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Power quality analysis. Case study for induction motor and

110/35kV substation

Abstract. Power system harmonics have a significant impact on the efficiency, reliability, and stability of the system. Low power quality is
determined by undervoltages and overvoltages, dips and swells, blackouts, harmonic distortions, and transients, among other phenomena. ETAP is
used to illustrate the specific examples related to these deviations, and the results are graphically displayed. The real induction motor and substation
110/35kV Gjakova 1 within the Kosovo Power System are analysed as a case study. Voltage deviations, load flow, and voltage changes before and

after power transformers are analysed.

Streszczenie. Harmoniczne systemu elektroenergetycznego majg istotny wptyw na sprawno$c, niezawodnosc i stabilno$¢ systemu. Niska jako$¢
energii jest okreslana miedzy innymi przez podnapiecia i przepiecia, spadki i wzrosty napiecia, przerwy w dostawie pradu, znieksztafcenia
harmoniczne i stany przejsciowe. ETAP stuzy do zilustrowania konkretnych przyktadéw zwigzanych z tymi odchyleniami, a wyniki sg wy$wietlane
graficznie. Prawdziwy silnik indukcyjny i podstacja 110/35 kV Gjakova 1 w systemie elektroenergetycznym Kosowa sg analizowane jako studium
przypadku. Analizowane sg odchytki napiecia, przeptyw obcigzenia i zmiany napigcia przed i za transformatorami mocy. (Analiza jakosci zasilania.

Studium przypadku dla silnika indukcyjnego i podstacji 110/35kV)

Keywords: Power quality, Total harmonic distortion, voltage dips and swells, ETAP.
Stowa kluczowe: Jakos$¢ energii, catkowite znieksztatcenia harmoniczne, zapady i skoki napiecia, ETAP.

Introduction

Power quality is an interesting issue used to describe
the nonstationary disturbances, which cause the major
malfunctioning of electrical equipment. Electricity
consumers are becoming more sensitive about power
quality issues and in addition, many governments have
revised their policies to regulate utilities, and promote the
circumstances to improve power quality within defined
limits. Modern devices containing microcontrollers and
microprocessors are more sensitive to power changes,
voltage, and frequency deviations. Overall efficiency in the
power system has resulted in increased demand for high
efficiency, adjustable motor speeds, and power factor
correction to reduce losses. As a result of this development,
the increase of harmonics in the electricity system has
affected the operation, reliability, and security of power
systems. Concerns about power quality are increasing
because it has a direct economic impact on supplying

factories, equipment, and end users. Transformers,
generators, motors, PCs, printers, communications
equipment, and other electrical appliances are very

sensitive regarding power quality standards. Harmonics are
used to mathematically explain the shape of non-sinusoidal
voltage and current curves and total harmonic distortion.
Total harmonic distortion (THD) is the summation of all
harmonic components of the voltage or current waveform
compared to the fundamental component of the voltage or
current wave [1]. The Fourier series is used to determine
the mathematical form for modelling and for calculations. An
explanation of how power quality parameters are analysed
using ETAP software is given, and it is presented the
variation of the total harmonic distortion before and after the
power transformers. Variations of voltage, current, and
harmonics level are considered very high risk for electronic
equipment and are qualified as parameters that
characterize an inadequate power supply. Adequate power
quality means that the issues such as: under voltages and
over voltages, dips (or sags), surges (or swells), blackouts,
harmonic distortions, and transients must be improved or
brought to the smallest possible values because their
complete elimination is impossible. The tendency is to
decrease or eliminate these deviations, which means that
the quality of the power supply will improve. Also, here are

described in detail the deviations, processes, and
possibilities of how the linear voltage deviations can be
eliminated from the sinusoidal shape. Various dynamic
processes that can cause the deviations mentioned above
are a motor start, commutation, load switching, etc. [1, 2].

Poor power quality is the terminology that describes the
deviations of the voltage waveform from its ideal curve
shape. According to the IEEE Institute, the IEE 1100 Quality
Standard is defined as follows: "The concept of supplying
electricity to sensitive electronic devices in a manner
suitable for the supply of equipment by the conditions of
electrical installations and other equipment connected to the
network". Power quality is described through under voltages
or overvoltages, dips (or sags), surges (or swells),
blackouts, harmonic distortions, and transients. In this
paper, the focus has been more on voltage dips, voltage
swells, and total harmonic distortion — THD. Keeping low
THD values on a system will ensure proper operation of
equipment and a longer equipment life span [1, 2]. The
standard claims that harmonics can lead to electrical losses
in motor rotors and transformer cores via hysteresis and
eddy currents, which causes them to overheat. Torque
decrease occurs in motors. Electronic equipment responds
erratically to high harmonics.

Power quality analysis

The sinusoidal deviations of the linear voltage, current,
and various dynamic processes are described in this
section. These processes include motor start, connecting
and disconnecting the load at the end of the line, etc. [2].
ETAP is used to illustrate some cases where deviations are
presented graphically and in the form of reports. Some
practical cases are analysed, modelled, and simulated.
Here are presented voltage deviations and load currents in
each busbar, voltage dips, voltage swells, and THD before
and behind the power transformers and transformer
busbars.

The power grid evaluates power quality using the power
quality parameters defined in standards IEC 61000-4-30
and EN 50160 [3, 4]. High frequency switching circuits
included in electronic converters cause distortion over the
typical 2 kHz harmonic frequency region, shifting it to the 0-
150 kHz range [5]. Harmonic distortions in power systems
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are affected by the extensive use of modern power
electronic-based loads and the significant integration of
renewable energy sources with power electronic interfaces.
[6, 71.

A. Voltage dip is a phenomenon where the effective
value of the line voltage is decreased compared to the
nominal value of the line voltage, for a short period of time.
This type of deflection is caused by overloads at the end of
the line, by short circuits in the three-phase motor, or by
short circuits in the generator [8, 9].

B. Voltage swells are rapid voltage rises over short time
intervals. Voltage swells are the opposite of voltage sags
(dips), and they are defined in the IEC 61000-4-30 standard
as:” a momentary increase in RMS voltage of 10% or more
above equipment recommended voltage range for a period
of 1/2 cycle to 1 min”. Voltage swell is also defined by IEEE
1159 as:” the increase in the RMS voltage level to 110% -
180% of nominal, at the power frequency for durations of 2
cycle to one (1) minute”. As a phenomenon, it is classified
as a short-duration voltage variation phenomenon, which is
one of the general categories of power quality problems and
voltage swells pose a risk to electrical equipment. It is an
important parameter of power quality. The main sources for
the occurrence of this phenomenon are single-phase short
circuits to the ground, various switching processes, such as
switching on and off large electrical loads, etc [10, 11].

C. Total Harmonic Distortion - THD is the mathematical
way of presenting the non-sinusoidal shape of the voltage
or current curves. THD can be calculated for either current
or voltage but is most often used to describe voltage
harmonic distortion. THD can be measured for an existing
system or calculated for a proposed system [12]. This
mathematical form is calculated using the Fury series:

where: THD - Total Harmonic Distortion, V, — RMS
value of the z-order harmonic.

The waveform analysis for the three-phase rectifier
using the Fury series shows a low level of harmonics,
except for the harmonics 5, 7, 11, 13, etc. The magnitude of
the harmonics decreases with the increase in the order of
the harmonics. ETAP is very practical and functional
software for power flow analysis, short circuit currents,
power quality parameters, motor starting, and various
dynamic analyses in electric power systems. A fundamental
indicator to evaluate the quality of power systems is the
total harmonic distortion. THD is a signal deviation
measurement that can be applied to voltages and currents.
The interaction of customers' nonlinear load across the
impedance network can affect the supply voltage in
electrical power networks [13, 14].

Induction motor simulation studies

Typically, while determining the source of
electromagnetic force in induction motors, the impact of
fundamental sinusoidal current is mostly considered. The
effects of supply harmonics on the induction motor are
closely related to its operation, control, and monitoring [15,
16]. Certain attempts are being made to improve the
performance of induction motors in many ways, such as
increasing their efficiency to meet current energy-saving
requirements and objectives, as well as lowering noise and
vibrations. [17, 18]. A power system presented in Fig.1. is
taken for the analysis. In this case, a 35kV power network
with two power transformers 35/10kV (20 MVA), three
power transformers 10/0.4kV (3.5MVA), one generator

5MW, power loads 3x 3MVA and one induction motor
370kW, are analysed in this case study.

A. Normal operation of induction motor simulations and
results

An induction motor's air gap magnetic potential will have
a variety of rich harmonics present during normal operation
due to the cogging of the motor and its windings
distributions [19]. The induction motor's air gap magnetic
field has a significant portion of the fundamental wave
component under the sine winding distribution, and the
harmonic loss is reduced [20]. R.M.S currents of Electrical
power systems are increased by current harmonics which
also decrease the quality of the supply voltage. They can
damage equipment and stress the electrical network. They
can affect the normal operation of devices and increase
operating costs. Parameters that determine power quality
are analysed as part of this study. Voltage fluctuations,
such as dips and swells, are presented in the analysis
below.
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Fig.1. THD on power system during normal operation.

The power system in Fig.1 shows high harmonics
across busbars and transformers, as well as through
cables. Modelling and simulation study is performed with
ETAP software. From Fig.1, it is clearly shown that the
harmonic level for the 35 kV main busbar is 1.09%.

As expected, the highest level of harmonics will be at
the busbar, where the asynchronous motor is connected.
Rotating machines are characterized by a high level of
harmonics and for this case, the voltage harmonics level is
9.95%.
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Fig.2. Current waveforms.
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Current waveforms for each transformer are presented
in Fig.2. Because an induction motor is connected through
the transformer T5, the current THD is significantly greater,
because rotating machines create a high level of
harmonics. The voltage waveform for each busbar is shown
in Fig.3.

Voltage (%)

| Time Cycle (s)

Fig.3. Voltage waveforms.

Voltage harmonics are also greater on busbars with
induction motors, with the highest level (9.95%) occurring
on the busbar Z9 where the induction motor is directly
connected.

THD spectra (voltage harmonics) are also shown in
Fig.4, with the maximum THD seen on busbars Z8 and Z9,
and this is because of the contribution that comes from the
induction motor connected to the mentioned busbars.
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Fig.4. THD spectra.

B. Motor starting simulations and results.

Recent studies on mains-fed induction motors have
pointed out the importance of choosing the right number of
rotor bars, for example, to decrease Rotor Slot Harmonics
(RSHs) and their corresponding parasitic impact under
sinusoidal supply [21, 22]. The motor starting is analysed
for the same power system as presented in Fig.1. Motor
starting is a phenomenon that causes initial voltage dips,
but only for short intervals (1s). The current in the induction
motor has a value of 2964 A at the time of starting (starting
time 1s) [23]. Starting current is nearly four times larger
than the nominal current in the motor starting operation
mode and on the other hand voltage decreases very fast
during this mode. In this case, the voltage drop is to the
level of 95%. This phenomenon is known as voltage dip on
induction motors, it lasts one second from the starting time
(in this case, starting time is in the first second of
simulation) and is presented in Fig.5.
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Fig.5. Current and voltage in the motor starting case study.

Substation Gjakova 1 simulations and results

Substation Gjakova 1, 110kV/35 kV has two power
transformers 110/35/10 kV (20MVA each), two 110kV
transformer bays, four 110kV line bays, one 110kV bus
coupler bay, two 100kV line bays (reserve) and nine 35kV
bays, as presented in Fig.6. Power flow data in power
transformers and power lines, which are connected to
substation Gjakova 1, for this specific case are shown in
Table 1. THD is analysed for the most sensitive part of the
system or substation. Power transformers and power
transformer loads are considered the main sources of
harmonics [24, 25]. In this study case the Transformer 1,
Transformer 2, 110kV main busbar, and 110kV auxiliary
busbar loads are taken into the consideration.

Table 1. Power flow table in substation Gjakova 1

No. ltem Description Power

1 Power Transformer 1 6.523 MVA

2 Power Transformer 2 6.335 MVA

3 Overheadline 110 kV from SS Decani | 14.09 MVA

4 Overheadline 110 kV from SS Klina 24.687 MVA

5 Two Overhead lines from substation Disconnected
Gjakova 2

THD variations before and after the power transformers
are shown in Fig.6.
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Fig.6. THD analysis of substation Gjakova 1 with ETAP.

From the simulation part, it can be clearly seen that THD
levels are higher (3.75%) in medium voltage 35kV
compared with the values for high voltage 110kV (0.42%).
Harmonic distortions in terms of 35 kV load and 110 kV
power supply side can be well observed from the data
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shown in Fig.6. The spectrum of harmonic changes is also
presented graphically in Fig.7. According to voltage
harmonic order, it is seen that THD on the 35kV side of the
power transformer is higher than on the 110kV side.

The voltage waveforms for the 35kV and 110kV sides
are shown in Fig.8. From this figure it can be clearly seen
that the level of voltage harmonics for the 35kV side are
3.74%, Voltage harmonics on 110kV side are 0.42%. In
Fig.9 and Fig.10 are shown the voltage waveforms
separately for each transformer on the 35kV side.
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Fig.7. Voltage spectrum in substation Gjakova 1.
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Fig.8. Voltage waveform in substation Gjakova 1 busbars.
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Fig.9. Voltage waveform in Transformer 1.

From the results of the ETAP reports presented in Table
2, there are satisfactory results in terms of voltage levels,
harmonics order, and harmonic distortion. Referring to the
allowed THD level of voltages and currents in the
harmonics, only THD values up to 5% are allowed at the
35KV level.
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Fig.10. Voltage waveform in Transformer 2.

Voltage waveforms for the 110kV main busbar are
shown in Fig.11, and THD is quite low, which is
characteristic of high voltages and small currents.
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Fig.11. Voltage waveform in 110kV busbars.

In our case, the THD value is 3.74% for the 35kV side of
substation Gjakova 1. THD voltage at the 110kV level is
allowed to be up to 1.5%. In the Gjakova1 substation, the
level of THD voltage is 0.42% on the 110kV side. According
to the obtained results, there is no need for additional
investment in substation Gjakova 1 regarding power quality
improvement.

Table 2. Results from THD simulation in substation Gjakova 1

No. | Item Description Power
1 Power Transformer 1 3.74%
2 Power Transformer 2 3.73%
3 Main busbar 0.42%
4 Auxiliary busbar 0.42%
5 Two Overhead lines from substation Disconnected
Gjakova 2
Conclusion

Monitoring the THD is critical for obtaining accurate data
on the amplitude of the harmonic as well as its variation
over time. Without simulation, mathematical analysis of
THD would be limited. The main case for analysing power
quality is Substation 110/35 kV Gjakova 1, and simulations
with ETAP Power Station are carried out based on the
organizational scheme of equipment in Substation Gjakova
1. The results of simulations for Substation Gjakova 1 are
presented in terms of power quality. This indicates that the
investment in this substation was highly successful. Based
on the obtained results, the maximum level of voltage
harmonic distortions in Substation Gjakova 1 on the 35 kV
side is 3.74%, while on the 110 kV side, it is 0.42%.
According to IEEE standards, for the 35kV level, it is
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allowed for THD to reach a value of up to 5%, and on the
110 kV side up to 1.5%. In this study, THD is examined at
high voltage levels, and it is discovered that THD is
considerably low at these voltage levels. This is due to
small currents at high voltage levels. Harmonics in the
system are proportional to the overall current of the system.
Because of the small currents and high voltages at 110kV
and 35kV levels, the analysed case study has only low-
order harmonics. Gjakova 1 Substation meets all standards
for quality electric power supply. The harmonics' injection
frequently has an impact on the motor that first generated
them. As a result, harmonics detection and reduction are
crucial tasks for the industry today. The paper is based on
comparative THD study methodologies at various voltage
levels. The purpose of this paper is to recommend THD
reduction and control in LV levels where induction machines
are connected, and it can be applied to induction machines
in thermopower plants in Kosovo where such induction
motors (even larger in power) with the same connection
configuration are common. There is an acceptable range of
THD in 110 kV and it can be applied in all 110 kV
substations in the Kosovo Power System.
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