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Voltage transients caused by various motors and electrical equipment of tea factories in
Sri Lanka have been observed and analyzed. While reporting the major components of
transients, this work extends it aspires to investigate the risk of having faults in a three-
phase induction motor by monitoring and analyzing the transient voltage waveforms
during the starting period. Therefore, common mode transient investigations have been
followed. Transient voltage signals have been obtained from high end test setup and
altogether 588 waveforms have been analyzed in both the time and frequency domains. In
DOL and Star-Delta starting, highest transient amplitude of 688.2 V and 572.1 V have
been observed respectively. Highest transient amplitude of 976.4 V and 980.5 V were
observed in DOL and Star-Delta switching respectively. Withering and rolling sections
dominates over other stages, generating high amplitude transients in average, reflecting
same endangerment in energy calculations as presented in voltage integral. DOL starting
transients carries fast rise times as 14 ns and in Star-Delta it is 28 ns. In order to assist with
the exegesis of these data, transient parameters like rise time, duration, highest peak, etc....
have also been presented in statistical basis.
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1. INTRODUCTION

Nowadays, intense technological development of electric
utilities and associated power electronic gear controls is
becoming increased concern about the quality of electric
power. In contrary to this, they are also responsible for
productivity losses due to their sensitivity to voltage
disturbances including transients in a decidedly harsh
environment. This mystify the scenario more, as some of
electronic controls are also allies of this fortuitous power
quality evils, like in variable frequency drives. In the long run,
this demands great deal of screen, troubleshoot, and pre-empt
power quality issues now more than ever before. The indirect
effects of transient rooted damages such as increased
maintenance costs, out-of-operation time in the industrial
sectors due to damaged and temporary malfunctioning
equipment will be much higher. As explained in the studies [1,
2], across broad consideration through many researchers in
industrial power systems, the most identified and accepted
consequence in starting process of motors is the voltage dip.
At the same time, transient nature at the starting period of a
power system has also gained great attention as they tend to
make associated devices in to accelerated ageing. Whenever a
load turned on or off through a switching action in the system,
voltage transients possibly pierce to the specific electrical
environment [3-5]. Therefore, a retrofit to equipment safety in
an environmentally harsh situation can only succeed if
sufficient attention is given to protecting associated electronic
control gear or drivers against overvoltage conditions.

As reported in scientific literature [3, 5-14], on every
occasion where the circuit conditions suddenly change, a
transient is prone to be initiated, often follows with switching
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operations or owing to lightning. This can either be a change
loading condition of the equipment or current demand
predominantly. As they last only a short time and occurrence
is random, it makes them little hard to capture. Consequently,
a very precise measure and understanding of events occurred
during disturbances are vital and can offer tremendous
potential benefits for a fine analysis. A fair analysis supported
by splendid measuring arrangement and capturing practices,
transient disturbances will be able to investigate, understand
and sometimes eliminate. Moreover, Pannila and Edirisinghe
[9] and Greenwood [15] reported that sources external to the
facility can give birth to transients but more commonly are
grown internally. This study mainly focusing internally
generated transients in tea factories located in Sri Lanka which
undergoes different stages that requires machineries ranging
from heavy electrical induction motors to sophisticated
electronic colour separation machines. In fact, a tea factory is
a place where it operates large electromechanical machineries
prone to generate distressing transients while other classy
electronic control elements and devices are greatly exposed to
them in the same environment. It is not exaggerating to say
that these internally generated frequent transients seep in to the
efficiency of machines causing accelerated ageing or
unplanned downtime confronting large financial loss [9, 16-
18]. In Insurance like financial strategic matters, currently
both the insurer and the insured party concern the vulnerability
of the facility due to lightning, fire like visible threats only.
However due to lack of understandings of internal transient
influence on the equipment, it has not yet reckoned for
calculating probable loss, making misunderstandings and
losses for the both parties. This study may help to fill this
knowledge gap which leads to consider vulnerability due to
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internally generated transients for loss analysis.

It is important to mention that the tea manufacturing
industry involves various types of machineries and equipment
which used at different stages in the tea production. The
machine related tea processing undergoes the standard stages,
Withering, Rolling, Fermentation, Drying and Grading which
uses three-phase induction motors in the capacities of 2 kW to
15 kW. There are many methods in use to start three-phase
induction motors such as; Direct On-Line starter (DOL), Star
(Wye)-Delta starter(Y-A), Auto transformer starter, Reactor or
resistor starter and Soft starting [1, 2, 19, 20]. During this study,
it was observed that most tea factories in Sri Lanka use only
first two methods of starting, depending on the power
consumption of the motor.

Purpose of this study is to technically report and opening a
sound awareness of transient nature in industrial site to the
scientific community which possibly influence quality of
power system. The influence of the electrical elements in
factories, induction motors as well as capacitor banks to get
VAR support on the supply system to be observed mainly.
Detailing the diverse disturbances with the aftermath being
sequential and disturbing the other equipment operation, such
as transient bursts, high peaks, sags also expected. To analyze
the impact of transient events quantitatively and qualitatively,
characterizing transient parameters on a statistical basis and
calculation of energy content also sought. The analysis where
these transient events can be linked to possible power quality
apocalypse in the facility, also planned in order to have
complete power quality picture. Unveil the hidden danger of
transient events and degree of nakedness of current power
systems to these events which can cause even a slight
detriment to the power quality, expected at the end. Reporting
this, section 2 introduces the experimental setup and
measurement system; section 3 introduces the methodology;
section 4 elaborates results and key observations; section 5
makes a discussion and focuses on possible mitigation
practices that can adopt and section 6 conclude the study
mapping the objectives and findings.

2. EXPERIMENTAL SETUP AND MEASUREMENT
SYSTEM

The block schematic of experimental setup given in Figure
1 that was used to trigger voltage transients during switching
actions of various electromechanical equipment, taken at tea
factories in Sri Lanka which can be categorized as Low
Voltage Power Systems (LVPS). In this study, five large scaled
tea factories of Sri Lanka located in Rathnapura, Nivithigala,
Ayagama and Urubokka have been selected for measurements.
The measurement system used in this experiment is as same as
authors one of recent previous work [9, 10]. Tektronix P6015a,
1000 times attenuated voltage probe with inner impedance of
100 MQ and bandwidth of 75 MHz was used for the
measurements of voltage transients [9-12] generated by the
power system due to various switching operations. Voltage
waveforms were captured with PicoScope 3206A 200 MHz
oscilloscope with 500 Ms/s powered by USB port of Laptop
PC (being not plugged to supply, battery-powered), in order to
avoid possible interference with the power system under test.
PicoScope 6 ver.6.7.40.3 used as the software for data
acquisition in order to carry out transient parameter extraction
and data analysis.
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Figure 1. Transient measuring setup

3. METHODOLOGY

The methodology followed here is similar to what was
presented in one of the early researches of authors [9, 10]. As
the study wishes to measure common mode transients of the
power system in each phase, the probe linked to the 230 Vrms
system line and ground clip has been connected to the chassis
of the panel which was connected to the system ground [9].
All the measured voltage transient waveforms were captured
directly at the switch contact or at the distribution panel of the
equipment location, as this provides a better awareness of
quality of the voltage provided to the equipment and then the
transient produced [17, 18]. The 3-core cable of 1 m length
which brings ac supply to probe base, HV Probe’s cable of 10
ft. length and PicoScope’s data and DC power cable all are laid
without crossing each other guaranteeing no interference fed
in any means to the data collected [9], as illustrated in Figure
2. In Figure 2, Star-Delta Electric Distribution Panel, Standard
3-core cable, Tektronix High Voltage Probe, PicoScope
Oscilloscope and Notebook PC (on battery powered) are
labeled as (a), (b), (c), (d) and (e) respectively. It is important
to mention that in each and every possible place, it was
managed to follow all the available standards and
manufacturer specifications [9, 21]. Moreover, trigger
threshold of the software interface was decided after
measuring 5 to 10 test waveforms at each measuring attempt
by observing the average noise level of the system.

Figure 2. Depiction of test set-up



In characterizing transient parameters, mainly two
viewpoints were considered; the motor starting technique and
the tea processing stage. Hence, time domain transient
parameters like amplitude, rise time and pulse duration were
calculated and statistically interpreted to correlate the operated
electrical machine to the key attributes of transients. In this
study, a collection of more than five pulses together reckoned
as a burst and such burst durations were also calculated.
Furthermore, for the rise time calculations, time taken to 10%
to 90% of the step height considered and pulse duration of
transient was also calculated.

4. RESULTS AND OBSERVATIONS

Five of the large scaled tea factories in Sri Lanka and its 108
different machines/locations were investigated for the analysis
of its switching transient behavior and large number of
switching waveforms were captured altogether. As this paper
holds the dominance for common mode switching transients,
only 588 waveforms which carry such significant transients
were considered for the analysis and Table 1 indicates the
transient observation summary.

Table 1. Transient observation summary

Tea Processing Stage

No.

of

No. of Machines/ Total Observations (No. of

Main Motor switching - .
Stage Sub Stage technique Factories Locations Samples)
N DOL 5 14 102
Withering Yo/ 5 21 136
. DOL 5 10 47
Rolling Yo/ 5 8 28
Drying DOL 3 5 38
Winnower DOL 5 13 45
Conveyer DOL 4 12 28
Grading Compressor DOL 5 8 81
Color DOL 5 10 32
Separator
Exhaust Fan DOL 4 7 51
Total Observations (transients) 108 588

Table 2. Factory wise classification of transient parameters

Process Stage Time domain transient parameter Factory 1 Factory 2 Factory3 Factory4 Factory5
Amplitude (V) Max 901.0 832.0 980.5 812.5 7238
P Avg. 342.3 432.5 490.6 392.6 456.0
Burst Duration () Max 398.8 380.0 422.2 426.3 387.1
Witherin K Avg. 100.3 102.0 92,5 67.3 76.9
£ Rise time (ns) Min 96.0 48.0 14.0 42.0 54.0
Max 178.0 228.0 262.0 352.0 128.0
Duration (ns) Min 156.0 189.0 201.0 148.0 184.0
Max 376.0 402.0 421.0 389.0 372.0
Amplitude (V) Max 712.0 795.0 802.4 826.5 645.8
P Avg. 517.0 654.2 728.1 600.3 620.4
Burst Duration (s Max 2945 288.8 327.1 322.0 290.0
Rollin (us) Avg. 226 37.2 54.6 60.5 58.1
& Rise time (ns) Min 36.0 37.0 22.0 52.0 48.0
Max 312.0 194.0 256.0 226.0 228.0
Duration (ns) Min 118.0 136.0 154.0 117.0 129.0
Max 491.0 465.0 620.0 387.0 401.0
. Max 842.1 - 798.7 835.6 -
Amplitude (V) Avg. 4563 - 4235 354.4 B
. Max 243.1 - 212.6 185.0 -
Drying Burst Duration (us) Avg. 713 - 614 69.8 -
Rise time (ns) Min 26.0 - 49.0 32.0 -
Max 265.0 - 314.0 270.0 -
Duration (ns) Min 294.0 - 325.0 314.0 -
Max 617.0 - 567.0 602.0 -
. Max 696.6 725.1 783.6 711.0 7075
Amplitude (V) Avg.  279.1 312.0 281.4 307.6 2436
Burst Duration Max 416.0 342.4 408.0 421.4 311.6
Gradin urst Duration (us) Avg. 316 41.0 78.4 926 54.1
J Rise time (ns) Min 23.0 34.0 18.0 36.0 41.0
Max 298.0 346.0 324.0 228.0 302.0
Duration (ns) Min 183.0 202.0 220.0 208.0 167.0
Max 506.0 468.0 586.0 608.0 583.0
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Table 3. Processing-stage wise transient parameters

Process Stage Time domain transient parameter Factory1 Factory2 Factory3 Factory4 Factory5
Amplitude (V) Max 901.0 832.0 980.5 812.5 723.8
Avg. 3423 4325 490.6 392.6 456.0
Burst Duration (us) Max 398.8 380.0 422.2 426.3 387.1
Withering Ave. 100.3 102.0 92.5 67.3 76.9
Rise time (ns) Min 96.0 48.0 14.0 42.0 54.0
Max 178.0 228.0 262.0 352.0 128.0
Duration (us) Min 156.0 189.0 201.0 148.0 184.0
Max 376.0 402.0 421.0 389.0 372.0
. Max 712.0 795.0 802.4 826.5 645.8
Amplitude (V) Ave. 517.0 654.2 728.1 600.3 620.4
Burst Durai Max 294.5 288.8 327.1 322.0 290.0
Rolling urst Duration (ps) Ave. 22.6 37.2 54.6 60.5 58.1
Rise time (15) Min 36.0 37.0 22.0 52.0 48.0
Max 312.0 194.0 256.0 226.0 228.0
Duration (1s) Min 118.0 136.0 154.0 117.0 129.0
Max 491.0 465.0 620.0 387.0 401.0
_ Max 842.1 - 798.7 835.6 -
Amplitude (V) Avg. 456.3 ; 4235 354.4 -
. Max 243.1 - 212.6 185.0 -
Dryine Burst Duration (us) Av.g. 713 N 61 4 698 .
Rise time (1s) Min 26.0 - 49.0 32.0 -
Max 265.0 - 314.0 270.0 -
Duration (1s) Min 294.0 - 325.0 314.0 -
Max 617.0 - 567.0 602.0 -
. Max 696.6 725.1 783.6 711.0 707.5
Amplitude (V) Avg. 279.1 312.0 281.4 307.6 243.6
. Max 416.0 3424 408.0 4214 3116
Grading Burst Duration (us) Avg. 316 41.0 784 92.6 54.1
Rise time (1s) Min 23.0 34.0 18.0 36.0 41.0
Max 298.0 346.0 324.0 228.0 302.0
Duration (1s) Min 183.0 202.0 220.0 208.0 167.0
Max 506.0 468.0 586.0 608.0 583.0

Figure 3(a) and 3(b) depicts two switching transient
waveforms captured at the distribution panel for motor switch
off operation on Star- Delta(Y-A) and Direct On Line (DOL)
respectively. Figure 3(c) and 3(d) illustrate the impulse nature
of the transients at its expanded time scale presented for
highest peak observed for DOL motor. The results prove the
switching of inductive loads causes the impulsive voltage
transient generation. It is found that these impulsive transients
are with spectral content of 1us rise and duration of 50ns to
Ims, through analysis.

Figure 4 shows a comparison of transient waveforms for the
said two starting techniques, DOL and Star-Delta, switching
operations. These captured transients are then categorized
based on Motor starting technique and tea processing stage
extracting their transient parameters in the key components of
the waveform. Figure 4 (a) and (d) illustrate the transients
observed due to switch on of Star to Delta transition at delta
contacts and DOL start respectively which are in impulsive
nature. Figure 4 (b) and (e) shows transients in oscillatory
nature followed by inductive kick captured due to switch off
motor under no load and switch off of DOL respectively.
Figure 4 (c) and (f) illustrate the transients observed due to
switch off at main contractor and switch off DOL respectively
which are in oscillatory nature.

Conventionally, what most matters for reliability of the
connected elements in the environment as transient parameters
are, the amplitude, duration and energy associated. For
detailed characterization, rise times are also calculated, since
very fast rising transients can cause the overvoltage to be non-
uniformly distributed in motor or transformer windings [22].
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Table 2 illustrates the extracted time domain transient
parameters classified under five tea factories considered for
this study, for its tea processing stages of Withering, Rolling,
Drying and Grading which includes Winnower, Compressor
and Color Separator operations.

Moreover, these extracted transient parameters were
summarized with respect to the four processing stages and
Exhaust Fan operations as given in Table 3.
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Figure 5 illustrates the amplitude of transients as a
comparison between DOL and Star-Delta methods for as a
whole through measuring span of industry.

A previous study has been carried out for induction motors
of less than 3 hp and only severity has been commented for
amplitude [1]. Looking at averages of DOL and Star-Delta
transient amplitudes our results prove that transients generated
by DOL starting are much severe for above 3 hp motors also.

Figure 6 illustrates the maximum and average amplitudes
measured in each manufacturing process. It is observed that
withering motors tend to generate high amplitudes when the
troughs are loaded. Though star-delta method tends to make
transients of less amplitude in average, they generate high
amplitudes in star to delta transition sometimes significantly
larger as DOL starting. This is evident from Figure 5 also, as
maximum amplitude of Star-Delta is higher than that of DOL
but, considered in average, DOL starting dominates the
transient amplitude.

As the switching happens, it is observed that switching
transient occurs with highest amplitude but, most cases
associated with some other repeating pulses which finally
appear to be a burst in the Picoscope recording window of 50
ms. Inductive load switch-on function most cases generates an
impulsive transient which sometimes damps oscillatory while



switch-off function clearly records an oscillatory behavior.
This is evident from captured waveforms in Figure 4. It is
convenient to have burst duration also with amplitude
information, to get some rough idea of the energy associated
in a switching impulse. Burst durations are depicted in Figure
7, at different phases as maximum and average. As a norm, a
lumped appearance of more than five pulses considered as a
burst.
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It is noticed that in DOL starting there appears voltage sag
also with transient nature. The inrush current generates at the
beginning of motor start, switching function generates the
transient nature and it is observed a sag in the sinusoidal wave
of voltage. When the contactors jump from Star to Delta, a
similar nature was observed in Star-Delta technique also. The
time in between this mechanical jump happens in magnetic
contactors, which is approximately 0.25 seconds as stated in
the study [1] is sufficient to establish a voltage sag in the start
of motor. [5, 7]. However, it is observed at this point, a
significant transient pulse also generated by contactor
switching, as Figure 8. Illustrates. Though this sag is not the
underlying teaser which influence the acceleration and issues
regarding the torque of the motor start, nearby devices may get
heavily exposed to these high amplitude, high energy
transients frequently. After contactor switching, once delta
connection fix, the motor acquires the stable rpm, therefore
continuous measurements proved that voltage waveform
become stable then after.

It can be easily compromised that, contrasting Figure 6 and
Figure 7 less steep transient with higher burst-width may hold
significant energy than steep and high amplitude transients
with shorter presence. Several like deductions can be derived
from the said two statistical figures, and that will be more

intense with the numerical information with their rise times
and durations. The rise time considered 10% to 90% of the step
height.

500
500
400
300
& 200
& 400
25
-100
-200
A0 5 0 & 0 5 o 15 20 25
Time (ms)
(a) DOL switching transient

500 ,

Voltage (V)

400 i i i i i i
-25 -20 -15 -10 -5 0 5 10 15 20 25

Time (ms)
(b) Star-Delta switching transient

Figure 8. Switching transient with voltage sag

Minimum

[

(a) Durations in maximum and minimum
u Maximum = Minimum

700 - m Maximum

600 -
500
400 -
300 -
200 |
100 -
0 - T T

Duration (ns)

Withering
Rolling

Drying
Winnower
Compressor
Color Seperator
ExhaustFan

o
n
m

347

w
4
3

327

Rise Time ( ns)

Rolling
Drying

Ed
5
=
=
=

Winnower
Compressor
Color Seperator
Exhaust Fan

(b) Rise times maximum and minimum

Figure 9. Rise time and duration of transient pulses

330



5 j ]
3 A N —
g i |
S ikl
0_. 0.5 1 B,
Time (ms) )1(?04
) 6
o
2 4+ i 1
g 2
< i
O. ke - L - Al
5 6 7 8
10 10 Frequency(Hz)10 10

Figure 10. Frequency spectrum of transient

Table 4. Rise time (10% - 90%) and duration

Rise Time Duration
Min.  Max. Min. Max.
DOL 14ns 352ns 224ns 620ns
Y-A 28ns 162ns 148ns 421ns

The Table 4 illustrates the rise time and durations of two
starting techniques in their transient nature. Figure 9 illustrates
the same two transient parameters as they appear in tea
processing stage. As can be seen, these low rise-times may
generate high frequencies in RF range which possibly coupled
with transmission and through radiation in the sensitive solid-
state elements and their power electronic controls, as a result.
Figure 10 depicts a transient and its respective frequency
spectrum plotted.

5. DISCUSSION

Transient disturbances in electric power systems almost
perpetual problem and there are lot of misconceptions with
transient analysis in which most cases mingled with voltage
sags, swells and outages. As reported in numerous surveys at
diverse specific environments by previous researchers, to gain

absolute and definitive knowledge in transients [3, 9, 5, 22, 23].

Some of such studies confined to certain margins like power
capacity, the type of induction motors [1, 4] and some studies
have been carried out extensively with wide view in power
quality phenomenon [2, 16, 19, 24-27]. Though there were few
works carried out at installations and cabling [8, 9, 28, 29], no
fitting pursuit in to tea factories has been done, to detect the
veiled risk due to this silent killer of valuable equipment which
create leeway of millions of moneys.

In most of power-quality literature, transients are mainly
focused as an anomalous condition arise at the front end of
power elements and steepness, amplitude and duration like
single event characteristics are allocated much weight [16, 24,
25, 30]. This is true as the transient burden do not exhibit
significant and clear affliction in short time, like other major
voltage interruptions. The boundaries of bad consequences of
transients are limited to local environment in many cases, but
intimidating consequences of this silent but devastating threat
emerges more complementary studies to fill the remnants of
incomplete transient definitions. At the end this always
demands for rigorous and watertight argument to deduce any
idea due to unpredictability of transients.

Some transient peaks of very high frequency, formed by
switching actions probably surpass the recommended voltage
ratings even with arresters located at the motor terminals [6]
while high-duration low-amplitude transients may hit with
their high energy content to the connected electrical utensils.
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This is a real burden that industrial facilities have been facing
as plenty of expensive electronic control devices are
uncovered in a sophisticated electromechanical environment.
Thus amplitude, duration, burst width, rise time and frequency
are recognized as major transient parameters to report in the
analysis. Even without a load the motor tends to draw greater
currents across it if the motor started under Direct-On-Line
scheme. In addition, these currents at starting stage typically 8
- 10 times as large as the rated current at full operation of the
machine but may contain components with a wide range in
frequency variation due to the change in the motor's speed.
During this small age of starting transient, the machine is
under the dreadful environment of severe mechanical and
electrical stress. This nature is also valid for the star-delta
starting even though the method controls the high starting
currents, but mechanical transition switching from star to delta
generates severe transients.

The energy content of a transient is rather cannot be ignored
as it makes subtle instant failures to fatigues in the associated
electronics. Transient caused electrical overstress analysis is a
critical and important process in developing and endorsing
survival of equipment in the adverse electrical environment.
The waveforms captured in this survey can be considered
under Electrical Fast Transients (EFTs) [3, 31] as the devices
under test were connected to mains [3]. These transients may
cause device upsets, memory losses and insulation failures at
long term exposure. Not only that, in modern microelectronics,
it makes a reliability concern when single event transients
(SET) occurs which may be produced by exited ionizing
particle which reached to tenuous semiconductor node [7, 32].
Basically, the amount of charge fed from the radiation event
yields a strike of current at the junction which appears as a
transient. The frequency obviously depends on the type of ion,
its energy, and the properties of the configuration of the power
system [23, 33]. Therefore, it is essential component of this
analysis to relate the energy content of transients in to the
specific environment so as to address the suppression properly
without placebos.

The readings were triggered in a setting such that root of the
overvoltage is distant to the triggering point, but at the
distribution Board as described in the study [9]. But as
electrical installation Standards defines a separate sub circuit
for each heavy inductive circuit, total energy (W) in the
transient overvoltage is still of interest as a "worst-case"
exposure for a protective device. The energy, W, transferred
to the load, Ry, is given by Eq. (1) [9],

1 R,
Rout + RL Rout + RL

— . ® 2 .
W = fo V2(t) - dt (1)

where, W is energy transferred to the Load

Ry is Resistive Load

Rout is Output resistance of the circuit

V(t) is Voltage function

The value of Energy (W) to any load (Ri) can be estimated

easily once the voltage integral is calculated for each case. As
the computation does not account the of impedance (Z), for the
consideration here, energy remains using V2s (volts square
second) as its’ units. This method verified to be fair in cases
where the source of the overvoltage is contiguous to the
measurement point [3, 9, 31] but calculating Energy (W) with
Z—50 Q could be uses as a rough estimate of W in watts where
Z is the impedance of the mains, which is function of
frequency and the voltage [9, 31].



Table 5. Energy generated through voltage Integral

Tea Processing Stage (Transient Root)

Energy by [ V2.dt (V?s)

Main Stage Motor start method
N DOL
Witherin Yo/
. DOL
Rolling Yo/
Drying DOL
a DOL
. b DOL
Grading c DOL
d DOL
Exhaust Fan DOL

Maximum Minimum Average

3.16 x 10* 3.12 x 103 1.53 x 10*
1.33 x 10* 7.13 x 103 7.66 x 103
195 x 10* 416 x 103 9.43 x 103
2.72 x 10* 691 x 103 3.84 x 103
5.12 x 10* 1.01 x 10* 2.89 x 10*
5.19 x 103 6.38 x 102  4.87 x 10?
2.63 x 10* 4.45 x 103 8.93 x 103
9.73 x 103 417 x 103 5.51 x 103
1.45 x 103 2.46 x 102 8.13 x 1072
8.98 x 103 4.63 x 10> 3.54 x 103

Notes: 1. The Sub Stages under Grading are, a-Winnower, b- Conveyer, c- Compressor, d- Color Separator

Energy(W) calculated (as [ V2 (1) dt) is presented in Table
5 which can be used to compute power associated with a
transient, in the availability of appliance’s resistance and
impedance of the mains at output source.

Therefore, the analysis reveals this energy content
associated with voltage transients in terms of voltage integral,
where that can then be easily utilized in the specific
environment to calculate the real energy transferred applying
circuit parameters (Row and Ry).

Voltage transients may present specially at places where the
short circuit level of the supply is low. Such transients are
addressed in the motor and wiring design but as a general
resolution [34]. Many protective techniques are also available
in the field for overvoltage aspects like amplitude, energy, yet
the transient nature in power systems has not been particularly
and precisely defined. Therefore, after proper characterization
of transient phenomenon through an empirical analysis, such
readily available transient suppression techniques can be
adopted directly with appropriate technical supervision. Some
researchers have revealed proper shielding the cables can
severely mitigate and damp the current in the core letting only
perturbations of low frequencies to circulate [34]. As proposed
in [9] straightforward solid-state sensing arrangements can be
set to trigger crowbarring mechanisms to protect sensitive
electronic devices as a preparative defense. Nowadays, some
of adjustable speed drives comes with these techniques inbuilt
or as an option. Shunt RC snubbers, conventional series
inductor arrangements or multilevel inverter mechanisms can
also initially obstruct the unnecessary voltage disturbances [9].
Surge arresters of high-energy domain can use to limit the
magnitude of the transient voltage at the end-user bus. Metal-
oxide Varistor (MOV) based Surge protective devices
specially designed for industrial level equipment are also
available in the field. It is important to locate them near the
load and not at the breaker [6]. There are quite literatures
which reveal such easy to sophisticated transient elimination
procedures in the field [3, 8, 15, 27, 35].

6. CONCLUSION

In this study, each phase is separately tapped by the
measurement set-up and transients are captured at the main
distribution panel. Herein, five of the large scaled tea factories
of Sri Lanka have been selected for data collection and for
each manufacturing stage, satisfactory amount of different
machineries and number of measuring attempts were followed
out in order to filter out the important transient parameters of
unbalanced three-phase waveforms described.

332

Withering and rolling processes of most factories utilize
both DOL and Star-Delta methods, depending on power
capacity of motor. In DOL starting highest positive peak of
688.2 V and highest negative peak of 522.6 V was observed.

Highest amplitude of 976.4 V can be observed while in
average it is 553.2 V through all measured waveforms.

Fast rises as small as 14 ns (in the RF frequency range > 50
MHz) and durations up to 620 ns are also reported from DOL
motor starting.

On the other hand, Star-Delta starting highest positive peak
of 572.1 V and highest negative peak of 448 V has been
measured while highest and average amplitudes are 980.5 V
and 326.8 V respectively.

Though highest amplitude reported in Star-Delta starting is
greater than that of DOL, by observing average amplitude
values it is clear that DOL starting is prone to generate
considerable amount of transients with higher amplitudes.

Withering, rolling and drying sections generate more
transients with higher amplitudes than other sections of the
factory.

It is also observed that industrial exhaust fans being the
motors having smallest power capacity, some less than 1kW,
in this measurement criterion generate comparatively large
amplitude transients. Less maintenance and stoic wiring and
insulation for them being the most trivially treated equipment,
cause them to generate high amplitude transients.

In the switching-burst; withering and compressor (grading)
are responsible for largest bursts having burst durations 426.3
ps and 421.4 ps respectively, while rolling and winnower
motors also generate equally significant burst durations.

Use of induction motors is becoming increasingly complex
and technical, use almost everywhere in niche industrial
environments and sometimes making it a challenge to keep
them operating at peak performance. Hence, a sound
characterization of transient behavior is vital to maintain
unscathed electric system and alleviate the blunders in
troubleshoot. Outcomes of the research possibly be used to
unfold an appropriately addressed transient mitigation
practices, maintenance guide-lines, technical staff awareness,
vulnerability evaluations and most importantly to generate
characteristic test waveforms for future transient immunity
testing.
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NOMENCLATURE

DOL Direct-On-Line Starting Method

hp Horse Power (735.5 watts in Metric Units)
HV High Voltage

MOV Metal Oxide Varistor

W Energy, J(Joules)

Y-A Star (Wye)-Delta Starting Method

Y4 Impedance, Q

Greek symbols

A Delta Connection of three phase supply
L micro (second), 10

Subscripts

L Load

rms Root Mean Square Value of Voltage, V





