speed 1 = 1005 RPM Make: SIEMENS, Insl: ‘F’ Class
Speed 2 = 1200 RPM Frequency: 50 Hz Speed: 1435 RPM
Loaded - 1200 rpm Amps: 4.4 A ; Volts: 415 V (delta)
Load 1 = 2 kg Power: 2.2 kw, 3 HP
Load 2 = 3 kg

5 DC motor drive Unloaded Make: 1 DC motor - DC Shunt Motor
Speed 1 = 500 RPM BEN EleInsl: ‘B’ Class
Loaded - 450–420 rpm Frequency: 50 Hz

Speed: 1500 RPM
Load 1 - 3 kg Amps: 19 A DC Volts: 220 V
Load 2 = 4 kg Power: 3.7 kw, 5 HP

6 Fluorescent light + Ceiling fan +

AC motor drive
Unloaded 14 Fluorescent lights

7 Ceiling fans
1 AC motor

Speed 1–1005 RPM
Speed 2 – 1200
Loaded
Load 1 - 2 kg
Load 2 - 3 kg

7 Fluorescent light + Ceiling fan +

AC motor drive +

DC motor drive

Loaded
Load 2 (3 kg) (AC = 1200 rpm) > Load 2
(2 kg) (DC = 1200 rpm)
Load 2 (3 kg) (AC = 1200 rpm) = Load 2
(3 kg) (DC = 1200 rpm)
Load 2 (3 kg) (AC = 1200 rpm) < Load 2
(4 kg) (DC = 1200 rpm)

14 Fluorescent lights
7 Ceiling fans
1AC motor
1 DC motor

8 AC motor drive +

DC motor drive
AC - 1000 rpm unload DC - 420 rpm 4 kg
UnLoaded
Speed 1–1000; Speed 2 = 500 rpm
Loaded
Load 2 (3 kg) (AC = 1000 rpm) > Load 2
(2 kg) (DC = 480 rpm)
Load 2 (1 kg) (AC = 1000 rpm) = Load 2
(1 kg) (DC = 450 rpm)
Load 2 (1 kg) (AC = 1000 rpm) < Load 2
(2 kg)(DC = 420 rpm)

14 Fluorescent lights
7 Ceiling fans
1 AC motor
1 DC motor

Fig. 4. Three-phase source voltage in servo motor systems.

Initially, the light load alone switched on. The voltage at that
condition is a maximum 395 V for the three-phase supply voltage
of 415 V. Likewise, the second load Fan is switched on 24 min
and 04 s. Then light and fan loads are connected to the system.
In the same manner, the experiment is continued for four types of
individual loads as well as combinations of two loads, three loads
and finally with all the four loads. According to the variations in
the load on the distribution end, the voltage also varied. From

the observation of voltage in different load patterns, the source
voltage has been varied from 395 V to 420 V. The diagram depicts
that the voltage in all three-phases is not the same.

Fig. 4 shows the source voltage profiles of real-time servo mo-
tor systems performing different processes. Depending upon the
functioning of the real-time system, the source voltage is varied.
When the process of the machine changes based on the single-
phase AC servo motor for the particular process, the voltage also
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Table 2
Different load combinations vs time.
S.No Load Time S.No Load Time

1 None 12:18:38 13 AC Drive (US1 - 1200) 13:11:43
2 Fluorescent light 12:24:05 14 AC Drive (LS1 - 1200, 2 kgs) 13:14:06
3 Ceiling fan 12:29:01 15 AC Drive (LS2 - 1200, 3 kgs) 13:17:49
4 Fluorescent light + Ceiling fan 12:34:49 16 DC Drive (US1 - 500) 13:22:55
5 Fluorescent light + Ceiling fan

+ AC Drive (US1 - 1000)
12:46:12 17 DC Drive (LS1 - 450, 3 kgs) 13:24:22

6 Fluorescent light + Ceiling fan
+ AC Drive (US2 - 1200)

12:48:46 18 DC Drive (LS2 - 420, 4 kgs) 13:26:16

7 Fluorescent light + Fan + AC
Drive (LS1 - 1200, 2 kg)

12:51:10 19 AC Drive + DC Drive (LS1 -
Load 1 (0 kg) (AC = 1000 rpm);
Load 2 (4 kg) (DC = 420 rpm))

13:31:46

8 Fluorescent light + Ceiling fan
+ AC Drive (LS2 - 1200, 3 kg)

12:55:21 20 AC Drive + DC Drive (US1 -
Load 1 (0 kg) (AC = 1000 rpm);
Load 2 (0 kg) (DC = 500 rpm))

13:37:59

9 Fluorescent light + Ceiling fan
+ AC Drive + DC Drive (LS2 -
Load 1 (3 kg) (AC = 1200 rpm)
= Load 2 (3 kg) (DC =
1200 rpm))

12:59:05 21 AC Drive + DC Drive (LS2 -
Load 1 (3 kg) (AC = 1000 rpm)
> Load 2 (2 kg) (DC =
420 rpm))

13:42:07

10 Fluorescent light + Ceiling fan
+ AC Drive + DC Drive (LS3 -
Load 1 (3 kg) (AC = 1200 rpm)
< Load 2 (4 kg) (DC =
1200 rpm))

13:01:13 22 AC Drive + DC Drive (LS3 -
Load 1 (1 kg) (AC = 1000 rpm)
= Load 2 (1 kg) (DC =
450 rpm))

13:44:58

11 Fluorescent light + Ceiling fan
+ AC Drive + DC Drive (LS1 -
Load 1 (3 kg) (AC = 1200 rpm)
> Load 2 (2 kg) (DC =
1200 rpm))

13:04:23 23 AC Drive + DC Drive (LS2 -
Load 1 (1 kg) (AC = 1000 rpm)
< Load 2 (2 kg) (DC =
420 rpm))

13:46:44

12 AC Drive (US1 - 1000) 13:08:48

Fig. 5. Variations in source voltage per phase with residential loads.

varies at the source side. Each time period in the graph represents
each process in the CNC machine. It also shows that the voltage
is not the same in all three-phases. The peak value of the voltage
varies from 398 V to 408 V.

When the system load is subjected to change, the three-phase
source voltage also varying accordingly. The bar graph in Fig. 5
depicts the variations that occurred in the residential load. The
system is monitored through a fluke analyzer for each millisecond
1100 events are recorded. Based on the variations in the load,
the peak value of the grid voltage is varied from 394 V to 419 V.
The upper extreme value of 419 V voltage has occurred in 110
events. Likewise, the lower extreme value of 394 V occurs in

more than 100 events. In the same manner, the upper and lower
extreme values of the real-time system are shown in Fig. 6. The
maximum and minimum values of the source voltage are 398.5.
V and 409.5 V.

The variations and unbalance in the three-phase source cur-
rent for different load conditions and real-time servo motor sys-
tems are shown in Figs. 7 and 8. It is observed that in a laboratory
setup, the unbalance in current is more for the light and fan load
with AC and DC drive system. The unbalance three-phase current
condition is more severe than the unbalance three-phase voltage
condition when the system was connected to the residential non-
linear loads. The maximum current recorded for that load is 8 A.
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Fig. 6. Variations in source voltage per phase for servo motor systems.

Fig. 7. Unbalance and variations in 3-phase source current for residential loads.

Fig. 8. Unbalance and variations in source current for servo motor systems.

Only for the load of the drive, the variations and unbalance in cur-
rent is very less. The variations and unbalance in the three-phase
source current for different load conditions are shown in Fig. 8. It
shows that due to the various functioning of CNC machines, there

are more variations and unbalances in the current. The maximum
current recorded for that load is 13 A.

The bar graph in Fig. 9 shows the current’s upper and lower
extreme values of current based on the change in loads. The upper
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Fig. 9. Variations in source current per phase with for residential loads.

Fig. 10. Variations in source current per phase for servo motor systems.

Fig. 11. Oscillations in supply frequency vs time with residential loads.
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Fig. 12. Oscillations in source frequency vs time for servo motor systems.

Fig. 13. Variations in frequency with residential loads.

Fig. 14. Variations in frequency with for servo motor systems.
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Fig. 15. Unbalance and variations in power factor for varying load case.

Fig. 16. Unbalance and variations in power factor for servo motor systems.

Fig. 17. Variations in power factor with residential loads.

extreme value is 8.4 A and the lower extreme value of source
current is 0.3 A. The number of events that appeared is 1350.

The bar graph in Fig. 10 shows the current’s upper and lower
extreme values. The upper extreme value is 20.2 A and the lower
extreme value of source current is 2.3 A. The number of events
that appeared is 1350. The 95 percentile of source current in a
maximum event is 17.1 A.

Due to the different functions of the machine, there is a
speed variation in the drive system. Due to which the variations
are present in the frequency in different load conditions and
real-time systems, the same is shown in Figs. 11 and 12.

The fundamental frequency is varied from 49.925 Hz to
50.152 Hz. Figs. 13 and 14 show the bar graph of frequency
variations in different load conditions and real-time systems. Due
to load variations in both systems, frequency is varied. However,
it is within the IEEE standards.

Figs. 15 and 16 depict the unbalance and variations in the
power factor in different loaded conditions. The minimum power
factor is 0.05 and the maximum power factor recorded in the
power quality analyzer is 0.95. The number of events that ap-
peared in this system is 1350. In this power factor 0.75 has
appeared in a maximum number of events. In the laboratory
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Fig. 18. Variations in power factor for servo motor systems.

Fig. 19. % THD of source voltage with residential loads.

Fig. 20. % THD of source voltage for servo motor systems.

experiment due to the unbalance in the distribution of loads in
the three-phase causes a large unbalance in the phases.

Figs. 17 and 18 give the unbalance and variations in the
power factor in a real-time system. The minimum power factor
is 0.25 and the maximum power factor recorded in the power
quality analyzer is 0.75. In a real-time system, the power factor
reduced much compared to the laboratory experiment conducted
for different loaded conditions.

The variations and unbalance in % THD of Source voltage in
both different loaded conditions and real-time systems are shown
in Figs. 19 and 20. For the different loaded conditions, the bar
graph in Fig. 19 depicts that the maximum % THD of the source
voltage is up to 3%. For the real-time system, the bar graph in

Fig. 20 depicts that the maximum % THD of the source voltage is
up to 1.5%. The % THD of source voltage in both systems is within
the IEEE standard recommended value. It clearly explains that the
% THD of the source voltage is not increased for the variations in
load.

The variations and unbalance in % THD of Source Current in
both different loaded conditions and real-time systems are shown
in Figs. 21 and 22. For the different loaded conditions, the bar
graph in Fig. 22 depicts that the maximum % THD of source
current is up to 120%. For the real-time system, the bar graph
in Fig. 23 depicts that the maximum % THD of source current is
up to 70%.

The variations in active power in both different loaded condi-
tions and real-time systems are shown in Figs. 23 and 24. The bar
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Fig. 21. % THD of source current with residential loads.

Fig. 22. % THD of source current for servo motor systems.

Fig. 23. Variations in active power with residential loads.

graph in Fig. 23 explains that the maximum active power value
is 1660 W and the minimum value of active power is 10 W. The
active power of 1530 W has appeared as 95 percentile. In a real-
time system, the bar graph in Fig. 24 depicts that the maximum
value of active power is 1820 W and the minimum value of active
power is 280 W. The active power of 1320 VA has appeared as 95
percentile.

The variations in apparent power in both different loaded
conditions and real-time systems are shown in Figs. 25 and 26.
The bar graph in Fig. 25 depicts that the maximum value of
apparent power is 2020 VA and the minimum value of apparent
power is 60 VA. The apparent power of 1890 VA has appeared as
95 percentile. The bar graph in Fig. 26 depicts that the maximum
value of apparent power is 4340 VA in a real-time system and
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Fig. 24. Variations in active power for servo motor systems.

Fig. 25. Variations in apparent power with residential loads.

the minimum value of apparent power is 520 VA. The apparent
power of 3760 VA has appeared as 95 percentile.

The Displacement Power Factor (DPF) variations in different
load conditions are shown in Fig. 27. The number of events
recorded in the analyzer is 1450. This lower extreme DPF mon-
itored is 0.05, which appears in 350 events. Unity DPF has oc-
curred in 1250 events. For the maximum number of events, the
DPF is 0.8 that is appeared in 1400 events.

The variations in DPF in a real-time system are shown in
Fig. 28. The upper extreme level of DPF is 0.88. It appeared in 5
events. The lower extreme level of DPF is 0.45. The maximum 95%
of DPF is 0.66. The system is monitored through a fluke analyzer
in every one millisecond.

The performance of laboratory setup on different load combi-
nations such as light, fan and drive system and with a real-time
system are analyzed. TheUnbalance in supply Voltages Unbalance
in supply Frequency, Reduction in Power Factor, Unbalance in the
Source Current and current THD up to 70% has been analyzed.
From the observations noticed from the analysis for different load

conditions, the following measures are to be taken. Mitigation
of the current harmonics at the source side, compensation of
reactive power, improvement in power factor, compensation of
voltage increment or reduction occurred at the source side for a
short duration of time and Regulation of unbalance in the voltage
and current has been analyzed. The performance enhancement
of PQ issues will be investigated with the implementation of an
active filter in Matlab simulation and with experimental results
to overcome the PQ issues identified from the real-time analysis.

4. Simulation results and discussion

The system is considered with AC induction motor drive load
and uncontrolled rectifier load. The system is simulated in Matlab
platform and the results obtained from the simulation are dis-
cussed. Shunt active power filter is used to mitigate the current
harmonic that occurred due to the non-linear system. Fig. 29a
shows the source voltage applied to the non-linear system. Three-
phase three-wire system with harmonic producing load is simu-
lated for one second. The source voltage is not affected by the
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Fig. 26. Variations in apparent power for servo motor systems.

Fig. 27. Variations in displacement power factor with residential loads.

harmonic injecting load. Fig. 29b depicts the voltage at the load
side. The filter is injected at 0.1 s.

Figs. 30a and 30b show the source current and filter cur-
rent. When the filter is injected into the system, the source
current becomes sinusoidal and also the harmonics present in
the source current are eliminated, which is shown in Fig. 30a.
The compensating current injected into the system is shown in
Fig. 30b.

Fig. 31 represents the dc link capacitor voltage. At 0.1 s, the
load connected to the system is an uncontrolled bridge rectifier.
After 0.2 s, the system is loaded with both a rectifier and an AC
drive system. The variations in filter current due to different load
conditions are also depicted here. According to the variations in
filter current, the DC link voltage also varied and obtained the
constant value.

Both the loaded conditions, the source current % THD is within
the IEEE 519 recommended standard value. The source is cur-
rently reduced to 1.07% after the filter is added to the system.
Fig. 32 depicts the FFT analysis for source current with %THD of
1.07%.

4.1. Hardware implementation

The hardware implementation of three-phase supply system
with induction motor drive load is shown in Fig. 33. Three-
phase auto transformer is used to vary the supply voltage. 2 mH
inductor is used at the source side to limit the current. The
source current and voltage harmonics are noted by using the
fluke analyzer. The waveform obtained from the three-phase
systems is observed by the digital storage oscilloscope. The source
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Fig. 28. Variations in displacement power factor for servo motor systems.

Fig. 29a. Source voltage.

Fig. 29b. Load voltage.

voltage and current waveform, load side current and the filter
for three-phase systems obtained from the hardware setup are
shown in Fig. 34. It shows that before and after compensation,
the source voltage is sinusoidal in shape. However, the source
current before compensation is non-sinusoidal. Once the filter is
injected, the source current becomes sinusoidal. At the same time,
compensating current also increased in the filter current. Before
that, the filter current is zero. In both cases, the load side current
is non-sinusoidal only. The hardware output value obtained from
the system is tabulated in Table 3.

Fig. 30a. Source current.

Fig. 30b. Filter current.

Fig. 31. DC link capacitor voltage.
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Fig. 32. % THD of source current.

Fig. 33. Hardware implementation of induction motor drive load.

Fig. 34. Hardware outputs.
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Table 3
Hardware output values.
Source voltage (V) Source current (A) Load side current (A) Filter current (A)

70.9 RMS 4.15 RMS 4.2 RMS 1.5 RMS

5. Conclusion

To investigate the performance of various non-linear loads,
the laboratory setup on different load combinations such as light,
fan and drive system and real-time system is implemented. The
variations occurred in the supply voltage, source current and
frequency are monitored by using a fluke analyzer. Also, the
variations in real power and apparent power are discussed in
this paper. From the test conducted on the laboratory setup and
real-time system, it observed that,

✓ The voltage on the source side is always unbalanced
✓ When the load is changing, the variations in the voltage and

current occurred
✓ Due the drive system with the variable speed, the harmonics

in the source current occurred and also the % THD also
increases and it is not within the recommended standards.

✓ The load on the real-time system is intermittent load, so that
the power factor is also reduced.

The reduction in power factor and current THD are monitored in
both the lab setup and real-time load case study. The solution
to the current harmonic at the source side, compensation of
reactive power, improvement in power factor for two different
load conditions are achieved by implementing the shunt active
power filter. The simulation for the system with compensations is
conducted and the %THD is reduced to 1.07%. Almost unity power
factor is achieved. The same load condition is implemented in
hardware and obtained the %THD as 2%.
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