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CHAPTER |

INTRODUCTION

1.1 Introduction

A voltage sag can be defined as a short duration decrease of the rms voltage. This
voltage event can be considered as a sag when the magnitude of rms voltage remains
between 10 % and 90 % of the nominal voltage and the event duration between 0.5
cycles to 1 minute [1]. In similar definition, we can also define a voltage sag as a
sudden reduction of the voltage a particular point of an electricity supply system
below a specified threshold then followed by its recovery after brief interval [2].
Recently, a short interruption where remaining voltage is almost zero can also be
considered as a particular case of voltage sags [3]. An example of voltage sag can be
seen on Figure 1.1.
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Figure 1.1: A voltage sag event.

Voltage sags is the most common power quality problem occurring in power
system. This phenomenon is usually characterized by remaining voltage, the duration,
and the phase jump. Even the effects of voltage sags are less dangerous than voltage
interruptions, they happen more frequently. Because of their significant effect to
sensitive equipment, it can be as important as voltage interruption [4]. There is a
diversity of the causes of voltage sags, which make it difficult to prevent them [5].
But most of the causes of voltage sags are short circuit [6].

The sensitivity of equipment to voltage sag may vary because of its
characteristic. This different characteristic may result in different response of
equipment to voltage sag. Assessment is needed to investigate this kind of respond.



Testing in laboratory is probably the simplest and the most efficient way for
assessment [7]. The other ways for the assessment are monitoring and simulation.
Monitoring will take long time to wait a real case of voltage sag on a system. Voltage
sags can be simulated using several types of tools based on a time-domain solution to
obtain high accuracy of the main characteristics of voltage sags [8]. Even the most
complex and most realistic model cannot include all influence.

The induction motor is one of equipment that affected by voltage sag. The
effects of voltage sag on the induction machine can be seen on speed loss and current
and torque peaks that appear in the fault and recovery voltage instants [9, 10]. After
the fault is removed the system voltage may recover to a value higher than its pre-
fault value. This is due to loss of load, and the accompanying voltage drop, upon
removal of feeding lines during the fault clearing process. It is also confirmed that
voltage sags can also affect power of induction motor and also possibility of stall [11].

AC contactors also sensitively affected by voltage sag. AC coil contactors
usually used as electromechanical AC switches in several different kinds of electrical
systems. They are used both for powering and process control. Despite a simple
design they are often quite sensitive to voltage dips.

1.2 Literature Review

There are several power quality issues which until today were normally not
included in motor protection studies. However, they should be taken into
consideration due to their increasing influence. Other actual power quality problems
have been considered for many years now, such as voltage imbalance, undervoltages,
and interruptions [1].

This type of problems is intensified today because power requirements of
sensitive equipment, and voltage—frequency pollution have increased drastically
during recent years. The actual trend is anticipated to be maintained in the near future.
Besides, the system should be kept operating until the last extreme situation, since any
system dropout would have very high economic consequences.

Induction motor has a unique behavior due to voltage sags. When a temporary
interruption takes place, with time duration between 3 s and 1 minute, the whole
production process will be disrupted. Keeping the motor running is useless because
most of the sensitive equipment will drop out. The induction motor should be
disconnected, and the restart process should begin at the supply recovery, taking into
account the reduction and control of the hot-load pickup phenomenon.

When line voltages applied to an induction motor are not equal, as in the case
of unsymmetrical voltage sags, unbalance currents in the stator windings will result.
A small percentage voltage unbalance will result in a much larger percentage current



unbalance. 3-phase motors supplied with unbalanced voltage will draw an unbalanced
current approximately 6-10 times as unbalanced as the voltage. This current
unbalance in 3-phase motors can cause overheating and premature damage to motors.
Although short duration sags will have little heating effect, continuous exposure to
these type of condition will degrade the motor insulation and significantly reduce
service life [12].

Keeping the motor connected to the supply during voltage sags and short
interruptions, rather than disconnecting and re-starting it, is advantageous from the
system’s stability point of view. It is necessary to avoid the electromagnetic contactor
drop out during transients, for which several measures have been presented. This
scheme improves the system ride-through ability due to the reduction of the re-
acceleration inrush, however, a quasistartup phenomenon will be produced, which can
be equally or more severe than the normal motor startup [13].

This research can be done experimentally or analytically, by using dynamic load
models mainly designed for stability analysis, but they are rather complicated,
requiring precise system data and high level software such as EMTP.

From previous research, it can be concluded that short interruptions or
extremely deep voltage sags represent the worst case for the motor thermal stress as
well as for the circuit and neighboring sensitive loads. The main reason for difficult
re-acceleration is the hot-load pickup.

Measured and observed effects in the tests can cause possible damages in the
mechanical structure of the machine, such as damages in bearings. Isolation will be
possibly damaged the increase of current in the windings, which produces heating.
Voltage sags can also loss of useful life, as resulting from the mentioned effects.

Previous research also shows that mechanical damages were noticed after
performing a large amount of tests. These damages were evidenced as, for example,
audible vibrations in the machine.
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Figure 1.2: Connection of contactor and induction motor.

On the other hand, the effect of voltage sags to electrical contactors should also
be considered. As we know that when we talk about induction motor, it should
consider power part and control part of the motor. Power part of the motor is the
induction motor and the control part includes contactors. Electrical contactors are
sensitive equipment due to their weakness to withstand voltage transients,
disconnecting the induction motor which otherwise would be able to ridethrough most
of the usual events [13].

Several reports have shown the capability of electromagnetic contactors to
withstand short interruptions and voltage sags, which is approximately 65 to 75%
voltage magnitude during one to two cycles. It has been reported that both the “point-
in-wave” where a sag occurs and the corresponding “point-in-wave” where the
voltage recovers have a large effect on the contactor response. In order toavoid the
electromagnetic contactor dropout during transients, several measures have been
presented, such as mechanical latch, dc coil, dc coil and storage capacitor, etc. Most
of these additions delay the contactor dropout by up to 0.5 s, with the
recommendation not to extend this delay further for safety reasons [13].

Another thing is that the out-of-phase reconnection produces peak current and
specific energy of the same order of those produced in the startup process. Most of the
voltage sags do not prevent motor re-acceleration, thus the contactor and undervoltage
protection should be properly coordinated [14].



1.3 Objectives

The objectives of this thesis are to study the voltage sag effect on induction motor and
AC contactors to understand their responses during voltage sags using lab
testing and simulation.

1.4 Scope of Thesis

The study is confined to an investigation of characteristic of induction motor and AC
contactor due to voltage sag. Both simulation and testing procedure will be done.
The simulation will be done using EMTP-ATP and testing will be done using
voltage sag generator which has manufactured on laboratory.

1.5 Thesis Outline

The contents of the thesis are organized as follows:

Chapter II generally presents the related theory that is used in this thesis. Types
of voltage sags, importance of “point in wave”, EMTP-ATP, and standard in voltage
sags testing will be explained in this chapter.

Chapter III explains the method of the experiment in laboratory. This chapter
will present the specifications, configurations, and methods that are used in
experiment. The result and of simulation will be explained as well.

Chapter IV explains the method of the simulation using EMTP-ATP. This
chapter will present the specifications, configurations, and methods that are used in
simulation. The result will be analyzed and also compared to previous experiment.

Chapter V gives the conclusions of the thesis.



CHAPTER 11

RELATED THEORY

2.1 Characteristic of VVoltage Sags

There are various types of faults that can affect voltage sags in electrical power
system: three-phase faults, single phase-faults, phase-to-phase faults, and two-phase-
to-ground faults. This voltage is not equal to the voltage at the equipment terminals.
Normally, equipment is located on a lower voltage level than the voltage level where
the fault occurs.

The voltage characteristic at the equipment terminals not only depend on the voltage
at source but also on the winding connection of the transformers between source and
the equipment terminals. Three-phase load is normally connected in delta but
sometimes star-connection is also used [6].

Voltage sags are usually caused by weather and utility equipment problems. This
problem normally lead to system faults on the transmission or distribution system. For
example, a fault on a parallel feeder circuit will result in a voltage drop at the
substation bus that affects all of the other feeders until the fault is cleared. This
problem would also apply for a fault somewhere on the transmission system. Most of
the faults on the utility transmission and distribution system are single-line-to-ground
faults [4].
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Figure 2.1 Voltage sag event and the effect to motor current.

The switching of heavy loads or the starting of large motors usually also affect
voltage sags. For example, an induction motor can draw six to ten times of its full
load current during starting. If the current magnitude is relatively larger than the



available fault current at that point in the system, the voltage sag can become
significant [4].

The types of voltage sag are generally based on the individual voltages (both
magnitude and angle) for each of the three phases during sags. Usually, three-phase
voltage sags are categorized by either the ABC classification or the symmetrical
components classification. However, voltage sag type according to the ABC
classification is frequently used due to its simplicity as it is based on a simplified
network model.

The classification is based on incomplete assumptions and cannot be used to obtain
the characteristics of measured sags. The symmetrical component classification is
more general and gives a direct link with measured voltages but is harder to
understand and a translation to the ABC classification may be suitable for many
applications. In addition, the ABC classification was developed to analyze the
propagation of sag or dip from transmission to distribution levels, when a disturbance
propagates through a transformer.

2.1.1 Factors that Affect Voltage Sag Type

Voltage sag occurs in equipment terminals. This voltage sags type can be affected by:

2.1.1.1 Fault type

Voltage sags are primarily caused by system faults. Each fault type has a different
effect to the voltages at the fault point, which subsequently defined the voltage sag

types.

e Single-Line-to-Ground Fault
¢ Line-to-Line Fault
¢ Double-Line-to-Ground Fault
e Three Phase Fault

2.1.1.2 Transformer Winding Connection

Transformer winding connections are classified into three types to explain the transfer
of three-phase unbalanced voltage sags, as well as the change in voltage sag type,
from one voltage level to another.

e Type 1 — Transformers that do not change anything to the voltages. The primary
voltages (per unit) are equal to the secondary per unit voltages. The only
transformer configuration that falls under this type is the WYE Grounded-wye
grounded (Ynyn).



e Type 2 — Transformers that remove the zero-sequence voltage. Basically, the
secondary voltage (pu) is equal to the primary voltage (pu) minus the zero-
sequence component. The DELTA-delta (Dd), DELTA-zigzag (Dz) and the
WYE-wye (with both windings ungrounded or with only one star point
grounded) belong to this type.

e Type 3 — Transformers that changes line and phase voltages. DELTA-wye
(Dy), WYE-delta (Yd) and the WYE-zigzag (Yz) fit under this type.

2.1.1.3 Load Connection
e Wye-connected load

e Delta-connected load

2.1.2 Voltage Sag Types - ABC Classification

There are seven basic voltage sag types according to the ABC classification. These
are shown (equation and phasor forms) in the figure below considering phase A as the
reference.

Type A

V.=V

2 R of8

! _—?\ - ]T‘
1. 8

V :—-3\, + > V

Type C

V.=E

\_:—lf —-,'ﬁ\.
2 N

N T )

V=—xcE+;j—V
2 2

Type E

Figure 2.2 Voltage sag type [6].



From the figure 2.2 above, we can observe that:

e Voltage Sag Type A results to all three voltages down by the same amount.

¢ Type B has the faulted phase voltage reduced.

e Type C sag causes the two affected phase voltages to change along the
imaginary axis only (both in magnitude and angle).

e For type D, the two affected phase voltages change in the real axis only with an
accompanying drop in magnitude in the remaining phase.

¢ Type E results to reduced voltage magnitude in the two affected phases.

e Type F is similar to Type D, except that the voltage change is along both real
and imaginary axes.

e Voltage sag type G is similar to Type C but with the voltage change in both
axes. In addition, the remaining phase also experiences a decrease in voltage.

2.2 EMTP-ATP

Electromagnetic Transients Program (EMTP) is a software tools targeting a slice of
the spectrum of design and operation problems presented by electrical power system,
that of the so called "electromagnetic transients" and associated insulation issues.

ATP is a universal program system for digital simulation of transient phenomena of
electromagnetic as well as electromechanical nature. With this digital program,
complex networks and control systems of arbitrary structure can be simulated. ATP
has extensive modeling capabilities and additional important features besides the
computation of transients using.

ATPDraw is a graphical preprocessor to the ATP-EMTP on the MS Windows
platform. In the program the user can build up an electric circuit, using the mouse, by
selecting predefined components from an extensive palette. Based on the graphical
drawing of the circuit, ATPDraw generates the ATP file in the appropriate format
based on "what you see is what you get". All kinds of standard circuit editing facilities
(copy/paste, grouping, rotate, export/import) are supported. Circuit node naming is
administrated by ATPDraw and the user only needs to give name to "key" nodes.

We can easily set and determine the parameters of system using graphic interface of
ATPDraw. The example of figure using EMTP-ATP program can be seen on Fig. 2.3.
We can set AC source, distribution line, transformer, and load using graphic interface.
We can also set parameters of each component by double-clicking the component.
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Fig. 2.3. Configuration of system for simulation with EMTP-ATP
(a) System configuration (b) configuration tab

More than 65 standard components and 25 TACS objects are available, and in
addition the user can create new objects based on MODELS or Data Base
Modularization ash shown in Figure 2.4. ATPDraw has a standard Windows layout,
supports multiple documents and offers a large Windows help file system, which
explains the most basic rules. Other facilities in ATPDraw are: a built-in editor for
ATP-file editing, support of Windows clipboard for bitmap/metafile, output of
MetaFiles/Bitmaps files or PostScript files not limited to circuit window size, a new
module for using Line/Cable Constant punch files directly in ATPDraw.
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Figure 2.4: Components of ATPDraw simulation.

2.3 Standard in Voltage Testing

It is widely known that response of equipment to voltage sag may vary because of

voltage sags’ and equipment’s characteristic. Some equipment may severely affected

by voltage sag. There are some standards that limit the equipment’s immunity to

voltage sags.
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One of the standards is Information Technology Industry (ITI) curve that shown on
Fig. 2.5. It is obvious that this curve standardize every equipment to be immune to
this voltage sags event in duration and percent of nominal voltage. It means, when the
voltage sag is still on voltage tolerance zone, the equipment should still work without
trip. But when the voltage sag surpass the prohibited region, the equipment can be
outage. This standard is widely known and used by electrical equipment’s
manufacturer to test their immunity.

In testing the equipment, the standard that mostly used is International
Electrotechnical Commision (IEC) standard 61000-4-11, Testing and measurement
techniques — Voltage dips, short interruptions, and voltage variations immunity test
[2]. This standard give us guidance how we should test the equipment to know the
sensitivity of equipment to voltage sag. The table of preferred test level and durations
for voltage dips based on IEC standard 61000-4-11 can be seen on table 2.1.

Both the mentioned standard only consider duration and voltage level as the
parameters of voltage sag. Djokic in [11] propose several factors that should also be
considered to investigate the characteristic of equipment to voltage sag. It is obvious
from his experiment that point on wave of sag affect the behavior of equipment to
voltage sag, as shown on Fig. 2.6. This thesis will also investigate the effect of point
on wave of sag to induction motor and AC contactors.

Table 2.1 Preferred test level and durations for voltage dips based on IEC 61000-4-11

Class® Test level and durations for volage dips (t;) (S0Hz/60Hz)

Class 1 Case-by-case according to the equipment requirements

Class 2 0% during | 0% during 70% during 25/30° cycles
% cycle 1 cycle

Class 3 0% during | 0% during | 40% during | 70% during | 80% during

Y5 cycle 1 cycle 10/12°¢ 25/30° 250/300°¢
cycles cycles cycles
Class X" X X X X X

a.Classes as per [EC 61000-2-4

b.To be defined by product committee. For equipment connected directly or
indirectly to the public network, the levels must not be less severe than Class
2.

c.“25/30 cycles” means “25 cycles for 50Hz test” and “30 cycles for 60Hz test”
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CHAPTER Il

VOLTAGE SAG EXPERIMENTS

An investigation of effects of voltage sag on an induction motor using computer
simulation is faster than using experiments. The accuracy of simulation results,
however, depends on models and parameters of system and equipment. To confirm
models and parameters, the simulation results should be compared with experimental
ones. This chapter explains about laboratory experiments which are included in this
thesis. Because of equipment limitation, only voltage sag of type B can be
experimented in laboratory. Effects of voltage sag of type B on an induction motor
were investigated and the results were compared to the simulation.

3.1 Methode of Experiment

The experiment is done in laboratory based on the table 2.1 of preferred test level and
durations for voltage dips based on IEC 61000-4-11. After doing the experiment, the
expected outcome is making curve similar to CBEMA curve, called sensitivity curve.
From experiment, we can get the result look like on Figure 3.1 to be implemented in
further result. The experiment is done three times to make sure the accuracy of the
result.
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Figure 3.1 Result of Experiment
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3.2 Specification of Experiment Tools

The response of induction motor to voltage sag was tested through an experiment
using a three-phase squirrel cage induction motor. Its ratings are 50 Hz, 400 V star
connected, 1.07 A, 0.37 kW, 1400 rpm. A pendulum machine (0-8 Nm, 0-6000 rpm)
was used as a load of the induction motor. In this experiment, a self-designed three-
phase voltage sag generator is used. It consists of two parts; main unit and control
unit. The main unit is shown in Figure 3.1. Its main function is to switch between
normal-voltage and sag-voltage sources at the times specified by the control unit.
Therefore, the main unit has three inputs; i.e. normal voltage source, sag voltage
source and control signal. The sag voltage source is an auto transformer which can
adjust sag level manually. Figure 3.2 shows the control unit. The user can set sag
starting time or phase angle, sag duration and period via panel board. The control unit
also sends a signal as an external trigger to an oscilloscope for recording waveforms.
Because it is still under development, the control unit can manage voltage sag only
one phase of voltage. This means that the sag generator can only generate voltage sag
of type B. One phase of input voltages was connected to the induction motor via
voltage sag generator for producing a voltage sag of type B. The general configuration
of this experiment can be seen on Figure 3.3 and Figure 3.4. Phase voltage, torque and
speed of the induction motor during a sag event were recorded using a digital
oscilloscope (Tektronix TDS2024B) shown in Figure 3.5. A variety of sag duration,
sag level, and starting angle phase of voltage is applied to the induction motor for
studying impacts of voltage sag on the operation of induction motor.

Pendulum
Machine
Voltage
Sag
Generator

Induction Motor Oscilloscope
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Figure 3.2 General configuration of experiment (photo).
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Voltage Induction Penglulum
Source Motor Madhine
Input Voltage Outpyt Voltage
Voltage Sag
Generator Torque
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Figure 3.3 General configuration of experiment (diagram).

Output of the
Voltage Sag
Generator

Connected to Sag Voltage  Normal Voltage
Control Part

Figure 3.4 Main part of voltage sag generator.
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Connected to main part
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Figure 3.5 Control part of voltage sag generator.
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Figure 3.6 Observation of voltage sag using oscilloscope.

The operation of an induction motor can be affected directly by a voltage sag of
power supply of the motor. It can be also affected indirectly by a voltage sag of power
supply of magnetic contactors in its control parts. The response of a motor contactor
to voltage sag was tested through an experiment using a contactor shown in Figure
3.6. Its rated coil voltage is 208-220 V 50 Hz with voltage tolerance of 0.85 — 1.1

times rated coil voltage.
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Figure 3.7 Magnetic contactor.

3.3 Experimental Result of Induction Motor

This experiment will apply voltage sag of type B with different sag levels, durations,
and starting phase angles. The changes of shaft torque and speed of motor during each
voltage sag event were observed using a digital oscilloscope. An example of captured
waveforms is shown in Figure 3.7. Channels 1 (middle), 2 (lower) and 3 (upper)
display voltage sag, speed and torque of motor, respectively. As seen on the example,
the results of all channels can be measured and captured simultaneously. Torque is
dropped when a sag event is happened and recovered in a moment after the event.
While motor speed has a very slow response, it hardly changes during sag event.

Tek ol ' I Pos: 126.0ms TRIGGER

Type

S e Torque
Source
// Ext
| v | | e Voltage

Risina

a4
Mode
Morrnal

' Coupling Speed
I+
M 50.0ms Ext .~ 848mY

CH3 2004 CH4 1.[I]l'-.-‘ S—hug-11 1745 <10Hz

Sag

Figure 3.8 Effect of voltage sag to induction motor in oscilloscope.
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3.3.1 Voltage Sag Level

Common experiment when testing equipment to voltage sag is varying sag level. In
this thesis, the experiment of variation of voltage sag level was done with loaded
induction motor. Each voltage sag level was done three times for confirmation. This
section shows the data when different sag levels were applied to the induction motor
for 100 ms (5 cycles). Figure 3.8 shows the changes of torque with different voltage
sag levels. It should be noted that voltage sag started at a different time for each
waveform. Table 3.1 shows the variation of torque with voltage sag level. It is
obviously seen from data that voltage sag of type B has an effect on torque of the
motor. The torque decreases with increasing sag level. This reduction goes with
different oscillations. Once the voltage recovers to the normal level, the torque also
recovers slowly to the normal torque. On the other hand, it is found that while the
torque changes obviously with sag level, there is little change in the speed of motor.
These results agree with those observed in a previous research [16] that voltage sag of
type B has only an effect on torque of the motor but its speed is not affected by this
type of voltage sag.

3.5
3 i’ ok SV el e 0
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E —20
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g' 1.5
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0.5
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0 0.1 0.2 0.3 0.4 0.5
time (s)

Figure 3.9 Change of torque due to variation of voltage sags of 5 ms.
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Table 3.1 Condition of motor during variation of sag levels for 5 ms.

Sag Level % Loss Torque
0% 63.37
10% 51.56
20% 48.89
30% 46.1
40% 43.32
50% 39.72
60% 32.65
70% 26.5
80% 17.87

3.2.2 Duration of Voltage Sag

Duration of voltage sag is also an important thing that should be considered in voltage
sag testing. When the different duration of voltage sag is applied to the motor, the
significant difference is also shown by torque. Figure 3.9 shows the difference of
torque behavior due to duration changing of voltage sag of 0%.
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Figure 3.10 Change of torque due to variation of voltage sag duration in 0% sag level.
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3.2.3 Phase Angle

Different phase angle of voltage sag starting does not cause significant differences on
all value in induction motor as can be seen on Fig. 3.11. The green curve is the torque,
the yellow curve is voltage, and purple curve is the current.
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Figure 3.11 Explanation of voltage-tolerance curves
3.3 Magnetic Contactor

The results of contactor testing are presented in the form of voltage-tolerance curves
as explained in Fig. 3.12.

B0
70 Normal Operation (Safe Area)
60
50
Malfunction
40 1 (Unwanted
30 | Disengagement)
20
10
D T T T 1
o 50 100 150 200

Figure 3.12 Explanation of voltage-tolerance curves

When sag level and duration occur above the curve area, it means that the contactor
still work on normal operation. If the sag level and duration occur above the curve
line, it means that there is malfunction on the contactor.
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The example of data taken from the experiment is shown on table 3.2. This table
shows the result of experiment to the contactor when voltage sags is initiated on 0
degree. The “0” mark shows a condition where contactor is still working properly
during the sag. The “x” mark shows a condition where there is unwanted
disengagement during the sag. From this table, a curve showing voltage tolerance of

the contactor can be made.

Table 3.2 Effects of voltage sags to contactor on 0 degree initiation

duration Voltage sags (%)
(ms) 25|30 |35|40 |45 |50 |55 |60
10
20
30
40
50
60
70
80
90
100
110
120
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From table 3.2, we can create curve by moving the table to curve like Fig. 3. 13.
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Figure 3.13 Effects of voltage sags to contactor on 0 degree initiation
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The detailed test results for contactor Mitsubishi S-N 10 are shown in Fig. 3.14.
Fig.3.14 clearly shows the influence of the point on wave of sag initiation on
contactor’s sensitivity.

It is obviously seen from the figure that different starting phase angle make significant
differences to the voltage-tolerance curves. It means, different starting phase angle
will affect the working behavior of contactor severely.

. )

180
— 270

NN X

Figure 3.14 Sensivity of magnetic contactor to voltage sags.
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CHAPTER IV

VOLTAGE SAG SIMULATION

4.1 Method of Simulation

The method to simulate effects of voltage sag to induction motor will be explained in
this chapter. The voltage sag will be generated using voltage sources that connected
parallel each phase. Using this simple method, various type of voltage sag can be
generated.

ty Lo

-

O

- —ud

@ @ XX0015 | 1-%0016
.é 'i—:@ :
& @ @

= Torque

Figure 4.1: Simulation of Voltage Sags to Induction Motor.

After applying various types of voltage sags to induction motor, the different response
to each type will be investigated.

4.2 Specification of Simulation Parameter

4.2.1 Induction Motor

The objection of this simulation is to simulate effects of different types of voltage
sags to an induction motor. This simulation will be compared to actual experiment
using three-phase squirrel cage induction motor ELWE (230/400V, 2.0/1.07 A,
0.37kW, 1,400 rpm, 50 Hz, star connected) connected to pendulum machine (0 to 8
Nm, 0 to 6,000 rpm) as the load.

The simulation will use standard induction motor model using induction motor type
UM 3.
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Figure 4.2: Parameters of Induction Motor UM3.

Parameters of this induction motor mode can be calculated using this equivalent

circuit:
X1 X2
ML Rl R2 M
Ls™-1.5Lsr o © Lr’-1.5Lsr
(1-s)Rr’/s
X3 R2(1-s)/s

Figure 4.3: Equivalent Circuit of Induction Motor

It is assumed that the nominal voltage V, power P, slip s, efficiency #, power factor
cosp and the locked rotor current /; are known. The power is the “useful” electrical
power, that is, the power consumed in the load resistance R>(1-s)/s of the equivalent
circuit. The efficiency # is the electrical efficiency, i.e. the “useful” electrical power
divided by the total power taken by the motor.

Note, one has to assume something about X;, because there are too many unknowns
compared with the number of equations. The unknowns are X;, Xo, X3, R;, R>.
Equations can be written for power, efficiency, power factor, and the locked rotor
current.

The resistance R; is solved first. When the useful power per phase is P/3, the losses in
R, are (P/3)*s/(1-s). The losses in R, are equal to F’R;. The total power taken by the
motor per phase is thus

(P/3)

Ulcosep = I*R, + ———
R C Py
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Where U is the phase to neutral voltage and 7 is the absolute value of the nominal
current. Because P/3 is equal to the power taken by the motor times efficiency, P/3 =
n U I cosp, the resistance R, is equal to

R — (Ucoscp)(l—n)
o\ 1—s

B (EED * D.E?)( 1— 0.3 )
B 1.13 1— 0.076

Rl
R, = 25.2014 Ohm

The solution of the other impedances is a bit more complicated. Let us first define the
“apparent impedance” R, +j X, as i= U/(R,+j X,) where i is the nominal complex
current of the motor. Because the voltage, power, and another component are known
for the motor, the numerical values of the current 1 and the apparent impedance can be
calculated. Equations for the resistance R, and reactance X, of the apparent impedance
can be derived using the equivalent circuit of the motor, as

RX.* R
where R =

R,=R,+— _ 2
: ; [R* + (X, + X3)7]

5
[szﬁ +X2X3[:X2 + XE:]]

X =X, + — -
! [R® + (X, + X3)7]

L)

Next, R, is solved from equations above. After some simplifications and assuming
Xj= X3, an equation is obtained for R, as

R,
R(X3+X,—X,) = (X, + X3)(R, — R,) where R= —
5

R is solved from those equation, which gives an equation for X3, as

2 (R, — R)* (X, + X;)

X =
: (X: —|-X3—XE]-I-(J{'2 +Xaj[}f: +X3_Xu]

After these calculations, R is known, and the resistance R, and the reactances X;, X,
X5 can be expressed as a function of X,+X3, which is still unknown. The sum X,+X;
must be solved iteratively from the equation for the locked rotor current. This
completes the solution of the impedances.

After iteration, the solutions are :
R,=23.8522 Ohm,

X;=X,=5.67493 Ohm = 0.018064 H
X3=277.351 Ohm = 0.882834 H
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The result of this calculation can be filled in the UM3 of ATPDraw, where Ry as Ry
and R, of stator, R, as R; and R, of rotor, the reactances X;= X, as Lqand L, of stator
and L; and L, of rotor, and X3 as LMUD and LMUQ of magnetization.

4.2.2 Contactor

The contactor can be simulated using R-L-C circuit on EMTP-ATP. The contactor
itself is tested using R-L-C meter. Each component of R-L-C can be drawn in

ATPDraw as can be seen of figure 4.4 and the result can be seen.

Figure 4.4: Simulating Effects of Voltage Sag on Contactor

The S-N10 contactor is tested using the R-L-C meter and the result of testing can be

seen on Table 4.1. The parameter used is the series pair of S0Hz frequency.

Table 4.1 Result of contactor testing using R-L-C meter

Frequency 1 kHz

Lieries 1.54435 H

Lparallel 1.56232 H

Rieries 870.147 Ohm

Rpara]]e] 109650 kOhm

Frequency 50 Hz

Lseries 1.59696 H

Lparatiel 3.76437H

Rseries 584.961 Ohm

Rparallel 1 . O 1 540 kOhm
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4.3 Result of Simulation
4.3.1 Induction Motor

The main objective of this thesis is to investigate effect of types of voltage sags to
induction motor. In this part, the voltage sags will be applied to induction motor.
Different types of voltage sag should be produced to model different kinds of faults in
power systems. Voltage sag type can be determined by different types of transformer
connections in power grid [17]. As mention in chapter II that Voltage sag are divided
in to seven groups as type A, B, C, D, E, F and G.

4.3.1.1 Comparison with Experiment
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Figure 4.5 Change of Torque on Changing Sag Level Type B
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Figure 4.6 Change of Torque on Changing Sag Level Type B
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As stated on Chapter III that we can only generate voltage sags type B due to the
equipment’s limitation. The result of voltage sags type B is notably seen on the
change of torque due to sags. We can see from figure 4.5 and figure 4.6 that it has
similar behavior between experiment and simulation. So we can conclude that the
result of simulation is similar with the experiment.

4.3.1.2 Result of Type A

Sag type A is balanced. All phasors drop the same amount in magnitude. They
can be defined by
V. =hV
VvV, = . hV —j d hV
* T 2 73

7= 1hV—|— 'Ehv
2J 2 13

C

where h is the sag magnitude or depth (0 <h <1).

Selected result of this type is when the motor is applied with 10% voltage sags for 5
cycles. The speed of motor is shown on Figure 4.7. We can see that when sag occurs,
the speed will swing between 1800 rpm to 1200 rpm. After the voltage sag ends, it
will swing again and return to normal speed.
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Figure 4.7: Motor speed on Voltage Sag Type A
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Figure 4.8 Phase b Current on Voltage Sag Type A

On figure 4.6, we can see that when sag occurs, the current will slightly increase for
10% after the sag occurs and ends. And on figure 4.8 we can observe that torque will
also swing into maximum 4.7 Nm when sag occurs and it will stall into 2 Nm when

sag ends.
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Figure 4.9 Torque of motor on Voltage Sag Type A
4.3.1.3 Result of Type B
For sagtype B, only one phasor drops in magnitude. They can be defined by



where h is the sag magnitude or depth (0 <h <1).
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Selected result of this type is when the motor is applied with 10% voltage sags

for 5 cycles. The speed of motor is shown on Figure 4.10. We can see that when sag

occurs, the speed will slightly swing. After the voltage sag ends, it will swing again

and return to normal speed.
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Figure 4.10: Motor speed on Voltage Sag Type B
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On figure 4.11, we can see that when sag occurs, the current not show any particular

changes. And on figure 4.12 we can observe that torque will slightly decrease into 2.8

Nm when sag occurs.
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Figure 4.11 Current on Voltage Sag Type B
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Figure 4.12 Torque of motor on Voltage Sag Type B
4.3.1.4 Result of Type C

For sag type C, Two phasors drop in magnitude and there are phase shift on this
phase. This is one kind of unbalanced sags. They can be defined by

V=V

V.= 1V 'Ehv
iy, 1y

.= 1V+'3hV
N7 ST

where h is the sag magnitude or depth (0 <h <1).
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Figure 4.13: Motor speed on Voltage Sag Type C
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Selected result of this type is when the motor is applied with 10% voltage sags for 5
cycles with 10 degrees of phase shift. The speed of motor is shown on Figure 4.13.
We can see that when sag occurs, the speed will stall right after the sag occurs. After
the voltage sag ends, it will swing again and return to normal speed.

On figure 4.14, we can see that when sag occurs, the current on one phase will
increase for 370% after the sag occurs and return to normal condition after sag ends.
And on figure 4.15 we can observe that torque will also swing into maximum 25.3
Nm when sag occurs and it will stall into -12.7 Nm when sag ends.
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Figure 4.14 Current on Voltage Sag Type C
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Figure 4.15 Torque of motor on Voltage Sag Type C
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4.3.1.5 Result of Type D

For sag type D, three phasors drops in magnitude while two phasors will have
phase shift. This is one kind of unbalanced sags. They can be defined by

V=V

V.= 1hV '3V
) 73

7= lhv+'31f
¢ 2 735

where h is the sag magnitude or depth (0 <h <1).

Selected result of this type is when the motor is applied with 10% voltage sags for 5
cycles with 10 degrees of phase shift. The speed of motor is shown on Figure 4.16.
We can see that when sag occurs, the speed will swing between 1625 rpm to 1126
rpm. After the voltage sag ends, it will swing again and return to normal speed.

On figure 4.17, we can see that when sag occurs, the current on one phase will
decrease for about 37% and another two phases will increase for 27% when the sag
occurs. And on figure 4.18 we can observe that torque will also swing into maximum
5.3 Nm when sag occurs and it will stall into 1.7 Nm when sag ends.
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Figure 4.16: Motor speed on Voltage Sag Type D
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Figure 4.17 Current on Voltage Sag Type D
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Figure 4.18 Torque of motor on Voltage Sag Type D

4.3.1.6 Result of Type E

[s] 0.50

For sag type E, Two phasors drop in magnitude. This is one kind of unbalanced

sags. They can be defined by

7=v

— 1 v

V,=—=hV —j—hV
2

_ v

V.= ——hV+_}'?hV
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where h is the sag magnitude or depth (0 <h <1).
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Figure 4.18: Motor speed on Voltage Sag Type E

Selected result of this type is when the motor is applied with 10% voltage sags for 5
cycles. The speed of motor is shown on Figure 4.19. We can see that when sag occurs,
the speed will swing between 1700 rpm to 1200 rpm. After the voltage sag ends, it
will swing again and return to normal speed.

On figure 4.20, we can see that when sag occurs, the current on one phase will
increase for 23% after the sag occurs. And on figure 4.21 we can observe that torque
will also swing into maximum 5.3 Nm when sag occurs and it will stall into 1.7 Nm
when sag ends.
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Figure 4.20 Current on Voltage Sag Type E
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Figure 4.21 Torque of motor on Voltage Sag Type E
4.3.1.7 Result of Type F

For sag type F, three phasors drop in magnitude and two phasors will change
the phase. This is one kind of unbalanced sags. They can be defined by

ke
Vo= 1hV 1 2+ RV
' T— 2 j\."ﬁ( j

1 1
Vc=——fﬂ"+',—_ 2+hV
3 }flz( )

where h is the sag magnitude or depth (0 <h <1).
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Figure 4.22: Motor speed on Voltage Sag Type F
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Selected result of this type is when the motor is applied with 10% voltage sags for 5
cycles with 10 degrees of phase shift. The speed of motor is shown on Figure 4.22.
We can see that when sag occurs, the speed will swing between 1596 rpm to 1145
rpm. After the voltage sag ends, it will swing again and return to normal speed.

On figure 4.23, we can see that when sag occurs, the current on one phase will
decrease for about 31% and another two phases will increase for 43% when the sag
occurs. And on figure 4.24 we can observe that torque will also swing into maximum
5.3 Nm when sag occurs and it will stall into 1.7 Nm when sag ends.
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Figure 4.23 Current on Voltage Sag Type F
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Figure 4.24 Torque of motor on Voltage Sag Type F
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4.3.1.8 Result of Type G

For sag type G, three phasors drop in magnitude and two phasors will change
the phase. This is one kind of unbalanced sags. They can be defined by

_ 1
VEZE(E‘FPLJV

— 1 I\."E
Vb =—E(2+h]V—;?hV

_ 1 /3
7= —E(z+hjv+f“?hv

where h is the sag magnitude or depth (0 <h <1).

Selected result of this type is when the motor is applied with 10% voltage sags for 5
cycles with 10 degrees of phase shift. The speed of motor is shown on Figure 4.25.
We can see that when sag occurs, the speed will stall right after the sag occurs. After
the voltage sag ends, it will swing again and return to normal speed.

On figure 4.26, we can see that when sag occurs, the current on one phase will
increase for 365% after the sag occurs and return to normal condition after sag ends.
And on figure 4.27 we can observe that torque will also swing into maximum 24.3
Nm when sag occurs and it will stall into -11.7 Nm when sag ends.
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Figure 4.25: Motor speed on Voltage Sag Type G
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Figure 4.26 Current on Voltage Sag Type G
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Figure 4.27 Torque of motor on Voltage Sag Type G
4.3.1.9 Analysis

To compare the severity of the different sags types, it is necessary to measure the
distance between sag types under same condition. In this simulation, all of sag types
are set on 10% level loss of sag for five cycles.

As the motor torque is directly proportional to the square of the applied voltage,
therefore, as the supply voltage to the induction motor decreases, the motor torque
will decrease drastically. The speed also decreases with a decrease in torque.
Depending on the depth and the duration of the voltage sag, the motor speed may
recover to its normal value as the voltage amplitude recovers. Otherwise, the motor
speed may slow down and the torque exerted by the motor could not supply the load.
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Comparison of effects of severity by voltage sags can be made by comparison of
corresponding graphs. For example, sags type A seems to be more severe than sags
type B as regards current peaks. The value needed to obtain a specific current peak in
a sag type A is higher than in a sag type B.

We can also see that voltage sag type A which is symmetrical, and the single-phase
voltage sags type B have different result. The transients of unsymmetrical sags are
very different from the symmetrical ones. They are sensitive to the fault and recovery
voltage instants. And among the unsymmetrical sags, type B produces lower current,
torque peaks, and speed loss.

Most of the faults on the utility transmission and distribution systems are single line-
to-ground faults. These kind of faults are the most common cause of voltage sags for
industrial customers. This will cause voltage sag type B that is most common in
electrical power system. We can see that this kind of sag produce less severe effect on
induction motor.

Due to similar condition of sags, types C and G present identical effects on the
induction machine for voltage sags with the same depth and duration. The reason for
this is that they have the same positive-sequence and negative-sequence voltage.
This is particularly most severe voltage sag type that can affect the machine
mechanically if happen in longer time.

Due to similar condition also, types D and F present identical effects on induction
machine for voltage sags. There are current imbalance when sag occurs and machine
speed and torque will swing.

For type E, there is some time needed to stabilize torque and speed after sag ends.

We can see from experiment from chapter 3 that only voltage sag type B can be
generated. Unfortunately, voltage sag type B has least severe effect to induction
motor. It means, it is quite difficult to confirm all the effects of every type of voltage
sag to induction motor.

4.3.2 Contactor

As the simulation for the contactor, simulation is used to see the different behavior of
integral square of current from R-L-C component. When we see different behavior
such as mentioned on the table, we can conclude that there will be unwanted
disengagement of contactor. Current that flow in that component will be subtracted by
normal voltage without sag. Thus, the result of that subtraction will be integer to see
the break level of the current. By observing the level of integration, we can see the
unwanted disengagement on the contactor.
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Figure 4.28 Integration of Current when Sag Happen

Table 4.2 shows one of results of experiment of contactor. And table 4.3 shows the
result of simulation. Comparing both tables, we can see that the result of simulation is
particularly similar to the experiment.

Table 4.2 Result of Contactor Experiment for 0 degree phase angle

duration Voltage sags (%)

(ms) 20| 25[30|35[40|45|50|55]|60
10 o|lo|x|Xx
20
30
40
50
60
70
80
90
100

—_
(o)
—_
()}

b
b
XX x| O

X
X X X
X

X XX [0 |O

0
X
X
X

X [X X |O [0 |O

® X ®|O | |0 O
M o[X|®|O [O |0 O
© |© |©O |0 |0 O |O

X ¥ X |O [0 |0 [0 |0

M XX O |O |0 |0 |0 |0 |0 O
H XX O |O |0 O |0 O |0 W

From the result of Table 4.3, we can conclude the result of threshold by comparing
the experiment and simulation.



Table 4.3 Result of Contactor Simulation for 0 degree phase angle
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duration Voltage sags (%)

(ms) 0 5 10 15 20 25 30 35 40 | a5 | s0 | s5 60
10 2419 | 2414 | 2396 | 2366 | 2323 | 2269 | 2202 | 2124 | 203.3 | 193.0 | 1815 | 168.8 | 154.9
20 4840 | 4828 | 4792 | 4731 | 4646 | 4538 | 4404 | 4247 | 406.6 | 386.0 | 363.0 | 337.6 | 309.8
30 7260 | 7242 | 7187 | 7097 | 6970 | 680.6 | 660.7 | 637.1 | 609.8 | 579.0 | 544.5 | 506.4 | 464.6
40 967.6 | 9656 | 9584 | 9462 | 9293 | 907.5 | 8809 | 849.4 | 813.1 619.5
50 1209.5 | 1207.0 | 1198.0 | 1182.8 | 1161.6 | 1134.4 | 1101.1 | 1061.8 774.4
60 14514 | 14484 | 14375 | 14193 | 1393.9 | 13613 929.3
70 1693.3 | 1689.8 | 1677.1 | 1655.9 | 1626.2 1084.2
80 19352 | 19312 | 1916.7
90 2177.1 | 2172.6
100 2419.0 | 2414.0




CHAPTER V

CONCLUSIONS

Voltage sags due to fault in high voltage system can result in the operation of
induction motor in low voltage system. Unsymmetrical faults lead to voltage sags,
over motor current with high distortion and fluctuation of torque and speed of motor.
The increasing level of fault resistance will reduce the effects of voltage sags on
induction motor. Different cases of short circuit have been introduced to the system. It
is obvious that every case has its own unique characteristic.

As previously implied that common experiment when testing equipment to
voltage sag is varying sag level. Different behavior of voltage sag level to each
component is observed. As observed in previous research that effect of voltage sag
type B is usually only affect torque of the motor. Experiment of variation of voltage
sag level is done with full loaded induction motor. Speed of motor and the current
itself is not affected by this type of voltage sag.

Comparison of effects of severity by voltage sags can be made by comparison of
corresponding graphs.

e Voltage sag type A which is symmetrical, and the single-phase voltage
sags type B have different result. The transients of unsymmetrical sags are
very different from the symmetrical ones. They are sensitive to the fault and
recovery voltage instants. And among the unsymmetrical sags, type B
produces lower current, torque peaks, and speed loss.

e Due to similar condition of sags, types C and G present identical effects on
the induction machine for voltage sags with the same depth and duration.
The reason for this is that they have the same positive-sequence and
negative-sequence voltage. This is particularly most severe voltage sag type
that can affect the machine mechanically if happen in longer time.

e Due to similar condition also, types D and F present identical effects on
induction machine for voltage sags. There are current imbalance when sag
occurs and machine speed and torque will swing.

o For type E, there is some time needed to
stabilize torque and speed after sag ends.

Sensitivity of induction motor is ideally drawn using sensitivity chart. Because
of the limitation of voltage sag experiment, the definition of fail for induction motor
experiment is still hard to achieve.
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The result from this experiment can be used for industry to plan a better
protection to induction motor, especially if there is voltage sag type C and G occur.
The minimum cost because of mechanical effect is expected.

In the future, voltage sag generator can be developed to generate all kind of
voltage sag type so that the effect of every type of voltage sag using simulation model
can be confirmed precisely. Voltage sag type B has least severe effect to induction
motor so that it is quite difficult to confirm with the model.

But in this experiment, character of AC contactor to sags are confirmed. It
means, to prevent any further damage to induction motor because of voltage sags,
every induction motor should be work together with AC contactor.
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APPENDIX

RESULT OF CONTACTOR TESTING

0 degree

Voltage sags (%)
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duration
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15 degree
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(ms)
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30 degree

Voltage sags (%)
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(ms)
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45 degree
duration Voltage sags (%)
(ms) 0[5|10|15|20|25|30|35|40|45|50|55|60|65
10 ojlojo|lo|oOo|X | X |X|X]|Xx]|Xx]|o
20 ojlojo|lo|oOo|X | X |X|X]|Xx]|Xx]|o
30 olo| X | X | X | X | X | x| Xx|Xx]|Xx|o
40 o|lo| x | x| X o]
50 X | X | X X X o
60 X | X o]
70 X | X o}
60 degree
duration Voltage sags (%)
(ms) 0 [5[10|15|20|25|30|35|40|45|50|55]|60]65
10 o|loloOo | X | x| X | X | X |Xx ]| X o]
20 ojo| O | X | X [ X [ X | X |Xx|X o]
30 O X | X | X | x| x| x| x| x| X o]
40 X | x| x o]
50 X [ x| X o]
60 X o]
70 o]
75 degree
duration Voltage sags (%)
(ms) 0|5 |120|15|20|25|30|35|40|45|50]|55]60 |65
10 X | X | X X X X X X o| o
20 X | X | X | x X | X | x| X o]
30 X| X | x| x| x| x| x| X X | o
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70 o]
90 degree
duration Voltage sags (%)
(ms) 0|5|10|15|20|25|30|35|40|45|50|55|60|65
10 ojlo|lo | X | X | x| x| x| Xx]|o
20 O X | X | X | X | X | X | x| X ]| o
30 X[ x| x| x| x| x| x| x| x]|o
40 X | x| x o]
50 X o]
60 o]
70 o]

50
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105 degree
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135 degree
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195 degree
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