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ARTICLE INFORMATION ABSTRACT

This study aims to identify the main factors contributing to voltage flicker during the
Article History: o Y

Submited - 00 Bulan 0000 starting process of a 250 kW three-phase induction motor at the SWK Karah Pump
Accept - 00 Bulan 0000 House in Surabaya. The use of high-power induction motors in pump houses is
Published - 00 Bulan 0000 critical for supporting flood control efforts in Surabaya. However, conventional

starting methods such as Direct On Line (DOL) and Star-Delta can produce high
CORESSPONDENCE inrush currents, potentially causing significant voltage flicker. This research

Email: rezaswidagdo@untag-sby.ac.id analyzes the magnitude of the starting current, calculates the total impedance of the
distribution system, and evaluates the resulting voltage flicker during motor startup
The methodology includes calculations of cable and transformer impedance, along
with analysis of starting current and voltage in accordance with IEC 61000-4-15
standards. The results indicate that the DOL method produces a starting current of
1.710,61 A (approximately 2 88 times the nominal current), ding to substantial
RMS voltage drop and voltage flicker of 32,48%. In contrast, the Star-Delta method
reduces the starting current to 570,20 A (approximately 0,96 times the nominal
current), resulting in much lower voltage flicker of around 11%, although careful
consideration of the transition duration is still required. The analysis concludes that
direct starting of large induction motors without adequate current control can
significantly degrade power quality and disrupt the stability of the pump house
distribution system. Both methods, despite Star-Delta’s improvement, still have the
potential to exceed the short-term severity limits for voltage flicker specified in IEC
61000-4-15 ifihe distribution system lacks sufficient mitigation equipment..
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1. INTRODUCTION

Urban areas around the world increasingly face significant challenges in managing water resources, particularly
in controlling flooding exacerbated by high rainfall du
by climate variability, directly increase the risk of urban flooding. To address this issue, flood pump stations serve as

ng wet seasons. Rising precipitation patterns, often influenced

essential components of urban drainage systems, designed to rapidly channel stormwater away from residential and
commercial areas to reduce inum?n and control flood levels. These pump stations are typically equipped with
large-capacity pumps driven by three-phase mduction motors, which are widely used for their reliability and
robustness in heavy-duty applications. However, these high-power motors require substantial electrical energy to
operate. A critical consideration is the very high inrush (starting) current that occurs when these motors are energized.
ignificant disturbances in the

Starting currents can reach 6 to 10 times the motor’s rated current, potentially c:
electrical di

tem in the form of momentary voltage drops. Such dist commonly referred to as
voltage flicker, are characterized by rapid variations in RMS voltage that can lead to perceptible lamp flickering and
may interfere with sensitive electronic equipment such as programmable logic controllers (PLCs) and other control
devices. The operational reliability of flood pump stations and indeed many forms of critical infrastructure depends
heavily on the stability and quality of their electrical power supply [1].[2].
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Power quality disturbances such as voltage flicker not only risk damaging electrical equipment but can also impair
the ability of pumps to operate effectively during critical flood events. This, in turn, can compromise tlﬂfecti\' eness
of flood mitigation efforts and pose risks to public safety and urban resilience. Therefore, a thorough analysis of the
impact of starting large three-phase induction motors on voltage flicker is essential for planning, designing, and
operating reliable flood-control infrastructure. A comprehensive understanding of this phenomenon can support the
development of effective strategies to mitigate flicker, ensuring stable and high-quality power supply. More broadly,
power quality has become a central concern in modern industrial systems and critical infrastructure. The growing use
of sensitive electronic devices and the demand for continuous, reliable operation necessitate a stable, high-quality
power supply [3]. Large inductive loads, such as high-power induction motors, are recognized as significant
contributors to power quality issues, particularly during transient starting phases. International standards such as [EC
61000-4-15 provide a framework for assessing and managing voltage flicker, helping ensure acceptable power quality
levels in electrical distribution systems [4].

Previous studies have extensively Examil\fuhage flicker caused by induction motor starting. Tampubolon and
Yana [5] investigated general voltage flicker caused by induction motor starting and its impact on sensitive electronic
devices. While providing a foundational understanding, their study did not specifically focus on critical infrastructure
contexts or quantitative comparisons of starting m:tl] for high-power motors. Permana ez al. [6] conducted
simulation-based analysis using ETAP 12.6 for various starting methods (Direct On Line (DOL), Soft Starting, and
Variable Frequency Drive (VFD)) in power plants, concluding that VFD is the most effective method for mitigating
flicker. Their work offers valuable benchmarks for advanced methods and simulation-based analysis but differs from

this study’s empirical measurement approach for traditional starting methods on a specific high-power motor. Altaira
etal. [7] generally discussed voltage sags caused by starting large-capacity motors and highlighted the importance of
applying appropriate starting methods to reduce high inrush currents. Although acknowledging the issue, that study
did not provide detailed comparative quantitative analysis of the most common starting methods for motors with
capacities and applications like those examined here. Nema & Tomar [8] compared autotransformer, reactor, and
star-delta methods for much larger motors (2500 kW), offering insights into mitigation techniques for very high-power
applications. However, the present study focuses on a more typical industrial motor size with direct empirical
comparison between DOL and Star-Delta, filling a gap for this specific power range and application.

Negi et al. [9] performed a comparative analysis of DOL, Star-Delta, and Autotransformer methods, showing
flicker percentages and current ratios for much smaller motors. However, power quality issues scale strongly with
motor size and system impedance. This study provides essential empirical data for much larger motors, where the
impact on the electrical grid is far more significant, thus addressing important gaps in the literature on high-power
motor starting in critical infrastructure. Although existing literature has extensively discussed voltage flicker
phenomena and various motor starting methods, there remains a specific research gap in empirical, measurement-
based comparative analyses of Direct on Line (DOL) and Star-Delta methods applied to three-phase induction motors
operating in critical flood-control pump houses. Prior studies often rely on simulations, focus on smaller motor sizes,
or address different industrial contexts, limiting their direct applicability to large-scale urban drainage infr
The novelty of this research lies in its focus on real-world measurement and analysis of starting currents and voltage
flicker in an actual urban pump station environment using a high-power induction motor. By providing detailed
empirical data under realistic operating conditions, this study delivers practical and actionable insights for engineers

ructure.

Bd utility planners seeking to improve power quality and ensure the reliable operation of vital urban infrastructure.
The primary objective of this research is to analyze the causes of voltage flicker during the starting of a 250 kW three-
phase induction motor at a flood-control pump house. Furthermore, this study aims to evaluate how the starting method
affects voltage flicker in the electrical system and to quantify its impact on power quality, particularly in terms of
voltage flicker severity. Ultimately, the research seeks to identify effective mitigation strategies to ensure reliable and
stable pump operation during critical flood events.

2. RESEARCH METHOD

This study was conducted at the SWK Karah Flood Pump Station in Surabaya during March 2025, focusing on the
starting behavior of a 250 kW three-phase induction motor. The research involved field measurements of starting
current and voltage flicker using a Fluke 305 clamp meter, selected for its ability to safely measure electrical

parameters in live systems. Motor specifications were obtained from the nameplate and used in conjunction with
system impedance data to perform analytical calculations. Field observations and interviews with operational
personnel complemented the quantitative data, ensuring a comprehensive understanding of the motor’s impact on
power quality during startup.
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2.1 Total Impedance Analysis of the Distribution Network

In analyzing the power distribution system, determining the total impedance from the transformer to the motor load
is essential, as it directly influences voltage drop and overall system performance. This analysis considers the system

base impedance, transformer impedance, and cable impedance. Determining the total impedance from the transformer

to the motor is crucial for analyzing voltage drop and system performance. The base impedance is calculated using:

Zpase = % (M
Transformer impedance is obtained from its percentage rating:

Zrrafo = % X Zgase (2)
Cable impedance depends on length and per-kilometer values:

Zeapies = length X (R + jX") (3)
The total network impedance sums transformer and cable values:

Zyotal = Zrrafo + Zcables 4)

This total impedance is a key parameter for evaluating voltage drop during motor starting. The base impedance is
calculated from the system’s nominal voltage and transformer capacity and serves as a reference for per-unit
calculations. Transformer impedance, typically given as a percentage, is converted to ohms for detailed analysis, while
cable impedance depends on conductor length and specified impedance per kilometer. The total network impedance
is obtained by summing transformer and cable impedances, representing the overall res
the power source and motor load.

stance and reactance between

22 Th in I d C ion for the 250 KW Motor

P

The Thevenin impedance of the three-phase 250 kW induction motor represents the effective impedance seen from
the supply side to the motor terminals. This impedance combines the stator and rotor resistances and reactances into
a single complex value. It is a critical parameter for modeling motor starting behavior, as it determines how much
voltage drop occurs during high inrush currents and directly affects voltage flicker during motor startup. The motor’s
Thevenin impedance combines stator and rotor resistance and reactance [10]:

Zen tmotor) = (R + Ry) + j (X, + X,) (5

Its magnitude is computed by:

1Zim] = (Rs + R)? + (Xs + X,)* (6)
This parameter represents the effectivg source impedance seen by the motor during starting.
2.3 Starting Current Analysis with Direct On Line (DOL) Method

The Direct mLine starting method 1s a simple and common approach where the motor 1s connected directly to
the full supply voltage. This results in very high starting current, typically several times the motor’s rated current.
Calculating the starting current using the Thevenin impedance helps estimate the magnitude of inrush current and

predict its potential to cause severe voltage flicker. This analysis highlights why DOL starting can lead to substanti;
voltage disturbances in the power system, especially with large motors. DOL starting connects the motor directly to
full voltage, resulting in high inrush current [11]:

I(startypor = )]

The ratio to rated current is evaluated by:
I(startypor = 1 X Irated (8)

This large inrush current can cause severe voltage flicker.
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2.4. Starting Current Analysis with Star-Delta thod

The Star-Delta starting method aims to reduce mnrush curremy initially connecting the motor windings in a star
configuration before switching to delta. This approach lowers the starting current to approximately one-third of the
DOL value. The reduced inrush current significantly decreases the risk of voltage flicker anﬁ]itigates adverse impacts
on power quality, making it a widely used method for large motors in critical applications. Star-Delta starting reduces
inrush current by initially connecting in star, then switching to delta [12]:

Istartyy-a = % X istartypoL 9
Its ratio to rated current is:
lstartyy—a = X Legeea (10)
This method significantly mitigates voltage flicker compared to DOL.
2.4. Voltage Flicker Estimation for DOL Starting

Voltage flicker results from the significant voltage drop caused by large inrush currents during motor starting. For
the DOL method, the expected voltage drop is estimated by multiplying the high starting current by the total network
impedance. The percentage voltage flicker is then calculated relative to the system’s nominal voltage. This analysis
demonstrates the severe voltage fluctuations that can occur with DOL starting, potentially exceeding acceptable limits
and disrupting other connected loads. Voltage drop during DOL starting is estimated by [13]:

Varep(pory = Ztotat % lstartpory (11)
Percentage flicker is calculated as:
Y%Flicker = "‘*V"i“’:” % 100% (12)
rate,

This highlights the substantial flicker risk of DOL starting.
2.5 Voltage Flicker Estimation for Star-Delta Starting

For the Star-Delta method, the lower starting current leads to a much smaller voltage drop across the distribution
network impedance. Estimating the resulting voltage flicker percentage shows the improvement achieved with this
method. Although significantly reduced compared to DOL, the residual flicker still requires consideration to ensure
compliance with power quality standards, especially in systems serving sensitive equipment. For Star-Delta starting,
the voltage drop is [14]:

Varop—-8) = Zrotar X Istarer-n) (11)
Percentage flicker is computed as:
%Flicker = ""VL‘Y:’ x 100% (12)
rate

This shows the reduced flicker achieved with Star-Delta starting, supporting its use in power-quality-sensitive
systems.

2.7 3-Phase Induction Motor Specification

The focus of this study is a 250 kW three-phase induction motor installed at the pump station. Nameplate
specifications and equivalent circuit parameters were recorded to support caleulations and analysis of starting currents
and voltage flicker levels.

Table 1. Motor Specification

Description Parameter
Motor Power (P) 250 kW
Voltage (Vygeda) 400V
Current (Iyqceq) 450 A

Frequency (f) 50 Hz

Efficiency 0,82

Power Factor (Cos @) 0,9

Synchronous Speed 1500 rpm (4 pole)
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Based on Table 1, this induction motor has a power rating of 250 kW, operates at 400V, and has a rated current of
450 A. Tt is designed for 50 Hz frequency, with an efficiency of 0.82 and a power factor of 0.9. The motor’s
synchronous speed is 1500 rpm, indicating that it has 4 poles. In addition to these general specifications, the equivalent
circuit parameters of the induction motor are also crucial for performance analysis

particularly for calculating starting
current and voltage t'gcer. These parameters represent the internal resistance and reactance characteristics of the
motor. Table 2 shows the equivalent circuit parameters of the 250 kW 3-phase induction motor.

Table 2. Equivalent Parameter

Description Value
Stator Resistance (Rg) 0,03 Q
Rotor Resistance (R,) 0,02 Q
Stator Reactance (Xg) 0.12Q
Rotor Reactance (X;) 0.12Q

These parameters stator resistance (Rs), rotor resistance (Rr), stator reactance (Xs), and rotor reactance (Xr) are used
to construct the motor's equivalent circuit model. This model enables accurate theoretical calculations of the motor’s
beha\' during starting, including the magnitude of inrush current and the total impedance seen from the source side,
whigh 1s a key factor in determining the level of voltage flicker.

3. RESULT AND DISCUSSION

This section presents the results of the calculations and analyses related to the electrical performance of the
distribution network and induction motor during starting conditions. Tcalculaliuus cover total network impedance,
the Thevenin equivalent impedance of the motor, starting currents using Direct On Line (DOL) and Star-Delta
methods, and the resulting voltage flicker. Each subsection begins with an introduction describing the objective angg)
context, followed by detailed calculation steps and a discussion of the results. This structured approach supports a
clear understanding of the impact of large motor starting on power quality and system stability.

3.1 Analysis of Total Impedance Calculation in the Distribution Network

In power distribution system analysis, determining the total impedance along the path from the transformer to the
motor load is a critical step. This impedance directly influences voltage drops, short-circuit currents, and overall
system performance. By calculating the combined impedance of the transformer and the connecting cables, engineers
can predict how the system will respond to high starting currents, evaluate voltage stability, and design mitigation
strategies to maintain power quality. The base impedance is calculated using:

vz a00?
T == _pgo
Base — g ™ 300.000

The transformer impedance is:

%Z 6
Zrrago = Tpg % Zuase = 7gg % 08 = 004810

The cable impedance over 200 m (0.2 km) with known Z' = 0,15 + j0,08 Q/km
Zeaptes = 1% (R'+ X'} = 0,2 % (0,15 + j0,08) = 0,03 + j0,016 ©
Magnitude:

|Zcaste| = /(0,032 + 0,0162) = 0,0337 Q

Total network impedance:

Zrotat = Zrrago + Zeanies = 0,048 + 0,0337-0,0817

The total impedance of 0,0817 Q reflects the combined resistance and reactance between the transformer :ﬂ the
motor load. This value is crucial for assessing expected voltage drops during motor starting, which can affect power
quality and operational reliability in the distribution system.
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3.2 Analysis of Thevenin Impedance of the Three-Phase Induction Motor

This subsection focuses on determining the Thevenin equivalent impedance of the 250 kW three-phase induction
motor, as viewed from the power source. The Thevenin impedance is essential for modeling the motor's internal
characteristics during starting. It enables engineers to predict inrush current levels and analyze the motor’s interaction
with the distribution system, supporting strategies to mitigate voltage dips and protect system stability.

Zyy = (Rg + R,) + j(X; +X,) = (0,03 + 0,02) + j(0,12 +0,12) = 0,05 + 0,24

Magnitude:

1Zew| = (Rs + R+ (Xs + X,)% = /(0,05)% + (0,24)% = 0,245 Q

The calculated Thevenin impedance of 0.245 € represents the motor’s effective internal opposition to cumrent flow
during starting. This parameter is vital for estimating inrush currents that can cause voltage flicker and stress on the
electrical network.

3.3 Analysis of Starting Current Using Direct On Line (DOL) Method

This subsection analyzes the starting current of the 250 kW three-phase induction motor when using the Direct On
Line (DOL) starting method. In DOL starting, the motor is connected directly to the full supply voltage, resulting in
a high inrush current. Understanding the magnitude of this starting current is essential for assessing its impact on
voltage stability and the potential for power quality disturbances in the network.

v _ 4192

I =" =
(startypoL = 7= 4o

=1.710,61 A

Comparison with rated current (lyqeq = 592,70 A) @

n= Istarppor _ 171061

= 2,88 times
Irated 592,70

The calculation shows that the DOL starting method results in a starting current approximately 2,88 times the rated
current. This large inrush current can cause significant voltage dips, stress motor windings, and negatively affect other
connected equipment.

3.4 Analysis of Starting Current Using Star-Delta Method

This subsection evaluates the starting current when the motor uses the Star-Delta starting method. The Star-Delta
technique initially connects the motor in a star configuration to reduce the applied voltage and starting current before
switching to delta for normal operation. Calculating the reduced starting current helps demonstrate the method’s
effectiveness in minimizing voltage disturbance and mechanical stress.

1 1
Tsearew-a = 3 % Keraroipor = 3 % 1710,61 = 570,20 A

Comparison with rated current:

— lstargv-a _ 570,20
Irated 592,70

n = 0,96 times

The Star-Delta starting method reduces the inrush current to about 96% of the motor’s rated current. This significant
reduction helps improve voltage stability and limits the impact of motor starting on other loads connected to the same
network.

3.5 Calculation of Voltage Flicker Caused by DOL Starting

This subsection calculates the voltage drop, or flicker, resulting from the large starting current when using the
DOL method. Voltage flicker is a visible effect of voltage dips that can affect customer equipment. Quantifying this
impact is essential for evaluating whether the DOL starting method meets acceptable power quality standards.

Viaropwon) = Zeotat X Lstarewory = 00796 X 1.710,61 = 136,16 V
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Percentage flicker:

Varon oty o0 13616

Y%Flicker =
% V,ated 419,10

% 100% = 32,48%

The result shows a flicker level of 32.48%, indicating a severe voltage dip during DOL starting. Such a high level of
voltage disturbance is likely unacceptable in most power systems, underscoring the need for alternative starting
methods or mitigation strategies.

3.6 Calculation of Voltage Flicker Caused by Star-Delta Starting

This subsection examines the voltage flicker caused by starting the motor with the Star-Delta method. By reducing
starting current, the Star-Delta method aims to minimize the resulting voltage dip, making it an attractive option for
improving power quality in distribution systems.

Varopow) = Zeotar X Istarev-5 = 00796 x 570,20 = 45,388 V
Percentage flicker:

Varop (oot « 1000 15388

YoFlicker =
WFlicker = =~ 119,10

x 100% = 11%

The calculated flicker of 11% is significantly lower than the 32.48% observed with DOL starting. Although not
entirely negligible, this level of flicker is typically more acceptable and highlights the Star-Delta method’s
cffectiveness in mitigating voltage disturbances.

3.7 Discussion

3

This section presents the simulated flicker voltage profiles observed during the!arting of a 250 kW three-phase
induction motor using two different starting methods: Direct On Line (DOL) and Star-Delta. It compares the flicker
voltage resulting from DOL starting with that produced by the Star-Delta method to highlight differences in their
impact on system power quality. Flicker voltage refers to the time-varying deviation of the actual terminal voltage
from its ideal sinusoidal waveform caused by the large inrush currents during motor starting. This phenomenon is a
significant power quality concern in distribution networks, as severe voltage dips can lead to nﬂticea lamp flicker,
malfunction of sensitive equipment, and diminished service quality for other customers connected at the same point
of common coupling (PCC). The goal of this analysis is to evaluate the severity and waveform shape of voltage
distortion caused by each starting technique, assess their relative impacts on system stability, and demonstrate the
effectiveness of mitigation strategies such as the Star-Delta method in reducing voltage disturbances and maintaining
acceptable power quality levels.

Flicker Voltage

[ -

Voltage (V)
Voltags (V)

; i R
o 0.005 oo 0oms 0.m 0025 003
Time (second)

0 D005 001 0015 002 005 00 005 oo 60
Time {zecond)

(a) (b)

Figure 1. Flicker voltage when starting with a difference: (a) DOL (b) Star-Delta
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Star-Delta Starting Characteristics
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Figure 2. Comparison of current and torque characteristics for star and delta

Figure 1(a), which represents the DOL starting condition, it is clear that the flicker voltage waveform exhibits a
pronounced deviation from the rated voltage sinusoid. The flicker voltage follows the same fundamental frequency
but with noticeably larger amplitude modulation, reflecting a voltage drop of approximately 32.48 % as previously
calculated. This severe voltage sag is a direct consequence lﬂe high inrush current measured at approximately 2.88
times the motor’s rated current drawn instantaneously when the motor is connected directly to the full supply voltage.
The graph shows that the peak voltage during flicker is significantly reduced compared to the rated waveform,

indicating that customers supplied by the same feeder could experience lighting flicker or voltage dips well beyond
acceptable power quality limits defined in standards such as IEC 61000-3-3. In contrast, Figure 1(b) demonstrates the
Star-Delta starting scenario, where the flicker voltage shows a visibly smaller deviation from the rated sinusoid. The
voltage drop under this condition is reduced to about 11 %, consistent with the calculated starting current of
approximately 0.96 times the rated current. The reduced inrush current during the initial star connection phase limits
the magnitude of the voltage dip, producing a waveform that more closely matches the ideal sinusoid with only mild
amplitude distortion. This difference illustrates the effectiveness of the Star-Delta method in mitigating voltage flicker,
making it a preferred technique for starting large motors in distribution systems where voltage stability is a concern.

rting does not entirely eliminate flicker, the reduction in its severity
makes it far more acceptable for most indu and utility standar
quality for other customers but also reduces electrical and mechanical stresses on the motor itself, contributing to

It is also noteworthy that while Star-Delta

5. This improvement not only enhances power

longer equipment lifespan and reduced maintenance costs. Furthermore, by comparing the two subplots, it becomes
evident that adopting appropriate starting methods is a practical and economically viable strategy for utilities and
facility managers seeking to minimize adverse power quality impacts without costly infrastructure upgrades. Figure 1
underscores the importance of starting method selection in large motor applications. By presenting a clear visual
ison between DOL and Star-Delta approaches, it highlights that technical planning and careful design choices

compz
can substantially improve network reliability, reduce customer complaints, and support broader objectives for

sustainable and high-quality power distribution. 20

Figure 2 shows the comparison of current and torque behavior in star-delta starting methods for three-phase
induction motors. It can be seen that in the star starting mode, the starting current (Star current) 1s much lower and
drops steeply as synchronous speed increases, staying around 200% of full-load current at low speeds. This lower
inrush current makes the star connection suitable for reducing starting current surges. In contrast, the delta starting
mode (Delta current) has a much higher initial current, exceeding 700% of full-load current at zero speed, although it
also decreases with speed. Regarding torque, the curve indicates that star mode torque (Star torque) is relatively low
at the start and increases slowly, only approaching 100% of full-load torque near synchronous speed. Meanwhile,
delta mode torque (Delta torque) is significantly higher, rising steeply to over 300% near full speed. This comparison
explains why the star-delta method is used: it reduces starting current in the star connection phase and then switches
to delta to provide the high torque required by the load. The graph clearly visualizes the trade-off between current and
torque i both connection modes, highlighting the effectiveness of star-delta starting for controlling motor
performance during startup.
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4. CONCLUSION =

Based on the analysis of flicker voltage profiles during the starting of a 250 kW three-phase induction motor using
both Direct @y Line (DOL) and Star-Delta methods, it can be concluded that the Star-Delta method is more effective
in reducing voltage disturbances in the distribution system. The flicker voltage generated by the DOL method shows
greater and more significant deviations from the ideal sinusoidal waveform due to the high inrush current, which can
lead to power quality issues such as noticeable light flickering, malfunction of sensitive equipment, and reduced
comfort for other consumers connected to the same point of common coupling. In contrast, the Star-Delta method
produces a smoother flicker profile, closer to the nominal voltage, indicating a significant reduction in starting current
and mitigation of voltage drop effects. Therefore, the application of the Star-Delta method is a practical solution for
enhancing the stability of the power distribution system and maintaining service quality, especially in high-power
motor applications that have a substantial impact on overall electrical system performance.
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