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CHAPTER|

INTRODUCTION

1.1 [Introduction

Nowadays, much sensitiveequipment are used in modern industrial such as adjustabl e speed
drives, power electronics, computers.or. robotics. Many industrial customers using sensitive
equipment suffer malfunctionor failure of those equipment that can be caused by any prob-
lem in power networksyand lead to work or-production shutdewns. Te analyze the source of
the problems, customers with sensitive equipment need to understand well about their power
quality information, sueh as voltage and current quality. On the other hand, utilities also need
power quality informationfor provingthe quality of their power, trying to meet the demand
of their customers and solving problems.

This chapter presents a general introduction to power quality with special definition of
voltage sags. Many causes that may oceurs and lead to prablems in power system will be
shown. Mativation of the research and the outline of this dissertation are presented.

1.2 Problem Definition

The term of power quality is the combination of voltage quality and.current quality [2—
4]. Voltage quality concerns the deviation of the voltage from an ideal sinusoidal voltage
of constant magnitude|and constant frequency. Current quality is-a complementary term
and concerns with the deviation of the ideal sinusoidal current of. constant amplitude and
frequency [5].

In apower network, the €l ectricity.moves from-generati on system through transmission
system to distribution system. Because of ithe complex system, therefore, there are a lot of
variationsinweather, generator, transmission lines, demand and other factors that can impact
the quality of supply.

The International Electrotechnical Commission (IEC) and the Ingtitute of Electrical
and Electronic Engineers (I EEE).are two the primary international organi zations working on
power quality issues. Table 1.1 shows the categorization of el ectromagnetic phenomena [3,
6]. Table 1.2 isfor electric utilities control of voltage and prevention of outages[7,8]. They
are analyzed by considering the duration of phenomenon and the magnitude of remaining
voltage.



Table 1.1: Categorization of electromagnetic phenomena|1]

Categories Typical Typical Typical voltage
Spectral content duration magnitude
1.0 Transients
1.1 Impulsive
1.1.1 Nanosecond 5 nsec rise < 50 nsec
1.1.2 Microsecond 1 pseerise o0 nsec-1 msec
1.1.3 Millisecond 0.1msec rise > 1 msec
1.2 Oscillatory
1.2.1 Low frequency 45 kH% 8, — O msec 0 —4pu.
1.2.2 Medium frequency 5~ 5000k He 20 psec 0 — 8 pu.
1.2.3 High frequency Q5 —bMH2 0 psec 0—4pu.
2.0 Short duration varigtions
2.1 Instantaneous
2.1.1 Interruption 0.5 — 30 cycles < 0.1 pu.
2.1.2 Sag (Dip) 0.5~ 30¢eycles | 0.1 —0.9pu.
2.1.3 Swell 0.5—30cycles | 1.1 —1.8 pu.
2.2 Momentary
2.2.1 Interruption 30 cycles — sec < 0.1 pu.
2.2.2 Sag (Dip) 30eycles— sec | 0.1 —0.9 pu.
2.2.3 Swell 30 cycles — sec 1.1 — 1.4 pu.
2.3 Temporary
2.3.1 Interruption 3 sec= 1 mip < 0.1 pu.
2.3.2 Sag (Dip) 3 sec — 1 min 0.1 —0.9 pu.
2.3.3 Swell 3 sec — 1 min 1.1 —1.2 pu.
3.0 Long durationvariations
3.1 Interruption sustained > 1 min 0.0 pu.
3.2 Under-voltages > 1 min 0.8 = 0.9 pu.
3.3 Overvoltage > 1 min 1.1 —-1.2 pu.
4.0 Voltage unbaance Steady state 05=2%
5.0 Wave distortion
5.1 DC offset Steady state 0-0.1%
5.2 Harmonics 0 — 100" harmonic Steady state 0—20 %
5.3 . Inter-harmonics 0—6FkH= Steady stete 0% 270
5.4" Notching Steady state
5.5 Noise Broadband Steady state 0.1 %
6.0 Voltage fluctuations <25 Hz | ntermittent 0.1-7%
7.0 Power freguency variations < 10 sec




Table 1.2: |IEEE Standard 1159 — 1995 and EN 50160 — 2000 Categories

IEEE Std. 1159 — 1995 EN 50160 — 2000
Short Duration Variation | Typical Duration
I nstantaneous Sag 0.5 — 30 ¢eycles || Supply voltage sag
A sudden reduction of the supply voltage to
Momentary Sag 30.cycles— 3 sec. | avaluebetween of the declared voltage, 90%
and 1% followed by voltage recovery after a
Temporary Sag 3 sec. — L.min. -| short period of time. The duration is 10ms—
1 min. Momentary Sag between 30 cycles- 3 s
I nstantaneous 0.5 —30.cycles
Temporary power frequency over voltage
Momentary Swell 30 eycles = 3 see|' An over voltage, at agiven location,
of relatively.long duration. Momentary
Temporary Swell 3secs — 1 min. | swell between 30 cycles — 3 s

Momentary Interruptions'{ 0.5 — 30 cycles —| Supply interruption

A short interruption (up to three minutes)
Temporary Interruptions |30 cycles — 3'sec. | caused by atransient fault.

Temporary interruption between 3 s - 1 min.

All of these causes occur according to Table 1.1, protection devices will be operated
in power systems. The protection system will isolate the part of power network where a
fault occurs, and eliminate the risk for both utilities and customers sites. However, there are
some cases which protection system could not operate and isolate the fault, e.g. starting large
induction motor |oad.

Figure 1.1 shows sources of power quality disturbances. Most of power quality dis-
turbances are from office equipment (60%). Figure 1.2 shows types of power quality distur-
bances. In figure 1.2, sagsis 56% among other typesof power quality disturbances. There
are many causes that'may occur and lead.to problemsand faultsin power systemssuch as

e External causes to power system, e.g. weather (storms, lightning, etc.), trees, and
animals (birds, etc.).

e Human factors, e.g: human errors (auto accidents, kites etc.), scheduled interruptions.

e Internal causes, e.g. switching operations attempting to isolate an electrical problem
and maintain power to customer area, fault, individual loads (motors, ASD, elevators,
coolers, HVDC etc.), office equipment and computers, wiring, changing loads, and
etc.



Lightning

Neighbors

Office Equipment’/ ¥

Figure 1.1: Sources of Power Quality Disturbances (source: Floria-Power study 1993)

Sags

Outages

Figure 1.2: Types of Power Quality Disturbances (source: EPRI 1994)

1.3 WMotivation of The Work

Voltage sag isashort-duration reduction in rmsvoltage between 0.1 and 0.9 pu. with duration
from 0.5 cyclesto 1 min [1,3,9,10]. Voltage sagsthat affect sensitiveload are usually caused
by faults somewhere on transmission and distribution systems[11].



Voltage magnitude and duration are essential characteristics of voltage sag. The mag-
nitude of voltage sags mainly depends on the fault location, fault type and some other factors
such as the pre-fault voltage, transformer connection, and fault impedance [3, 6, 12]. The
voltage sag magnitude, which is expressed in percent or per unit, is calculated by short-
circuit analysis. The voltage sag duration is defined as the flow duration of the fault current
in anetwork. Therefore, the duration is determined by the characteristics of the system pro-
tection devices such as overcurrent relays, circuit breakersand fuses. Generally, the duration
is calculated by adding theintentional-time delay considering-protection coordination to the
fault clearing time of each.device.

Much sensitive equipment isused in modern industrial such as computers, programma-
ble logic controllers, adjustable speed drives, and robetics. Many industrial customers using
sensitive equipment suffer from veltage sags.” Mafunctioning or failure of this equipment
can be caused by voltage sagsthat |ead towork or production shutdowns[13-17]. To analyze
these cases, it is essential to have information of equipment.sensitivity. If the magnitude
and duration of voltage sag exceed the threshold of equipment, the equipment is damaged,
and such damage can effect an entire process at the customer site with an associate cost.
Therefore, characteristics of the equipment sensitivity. must be provided by the manufacturer
or obtained by tests. System performance, which can be expressed by the expected sag
frequency in the site, can be estimated through the monitoring of the supply or stochastic
prediction methods [18].

In a distribution system, protection devices are circuit breakers, reclosers and fuses.
The coordination of protection devicesis presented as fault clearing process. Poor coordina
tion adversely impacts the overall power quality especially from the momentary voltage in-
terruption and voltage sags [19, 20]. For example, improper coordination between a midline
recloser and downstream fuses in a fuse-saving scheme can catise unnecessary momentary
interruptions and voltage sags downstream from the recloser. In practice, the recloser in fast
mode should operate forsa temporary fault and give the fault a chance to clear and oper-
ate faster.than the fuse. For.a permanent fault,.a lateral fuse should be opened.to.clear the
fault. However, the duration of recloser and fuse setting may be'longerthan an alowed du-
ration of sensitive equipment. Therefore, recl oser-fuse system could not protect the sensitive
equipment.

To mitigate the impacts of-voltage sags, the sensitivity of the equi pment at.a point of
interest and the coordination of protection devices need to be determined [21-23]. Normally,
monitoring power quality is a common way to evaluate the voltage sags. However, the
limitation of this method is the high cost and time for recording events. Two stochastic
prediction methods that are the method of critical distance and the method of fault position
have been proposed. The method of critical distance is a ssmple technique of voltage sags



prediction based on the voltage divider model [2, 24-29]. It is suitable for radial system,
but not to meshed systems. For the method of fault position, several points of a network

are chosen and the voltage sags is determined by fault calculation at the chosen point. The

limitation of the method of fault positioniisinat efficient for large power system because
many fault positions have to be simulated in order t@ obtain more accurate sags prediction.
However, the method of fault pesition can be used.to obtain the voltage sags and analyze
fault eventsin a distribution system.

Regarding the above mentioned 1ssues; the objective of-this research can be summa-

rized as follows:

To develop a methed of fault‘position for voltage sags calculation

Various parameters ina method of fault position have been devel oped and simulated to
analyze the valtage sags eventsinadistribution system. Thismethod usesthe influence
of fault distribution'dong line that enables the characterization of voltage sags at any
point of interest.

To develop a stochastic method for voltage sags prediction

A stochastic method has been developed for voltage sags prediction. This method
applies a coordination of protection devices and a sensitive characteristic of the equip-
ment sensitivity to predict the-characterization of voltage sags at any point of inter-
est, e.g. using the protection device characteristics, the characteristics of the sensitive
equipment.

To investigate and analyze an area of vulnerability at any sensitive point of inter-
est

An area of vulnerability to investigatefor voltage sags prediction. Thisareaisanalyzed
by considering a sags threshold, a characteristic of protection device.

To determine sagsfrequency and sagsindex for voltage sags prediction
Sags frequency and index is determined and analyzed with consideration of the influ-
ence of fault distribution along line, and uncertainty of fault.

As aresult of thisthesis, impacts of voltage sags and protection coordination on sen-

sitive equipment can be evaluated. Accurate estimates of voltage sags and protectionicoor-
dination can serve sensitive customers and power distribution companies for assuring their
own status among the several demand customers aswell asthe@ectricity authorities.
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Outline of Dissertation

This section presents the summary of all chaptersin this dissertation.



Chapter 2

In this chapter several definitions of voltage sags in distribution systems are presented.
Impacts of voltage sags on a sensitive equipment are aso discussed in this chapter. For the
characteristic of sensitive equipment, voltage tolerance curves are shown for understanding
the limited of voltage sags on the sensitive equipment. Areaof vulnerability for the sensitive
equipment also presents in this'chapter.. Moreover, the‘influence of the fault distribution
along distribution line (uniform, nermal; and exponential) are also presented.

Chapter 3

Chapter 3 presents the-calculation of fault current and-also fault voltage at all buses
when a fault occurs. This presents fault equations of symmetrical and asymmetrical fault
occurring at bus or aong line by using the method of fault position.” Coordination of pro-
tection devices are also.shown/and'discussed in this chapter to show: the coordination range
of protection. The formulationof protection devices is provided in order to determine the
protection coordinationrange:

Chapter 4

In this chapter, voltage sags frequency and voltage sagsindex.are presented. They are
able to analyze sags on the sensitive equipment in the distribution system. The formulation
of sagsindex consists of two eguations that are SARF [ x and SARFI..,..... They are based
on the voltage sags threshold and the'sensitive equipment characteristic curve.

Chapter 5

Results of the assessment of .voltage sags are presented in this chapter. This presents
the approach to anayze type of protection device that can be chosen by considering the
coordination of protection with the sensitive equipment. Area of vulnerability where the
fault will lead to voltage sags on the sensitive equipment at a given observation bus is also
described with consideration of protection coordination. Moreover, results of sag indicesare
also presented with considering Monte Carlo Simulation for stochastic fault events.

Chapter 6

This.chapter presents conclusions.and suggests for. further. work.



CHAPTER I

VOLTAGE SAGSIN DISTRIBUTION SYSTEM S

2.1 Introduction

This chapter presents definitions and characteristics of voltage sagswhich is also known as
voltage dips. The main causes of woltage sags are faults occurring in a power systems. The
characteristic of a sensitive.equipment s also presented as voltage tolerance curves in this
chapter. The area of vulnerability of equipment is defined to help customersto understand the
sensitivity of their equipment about voltage sags. Moreover, fault distribution is presented
for analyzing fault occurrence aongline.

2.2 Voltage SagsDefinition and Characteristic

The main characteristics of voltage sags are the sags duration, the sags magnitude and the
sags frequency. The International Electrotechnical Commission (IEC) has defined a voltage
sag in |[EC 61000-4-30 " Power Quality Measurement Standard” as " \oltage sag or voltage
dip istemporary reduction of the voltage at a point intheel ectrical systembelow a threshold”
[10].

According to-the |EEE Standard 1159 — 1995 " |EEE recommended practice for mon-
itoring electric power quality”, a voltage sag defines as ” \Voltage sag or voltage dip is a
decrease to between 0.1 and 0.9 pu. in rms voltage at the power frequency for duration of
0.5cycleto 1 min” [1].

BS EN 501560 : 2000 " Voltage characteristics of electricity supplied by public distri-
bution systems’, defines a valtage sag as” A sudden reduction.of the supply veltageto a value
between 90 % and 1% of the declared voltage, followed by a voltage recovery after a short
period of time. Conventionally the duration of a voltage dip is between 10 ms and 1 minute.
The depth of a voltage sags is defined asthe difference between the minimum rms voltage
during the voltage dip and the declared voltage. Moltage changes which do net reduce the
supply voltage to lessithan 90 % .of the declared voltage are not.considered to be dips’ [8].

From the previous definition, it is shown that the meaning of voltage sags and voltage
dip are the same. The values of voltage sagsin this dissertation are referred as the remaining
voltage or the during—fault voltage.

According to [3] voltage magnitude and duration are essential characteristics of voltage



sags. The magnitude of voltage sags is the remaining magnitude expressed in percent or per
unit. Voltage sags magnitude mainly depends on the fault location, fault type and some other
factors such as the pre-fault voltage, transformer connection, and fault impedance [6, 30].

The voltage sag duration is defined asthe flow duration of the fault current in anetwork
when the voltage magnitude is bel ow the sag threshold. For three phase system, sag duration
is the amount of time during at lest one of the rms voltages is below the voltage threshold.
The duration of voltage sags can be determined from.the Start of voltage sags and ends of
voltage sags. The voltage sags-starts when-at |east-one-of-rms voltages reduce below the
voltage threshold. The endsof voltage sags is determined when all. three rms voltages have
above the voltage threshold.-Figure2.1 shows rms voltage with sag magnitude and duration
in athree—phase system [31]«
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Figure 2.1: Voltage'sags duration and magnitude

2.3 Voltage Sagson Sensitive Equipment

In the past, there were not many complaints about power quality conditions from customers
because their equipments were analog clocks or standard induction motors. Nowadays, a
lot of sensitive electronic equipment iswidely used in modern power systems such as digital
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clocks, VCRs, electronic equipment, power converters and adjustable speed driversor digital
equipments [32]. All sensitive equipment rely on continuous power to operate correctly.

Therefore, voltage sags are the most important power quality for customers and have
gained more interest due to their conseguences on the performance of the sensitive equip-
ment. Malfunction or failure of the egquipment that leads to work or production losses can
be caused by voltage sags [33—35].. The impact tothe customers depends on the voltage sag
magnitude, the sag duration, and the sensitivity of the customer equipment [1].

In this dissertation,.the main-causes of voltage sags-are faults occurring in power sys-
tems. A typica distributionsystem which cansists of customers, and protection devices; is
shown in figure 2.2. In thisfigure; a fault occurs on feeder 3. and is a fault downstream of
customer C then customer Cwill loe experienced voltage sags that 1S a reduction in voltage.
If the remaining voltageof customer C is under the voltage threshold, the protection device
of the main feeder will operate and isolate the fault. Therefore, customer C will experience
an interruption due to the fault. | n.other feeders, customers A and B also have an experienced
voltage sags because of thefault occurs on the feeder 3. However, those customers will not
be interrupted if the remaining voltages are higher than the voltage threshold of customers A
and B.

Customer C Fault

Feeder 3 / /

3311 kV
Customer B
Feeder 1
i}
Customer A

Figure 2.2:"A fault in atypical distribution'system
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2.4 Voltage Tolerance Curves

Information Technology Industry Council curve (ITIC) provides guidelines and defines the
withstand capability of sensitive equipment |oads and devices for protection from power
quality variations [36]. It is useful for.understanding the limited of voltage sag on sensitive
equipment [1,36-38]. Each type of sensitive equipment hasdifferent curve[39]. An example
of ITIC curve represents magnitude and duration of the event as shown in Fig. 2.3.

SEMI F47 [40] " Specification for semiconductor processing equipment voltage sag
immunity” is a standard that_defines the voltage threshold that semiconductor processing
must be controlled through witheut interruption during conditionsidentified in the area above
the standard line (Fig.+2.3). Points above the threshold are presumed to cause damage to
the equipment. The lower region will use to determine the aceeptable sag magnitude and
duration level.

20044 - o ..ol b .. ........ R ...............

1404

1204
100 -

70

Percent of Nominal Voltage (Magnitude)

SO - -]
“I SEMIF47 ! No Damage Region
0 4 i |
e ic i0e 100 ¢
Duration

Figure 2.3: Information Technol ogy I ndustrial"Council*(IT#C) and SEMI curves

A typical voltage tolerance curve is shown in figure 2.4 where the voltage threshold
Vinreshola 1S @ minimum voltage that the equipment can operate correctly.” The maximum of
time 7),,.. is defined as the timeduring which the equipment can operateand control when
Its voltage is below the threshold of voltage Vixreshold-

According to [3] table 2.1 shows the voltage tol erance characteristic of sensitive equip-
ments (PLC, AC control relay, motor starter, personal computer, etc.) [41]. Intable 2.1, the
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Figure 2.4: A'typical voltage tolerance curve

voltage threshold V},,.csnad @ndtheimaximun of time 77, of PLC are 0.60 pu. and 260 ms,
respectively. It meansthat any sags event.with the fault duration longer than 260 m.s and the
voltage sags lower than 0.60 pu.; will lead to interrupt or mal function of the equipment.

In several research, thetypical voltage tolerance curveisused to analysisthe sags event
as a fixed voltage threshold X% in-the conventional method [42,43]. Voltage threshold can
be determined by a given sag duration. ‘However, the conventional method cannot give an
accurate result because it does not econsider the change in characteristic of sag [42, 44-46],
e.g. the magnitude of voltage and the duration of fault event. In this thesis, ITIC curveis
defined as the voltage tolerance curve of the sensitive equipment.

Table 2.1: Voltage tolerance characteristics of several equipments

Equipment Vihreshold R
PLC 0.60 pu. | 260 ms
PLC Input Card 0.55 pu. | 40 ms
5hp AC Drive 0.75pw. | 50 ms
AC Control Relay “ | 0.65pu." | 20'ms
Motor Starter 0.50pu. | 50 ms
Personal Computer | 0.60 pu. | 50 ms

2.5 Areaof Vulnerability on Sensitive Equipment

A region of the network that includes a part of line or whole line where the occurrence of
the faults will lead to the reduction in voltage at a sensitive load to drop below the voltage
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ride-through capability of the sensitive equipment is called the area of vulnerability (AOV).
The area of vulnerability responding to the sensitive load is essential to estimate the expected
number of voltage sags from the utility systemsas shownin Fig. 2.5. It isimportant for cus-
tomers to understand the sensitivity of theirequipmentsto voltage sags[13,47,48]. The area
of vulnerability for fault problems.in the power network,can be determined when the sensi-
tive equipment is known [44, 49,50]. Moreaver, it can also help in evaluating problems due
to utility system faults. The area of vulnerability also.ean be applied to analyze impacts of
problems from other voltage level-system tothe sensitive equipment, i.e. from transmission
system.

Area of

vulnerability
Normal

distribution

Normal
distributio

e

Figure 2.5: Area of vulnerability and fault distribution‘@ong lines.

2.6 Fault Distribution Along Line

The main causes of voltage sags on the sensitive equipment or load points are faults occur-
ring onlines of -a power system:..Faults in the power-sysitem consistsof symmeitrical-faults
(three—phase fault) ‘and asymmetrical faults (single line-to—ground fault, line—to—line
fault, and double line—to—ground fault) [45]. The symmetrical fault makes more impacts on
the customers or load pointsin the power system because it leads to deep sags on the system
(large load points in the system experience voltage sags). However, the symimetrical fault is
rare in the power system. Major faults in the power system are asymmetrical faults. Single
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line—to—ground fault occurs most often among asymmetrical faults in the system (about
75 — 80%). Asymmetrical faults are common problemsin the power system.

Typical causes of faultsin the power system are the adverse weather (lightning, storm),
equipment errors, etc. All of those causes are random nature of fault, therefore, they might
not be distributed uniformly occurrence aong line. Actually, some lines or parts of line have
higher fault occurrence than other lines or. parts of linedecause of the random causes and
the nature of fault, therefore, the rate of fault occurrence'maybe higher than other [51]. Itis
necessary to concern the fault-rate to predict voltage sags-in.the power system. Normaly,
the fault rate is used and analyzed by the uniform distribution..However, the fault rate may
consists of uniform, normaly-and exponentiall distribution of fault [45, 46, 52-54]. Those of
fault distribution are'shown infigures2:6to 2.8 and will be analyzed.
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Fault Distribution f(x)
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Figure 2.8: Exponential distribution with the mean value ;. = 0.5

2.7 Summary

The analysis presented in.this chapter offers the means for voltage sags, i.e. definitions of
voltage sags (sag magnitude and duration), voltage sag tolerance curves (ITIC and SEMI
curves), and the fault distrilution.

Impacts of voltage sags on the power system are very important issuesin power quality
problems for customers and utilities. Voltage sags have more concerns in the modern power
system in the present. Fault events-could be the most important of power quality problems
(voltage sags, interruption). Magnitude and duration of voltage sags are presented in this
chapter. Furthermore, the information of impacts of voltage sags is also necessary for both
customers and utilities for their improved power network.

In this chapter, the sags tolerance curves is also presented for sensitive equipment in
customer site. ITIC and SEMI curves will show how to analysis voltage sags on sensitive
equipment, and voltage threshold for determining equipment conditions (damage, interrup-
tion, or safe conditions):* From that, area of vulnerability for customers can be analyzed
to know whichiline or parts-of line lieiinside the vulnerability arealt iswvery-useful for
customersand utilitiesin their power quality anaysis.

Moreover, the fault distribution is also presented in the analysis, e.g. uniform, normal
and exponentia fault distributions. Based on that, a random condition by fault distributien
in the power system is considered and anayzed for voltage sags.



CHAPTER |11

FAULT CALCULATION AND PROTECTION
COORDINATION

3.1 Introduction

Main causes of voltage'sags in‘sensitive equipment are faults in‘power systems, i.e. sym-
metrical and asymmetricalfaults. Moreaver, faultscan occur anywhere in the power system,
e.g. occurring at buses or along.a line. Therefore, a short—circuit method should to chose
for calculating voltage sags not only faultsoccurring at bus but aso.along the line.

A fault position'methad is shown as ashort—circuit cal culationfer formul ating during-
fault voltage and currentwhen a fault oceurring.along line [46,55]. This chapter presents
equations of a during—fault voltage and current when afault occursat bus or along line for
symmetrical and asymmetrical faultsinthe power system based on the fault position method.

In a distribution system, overcurrent relays, reclosers, and fuses are main protective
devices for protecting faults:™ This chapter presents protective devices and characteristics
for evaluating voltage sags. Equations-of circuit breakers, reclosers, and fuses are shown
in order to take into account the effect of protection coordination with sensitive equipment.
From that, a coordination of protective devices showsto have a correct operation for isolating
faults and protecting sensitive equipment.

3.2 SagsCalculation

Voltage sags can be determined by computational network analysis as measurements. There-
fore, the madeling of the network and the calculation of voltage sags are very important to
archive the best results for the system behaviar in the sags analysis [56-58] .

In this dissertation, voltage sag is caused by a fault occurring in a power system. The
category of faults consists of temporary, permanent, and self—clearing. The fault position
method has been applied for voltage sag cal culation when thefault occursat bus or along the
line.
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321 Faultsat Bus

Figure 3.1 shows a fault occurring in a typical power system. In this figure, a sensitive
equipment is connected at bus m as an observing bus or a sensitive bus [59]. The fault
occurs at bus i leads to voltage sags on the sensitive bus m.

I Power Network |

bus m

Sensitive
equipment

Figure 3.1: A fault'occurs at bus: in atypical power.system.

Positive, negative and zero sequences are used for describing and representing the
behavior of the power.system. Equations(3.1) and (3.2) show.the basic transformation for
currents and voltages sequence components, respectively. The sequences of 7%, I?, and I"
areidentified by the zero, positive and negative sequence currents. In equation (3.2), V'*, V7,
and V" are the zero, positive, and .negative sequence of vol tages.

= 1 T Ty ¢
i s 3 17 d7 =g " (3.1
I | 1 a o | | I
V=] (11 1] [Vve
1 2 b
VP | = 3 1 a a 1% (3.2
V- | 1 a® a Ve
where _
1%, 1°, and ¢ . the currents of phase a, b, and ¢, respectively,

Ve, Vb and Ve = thevoltagesof phasea,b, and.c, respectively.
The a-operator equalsto e’ s .

In this section, the fault position"method will"be ‘defined*to determine during-fault
voltages and currents when the fault occurs at bus in the power system. From figure 3.1,
whenfault.occurs at bus i .of the power. system, the during-fault voltage and current at.bus 7z
can be expressed and cal cul ated based on'the Z—bus matrix.

3.2.1.1 During—fault Current

Four short—circuit types in the power system will be calculated and defined for determining
during—fault current.
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a. Three—phase Fault
The negative and zero sequence currents are zero when the three—phase fault occurs.
Therefore, fault currents are determined as shown in equation (3.3).

‘/;)7'6f,l'

I =S o anlf pF—g- =0 (3.3)
where
17, I, and [*===“thepositive, negative, and zero sequence currents,
Vorefi »“the pre-fault voltage at faultbus i,
zZr ..~the diagonal element 7;; of the positive sequence

impedance matrix.

b. Single line—to—ground Fault (phase a)
Equations (3.4) and (3.5) show the during—fault currents and voltages of asingle line
(phase a)—to—ground fault at fault busi.

10 =T (3.4)

Vo0 (3.5)

Based on the sequencetransformation (in equationy(3.1)) and equations of current (3.4)
and voltage (3.5), the sequence currents.and fault currents can be shown as follows.

2 n VTEf
rFr=r=I :Zé+;§'2+ZZ (3.6)

a

3‘/;3ref

= 37
ZE+Zh+ 70 S

c. Line—to—line Fault (phasesb and ¢)
Equations (3.8) and (3:9) show the sequence currents and fault voltages when the
line—to—line fault occurs.

ol | o | 1054 (3.8)

vb=vye (3.9)

Applying the sequence transformation (3.1), the sequence and fault currents are snown
in equations (3.10) and (3.11).
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VA AL

A/ .
S =

IF=0 and I?=1]"=

(3.10)

d. Double line—to—groun
Fault currents and vol

fault occurs, are shown

in equations (3.12) and (3.1
(3.12)
(3.13)
The sequence and f are shown from equ 14) to (3.18) by applying

the sequence transformati

(3.14)
(3.15)
L — "'-) (3.16)

N

o

p+?@£_%+%+ﬁ+i%%) S0
3 qlri —fault Volta ¢ A Q/
AT UB AN

Qned for different types of faultsin the power system. The during—fault phase voltage can be
calculated based on its sequence voltages, e.g. positive, negative and zero sequence voltages.
The change in voltage when a fault occurs can be expressed as
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AV?Z 1 1 1 AVe
AVP | =11 a®* a AV? (3.19)
AV a a? AVE

When a symmetrical fault occurs @t fault bus i, the during—fault voltage at bus m is
expressed as

Vmi — ‘/p'ref,m + Avaz (320)
where
Vini ~the during-fault voltage at busm whenafault occurs at bus,
Vorerm - thepre—fault voltage at busnz,
AV, " the change in voltage at bus+: duetothe fault at bus .

For an asymmetrical fault, the during—fault voltages can be calculated based on the
sequence components, e.g. positive, negative, and zero sequences. Similarly equation (3.20),
the during—fault voltagefor each sequence component can be formulated as follows.

VE= 04 V7 (3.22)
VR =V AV?P (3.22)
V= 0 A" (3.23)
where
V=, VPgand V™ . the zero, positive, and negative sequence
during—fault voltages,
Vs the positive sequence pre—fault voltage,

AVZAVE and AV™ @ the change in sequence voltages.

Applying the symmetrical components transformation, the phase during—fault volt-
ages can be expressed asfollows.

(FdR L& & (3.24)
VP = VE+ a®VP 4 aV" (3.25)
VoL wpvr K g2y (3.26)

where
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Ve, Vb and Ve :  the phasevoltage,
a . the a—operator.

Substitute equations (3.21), (3.22) and (3.23) into equations (3.24), (3.25), and (3.26),
the phase during—fault voltages can be given.

Vo= Ve R BNV R A (3.27)
Vo =gl AV + a2V ALY (3.28)
VeFaV® J¥ AVA+ AV AV (3.29)

In this section, during—fault veltages for a symmetrical or asymmetrical fault occurs
at fault bus: (in figure 3.1) are ealculated as foll owing.

a. Three—phase (or balanced) Fault
When a three—phase fault occurs at bus 7, the current injected into fault bus due to a
three—phase fault can be calculated as

00 )
jIANEL 3.30
Z (3.30)
where
Vioreri - the pre-fault voltage of fault bus,
Zii . the diagonal elements of the Z-bus matrix.

Therefore, ‘the-change in voltage due to the fault current in equation (3.30) can be
shown as follows:

Avmz - _Zmi V;)ZTEfJ (331)

Applying equation (3.31) to equation (3.20), the-during—fault voltage when the three-
phase fault occurs at bus: can be shawnin equation (3.32).

s 7 ‘/p're iy
vmi — Vpref,m — “mi
Z

(3.32)
b. Single line—to—greund-Fault.(phasea)

When a singleline—-to—ground fault occursin the power system, the positive, negative,
and zero sequence currents are the same. The sequence currents can be shown in following

equation (3.33).

]p _‘/pref,i

_ zZ _ Jp _ Jn
l= gz @ L=l=1 (3.33)
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The change in sequence voltages at bus m when a single line—to—ground fault occurs
at bus i are shown in equations from (3.34) to (3.36).

(3.34)

(3.35)

(3.36)

(3.38)

(3.39)

tionsfrom (3.40) to (3.42).

‘/prefi
: 3.40
7t + 2z (3.40

L)

2 (3.41)
vcg Vipesan — (a2, + a® 20, + Z7,) VI’ZQ (3.42)
mi AVprefm Al T @ mi ZP+ b Zizi :

AUSANININYINT

Theinjected sequence current due to aline—to—line fault is shown in equation (3.43).

QRIAsIE AN &

he changes in sequence voltages are shown as follows.

AVE = ~Zhl (3.4
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n VAL Vi Tess
AV =20, pr+f 7 (3.45)

From equations (3.44) and (3.45), we can formulated the phase voltages as follows.

- ) pref,i
W///mn
;3 mi % (347)

(3.48)

The sequenc fault bus 7 can be
formulated.

(3.49)

(3.50)

" i __ Zi ' 351

_ Lyl T Ly Ly T Lyl Q (351)

EquaIionsfb n 2VC t&]es due to the fault
asfollows. |_" T’

AVE =77, & V, ;u (352

mZE 7+ 2N + Z2Zn

AutiInemnn

T T 77 T T

TN

mma}vﬁm RN 84)

‘/prefz [(Zn . Zp z . Zp Zz z
mi 7711 :3 5555
AV Z"Zp + 778 (355)

T n TN T n

Vini = Voregm +
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Vireral(aZ)y — a® 20 ) 25+ (27, — a? 20, 2%) 23]

bo_ 2 3.56
Vm’L a ‘/I’JTEf,m + ZZZ,Z + ZZZZ,)L + Z;ZZ ( )
L ZP NVAMYAR
V’n?n — a‘/pref’m + l na me mz) mz] (3.57)
Tables 3.1 and 3.2 summ e fault currents and phase

equence an
(===

fault voltages at busm e
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@ when four types of faults occur at bus .
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Table 3.2: Summary equations of phase fault voltages at bus m when four types of faults
occur at busi.

Fault types

3PF

SLGF

LLF

Vireri (20, — 2P )22 4+ (22
Va. V efm Prefﬂ ma mﬁ
il gl " Z0ei 7170+ 2307
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3.2.2 FaultsAlong Lines

In this section, the voltage sag at bus m will be calculated when a fault occurs along line
k — j at afault position f which is defined as the ratio of length between bus & and fault
location f (Lyy) to thelength of thelinek — 5 (Lxy) Or p = Ly¢/Ly; asshowninfigure 3.2.

I‘ . Power Network |

Sensitive
equipment

Figure 3.2: A fault occurs at point f aong linefrom bus &tobus jinatypical power system.

The sequence transfer impedances between bus m to the fault position f can be deter-
mined as follows [46, 60].

Zf':z = quk e (anj 7 Zf:zk)p (3.59)
o ooy o ) (3.60)
where
ZrZhand Z7 . o the sequence transfer impedances of the sensitive
load bus m and fault position f,
Zogr & mk. and Z", : thesequence transfer impedances of busesm and ,
Zroin Zhhir @nd Z,’;Lj » the sequence transfer impedances of buses m and j.

Moreover, the sequence driving impedance at the fault position f can be shown as
follows.
+2p(1 —p)Zg; + p(1 —p)zg; (3.61)

2 WE WS 3 A
+2p(1 —p)Z;; + p(1 = p)zp; (3.62)

Zi = (L=p)YZh+p° 2} +
+2p(1 = p)Zi; + p(1 — p)z; (3.63)
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where
Zi Zo,and Z7, 1 the sequence driving impedances at bus k,
Z% ij, and Z7; : the sequence driving impedances at bus j,
i 2 @nd 27 . the sequence line impedances between buses k£ and ;.

The sequence voltages at bus m, when a fault occurs at fault position f between buses
k and 7, can be calculated from

nif = V;z)i'efﬂn E Z‘rzn,fI))f (364)
Jif 7. V;:"ef,m r ZTTrllfIfn (3.66)

In equations from (3.64)'to (3.66), Z~ ;, anf, and Z7. ‘ae the transfer bus impedances
between busm and thefaultposition f on theline k£ — 5 and can be calcul ated from equations
(3.58), (3.59), and (3.60), respectively. The pre—fault voltage at the fault position f is

Voreilf =Nl Vgt /5 Vil s 1)B (3.67)

where V)., and V.. ; are the pre—fault voltages at buses k& and j, respectively.

When a short—circuit fault occursalong line & — j, the fault currents and fault voltages
at the sensitive load bus can be calculated and shown as follows.

3.2.2.1 Three—phase Fault (3PF)

For a balanced fault, sequence fault currents are

Vl're
I} = et (3.68)

and I3=I%"=0.
The phase fault voltage for bus m due to a three—phase fault at the fault location f can
be expressed as

P

me
Viny 5 Varerinst o Voresis (3.69)
i
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3.22.2 Singleline—ground Fault (SLGF)

Sequence fault currents for a phase a line—to—ground fault are

(3.70)

(3.72)

(3.73)

curs between phases b and ¢

are
(3.79)
and /7 = 0.
Therefore, %e t fg:;[irsatfault position
faonglinek — jcanbegivenasfollows. '
7 prefif |
J mf = : T WM (3.79)
ﬂ Eh Vi ﬂ?l%ﬁ n3 =
Ve, _axg,,efm— (aZb, — a*Z%) 7 ”jff (3 77)
uencef It curren foradouEleEm to— grounj (phases jc)L are
7 = Viress (3.79)
7,4 2515

AT AT
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Zz
ey | N — (3.79)
f f 7z n
Zip+ 2§y
(3.80)
Equations from (3.81) to (3. Snow s at bus m dueto a double line-to-
ground fault occurring at : _ | ‘_-/—_?.
==
L Zn SNy D Z
mf = f’ LV rer s (3.81)
* L) £/
Vg = aV - SER Ay (3.82)
( VAN
Ve = aVprerm N — EA VAN (3.83)
\ T
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Table 3.3: Summary equations of sequence f occur along line k& — j at afault position f.
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3.3 Effect of Transformerson Voltage Sags

This section shows the effect of transformer connection on the phase voltage. In previous
sections, fault equations for different fault types, i.e. three—phase, single line—to—ground,
line to—line, and double line—to—ground faults, were considered and formulated. However,
those equations are not considered the effect of transformer connections. There are two
effects of the transformer connection which are: changingthe symmetrical component and
phase shift due to winding connection.

Depending winding connection of transformer, the during-fault voltage due to asym-
metrical fault at primary side.may be changed and madified at the secondary side of trans-
former.

We know that a deltaor unground wye winding connection removes the zero sequence
component when going through the transformer. This means that the zero sequence compo-
nent of voltage and current in the secondary side of the transformer.must sum up to zero.

In the case of delta-wye transformers, the positive sequence phase voltage on high
voltage side |leads the corresponding phase voltage on the low voltage side by 30°. For the
negative sequence phase voltage, the corresponding phase shiftis —30°.

Therefore, fault calculations should consider the effect of phase shift in transformers.
The accuracy fault calculation could be improved; and maore reliable information could be
supplied for relay protection setting and analyzed voltage sags.

3.4 Protection Coordination Analysis

3.4.1 ProtectiveDevicesand Characteristics

The devices frequently, used in a distribution protection system are overcurrent relays, re-
closers, and fuses [61-63]. Fuse isone of the most common forms of protection used to deal
with excessive currents. A fuse has two characteristics, i.e. the minimum melting (MM) and
the total clearing (T'C). The minimum melting is the relationship between the magnitude of
the current and the time large enough to cause fuse to melt. The total clearing time is the
total time required from the beginning of the fuse element to melt to the fina circuit inter-
ruption; i.e. TC time is the minimum melting time plus the subsequent arcing time. For.a
recloser, S-and.F are two-characteristics of the recloser.which.are slow and fast operation
modes, respectively [20, 64].

Fuses contain inverse—time overcurrent characteristics. The straight line 7%t log—Ilog
plot is usualy expressed for the minimum melting and total clearing time for fuses [65].
From the fuse characteristic on the log-log curve, it is better to approximate by the second
order polynomial function. The general equation describing the fuse characteristic curve can



be expressed as the following equation [66].

log(t) =a x log(I)+b (3.84)
where
tand/ : theassociated time and current,
aandb : can be caculated from thecurve fitting.

Circuit breakers (CB).and reclosers usually locateat the beginning and middle of main
feeders [67]. The general-eharacteristics of these devicesecan be shown as the following
equation.

A
) 7 + B (3.85)
where
t . the operating time of inverse-time overcurrent device,
1 : « fault current seen by the device,
M T theratio of 7/ 1,ckup ( Lpickup 1S rélay current'set point),

A,B,p : eonstantsfor selected curve characteristics.

For the protection settings, this dissertation. uses mathematical equations for over-
current relays and the straight line 7%t log—log curve to formulate protection coordina-
tion [68, 69]. The protection settings.are donein the.initial or existing condition. CBs and
reclosers characteristics are assumed to be equipped with the extremely inverse characteristic
of overcurrent relays. A typical radia-distribution system is shown with protection devices

Breaker Recloser Main feeder
™ ~ »
| L S
Fuse Fuse Fuse Fuse

Lateral feeders

Figure 3.3: A typical distribution feeder.

in figure 3.3. In.the typical.distribution system, al demand |oads are supplied from themain
feeder.
3.4.2 Recloser-fuse Coordination

Figure 3.4 showstraditional recloser—fuse coordination in distribution systems[20, 70-74].
A recloser has two characteristic curves which are fast and slow (buck up) operation. In
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Figure 3.4: Recl oser—Fuse coordination range

recloser function, thereis an interval between each operation when the recloser remains
open. If afault istemporary, a recloser will clear before afuse. If the fault persists after the
recloser closes then the fault has to be a permanent one and hence fuse must operate.

The general coordination is that the fuse should only operate for a permanent fault on
the load feeder. However, if the fault isatemporary fault or afault occurs behind the recloser
(downstream fault), the recloser should disconnect the circuit with fast operation and givethe
fault a chanceto clear. Recloser aso provides back up function when afuse failsto blow up.
In order to have a correct operation, a fuse must be coordinated with a recloser on the main
feeder. On the other-hand, if afault occurs before arecloser (upstream fault), the fuse should
isolate and coordinate with a sensitive equipment.

In figure 3.4, the TC curve of the fuseisbelow the slow curve of recloser in coordina-
tion range. Therefore, for a permanent fault, fuse will open before recloser will back it up
by operating in slow modeand finally locking out. The coordination curves of recloser and
fuse haveto be madified. The areabetween [fq.uit—maqz A Lfqu min SNOWS @s the recloser-
fuse coordination range. Therefore, ‘aslong as the fault current'values for faultson lateral
feeder are within coordination range, the recloser-fuse coordination is accepted. \We can see
that, the fast characteristic.of the recloser lies below the MM characteristic of fuse between
I touttsmar AN fauiremins SO, in'coordination range the recloser operatesin less time than
the time sufficient to damage the fuse.
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35 Summary

A fault location method for voltage sags cal cul ation has been presented in this chapter. Phase
voltages due to the fault occurs at bus or aong line in the power system are formulated in
section 3.2. Based on the fault position method [46], voltage sags at any bus in the power
system can be calculated when a fault occurs.’ Moreover, voltage sags calculation also has
been presented with differenttypes of fault (single line—to—ground, line—to—line, double
line—to—ground, and three—phase faults).

Summary equations of fault-currents and fault voltages when a fault occurs at bus m
are shown in tables 3.1 and 3.2.-Similarly, tables 3.3 and 3.4 show equations of fault currents
and voltages when afault occurs aleng line.

Protection coordination also has been described in this chapter. It illustrates the def-
inition of protectioncoordination and protective device characteristic equations. Based on
protection characteristics, the coordination of protective devices and impacts of fault can be
considered and analyzed.



CHAPTER IV

VOLTAGE SAGSESTIMATION

4.1 Introduction

Voltage sag frequency.andwvoltage sag.index are presented inthischapter. Fault distribution
Is taken into account in the‘analysis.expected sags frequency:- In this chapter, voltage sag
index is also presented based'on sag threshold and characteristic of equipment.

4.2 Voltage Sag Frequency

Frequently, adverse environmental andweather conditions can lead sections of lines exposed
to higher fault rates than'others. This effect can have a considerable impact on the expected
number of sags at the bus of interest [25]. Fault rates aong the line can be distributed
uniformly (same fault prabability along the whole line) or, on the opposite, some locations
can experience higher fault rates than others. Therefore, the random nature of different fault
probability distribution should be'considered.  Fault distribution on lines are likely to be
normal or exponential distributionin practice [45, 75]-

The line failure rate (LFR) is normally expressed as the number of faults per year per
unit length. However, because of the short length of line in a distribution system, the line
fallurerate (L.F'R) iscalculated for the whole line i as follows

li

n

>
=l

LFPLZ =a X Nfault X (41)

where
o) ¢ __unifarm, normal or exponential distributions of the fault on the line 1,

Nygur - number of fault in the test system,
l; . length of the lineg,
n . total number of line in the test system.

After taking into account the line fail urerate, the expected sag frequency due to faults
a the sensitive bus can be calculated from

m LS

NSF =) Lj x LFR; (4.2)

i=1 j=1
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where
NSF : thenumber of sag frequency,
L;; . length of line segment j of line inside the area of vulnerability,
LS . the number of line segment of line,
m . thetotal number of line inside the area of vulnerability.

Assuming that all phases have equal probability of fault statistics, the expected number
of sag frequency for one phase can be calculated as following

4 3
1
NSEsp= Z > NSEpp (4.3)
ET=l P=1
where
FT : typeoffault(i.e. singleline—to-ground;line—to—line, and double
line-to—ground and three— phase faults),
P :~the number of phases.

4.3 Voltage Sag Indices

System Average Root Mean Square Variation Frequency Index (SARFI) isone of frequently
used indices for voltage sag analysis. SARFI gives the average number of voltage sags over
the assessment period, usualy one year, per customer served [76, 77]. Based on voltage
threshold, SARF'Ix can be calculated by including al of customers that the magnitude of
voltage sag is below a specified threshold, eg. SARF g, shows the number of customers
experiencing an sag event where the remaining magnitude of voltage is |less than 80%. The
SARF Iy index caleulation can be shown as equation 4.4

>0

1=1
SARFIx = N, (4.9
where
7 wvoltagethreshold in percentage %,
ns . thenumber of event;
N; & v thenumber of customers experiencing an event,
N : thenumber of customers served from the section to be assessed.

SARFI index has gained:more interest frommany:industry customers due to the relia
bility and quality of the process..However, sensitive equipmentof industrial customersneed
an appropriated SARFI index, therefore, the SARFI index will depend on the sensitivity of
customer’s equipment and voltage tolerance [ 78, 79].

Despite being widely used, the SARF'I x index only considers the magnitude of volt-
age sag. This may gives an actual number of equipment tripping much higher than expected
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value because short—duration sags will also be counted. Therefore, the SARFI index should
consider and include the acceptability curves of the sensitive equipment in order not only an-
alyzing sags magnitude but al so taking into account sag duration [77,80]. SARF'I .. index
is developed from SARF I x corresponds te voltage sags below an equipment compatibility
curve, e.g. ITIC and SEMI curves. Equation 4.3 shows SARF I ... asfollowing

>N
SARFIcu'rve - L

= (4.5)

where b
N; : thenumber.of customers experiencing an event

which bel owan‘equipment compatibility curve,
Ny . thenumber of customers served from the section to be assessed.

Moreover, voltage sagsbased on system performance and randem causes (e.g. adverse
weather, animal etc.), are usually predicted by using probabilistic techniques. SARFIx is
insufficient for voltage sag aanlysis. This thesis gives a propesed method to simulate fault
factors (e.g. fault types, fault locations, fault lines.etc.) by using Monte Carlo Simulation
(MCS) [81-83].

The advantage of MCSis its capability to simulate complex characteristics of systems
that cannot be modeled by the probabilistic techniques [84-88]. It presents several aspects
associated with the behavior of the system. In thisthesis, MCS is used to simulate the com-
ponents of fault, e.g. fault types, fault locations etc. SARFix and SARFI.,,,. equations
based on the stochasti ¢ technique are calculated as following

NS
> SARFI(i)
ARFIx_yos = =2 4.
SARFIx_pcs NS (4.6)
NS
D SLAERL )
AQFIN. A == 4.7
S R curve— MCS NS ( )
where
SARFIx(i) : valuesof the SARF' Iy indicesfor the ssmulation 7,

SARF Loy (%)« ¥ values of the SARFEI 4. indicesfor thesimulation 7,
NS . ~the total number of simulation events.



4.4 Summary

This chapter discusses about equations to calculate voltage sag frequency and sag indices.
Faults are the random nature of probability distributions. Therefore, the line failure rate
should be determined by using fault distribut uation 4.1. From that, voltage sag

Moreover, SARFIx and. rve | : ' ibed in thischapter. SARFI.,ve
index is developed from SARF T wit i mc@?wistic curve. Monte Carlo

Simulation is used to simul ined SARFI indices.

ﬂumﬂﬂmwmm
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CHAPTER YV

SIMULATION AND RESULTS

5.1 Introduction

Normally, voltage toleranceof sensitive equipment is anayzed by using voltage threshold
[20]. The voltage threshold‘is determined by this fixed duration of fault current. Based on
this voltage threshold, sag assessmentsare determined and shown in many studies.

However, protective devices also impact on voltage sag assessments because of the
tripping time of protection'when afault occurs in the power system [89, 90]. For example,
if the duration of fault.current is greater than this fixed duration, it will impact on sensitive
equipment because the during-fault voltage after. the fixed duration is lower than the voltage
threshold.

Figure 5.1 shows an exampl e of voltage sag assessments based on ITIC curve[36]. In
thisfigure, the fixed duration, the voltage threshold, and the during—fault voltage are 20 ms,
0.7 pu. and 0.5 pu., respectively. |fthe fault duration (or the tripping—time of protective
devices) is shorter than the fixed duration, the sensitive equipment does not damage. How-
ever, if the fault duration is greater than the fixed duration, e.g. point B in figure 5.1, the
equipment is in the equipment problems area:

From the above analysis, this dissertation will present an approach to determine vulner-
ability time ¢ ;... ~s 5 based on remaining voltage at sensitive equipment bus and protection
protective devices. Sensitive equipment will be impacted by voltage sags V..., Wwhen afault
occurs in the system.. Then ¢ 7., sz Will be determined by using sensitive equipment char-
acteristics. If afault duration is less than ¢ s,..,— s, Sensitive equipment can withstand and
ride-through. On theoether hand,if the fault duration.is greater than ¢4, 95, thessensitive
equipment will bein the damage area. Therefore, thefault time? 4, gx Should be input to
protectioneeordination for considering impacts of voltage sags on sensitive equipment.

The problem addressed in this dissertation can be stated.as follows: Knowing afault
location and the fault current and voltage in the system, it is to determine which protective
device interrupts the fault. Moreover; this dissertation concentrates on fuse and recloser op-
erations based on sensitive equipment characteristics [91]. Two parameters are estimated
and input to the algorithm as follows: 1) the magnitude of the fault current 7 ;,,, 2) the
fault duration of sensitive equipment ¢ s,.,.;—sz. These two parameters will be compared to
fuse and recloser characteristic curves. The point (1 4., ¢ fau—se) 1S defined as the protec-
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Figure 5.1: Example of voltage sags assessmentsbased on ITIC curve

tive coordination point which must-be in the coordination range and above fuses minimum
melting time in the case of a fuse operation, or the recloser fast or slow curve in the case of
recloser operation (see Fig. 5.2).

5.2 Recloser-fuse Operations

When a permanent or temporary fault occurs, a recloser or fuse should blow to isolate the
short—circuit. Times corresponding to I, on the fuse time-current curves (TCC) and
the recloser! TGC are-determined as ¢ rau:= fusa=n s8N ot =g use =1, bauit—ree= fast AN
t fautt—rec—slow TESPECHIVElY as Shownin Fig. 5.2.

For eonsidering sensitive equipment, thetime ¢ ;,.,.— s When the fault occurs must be
greater than ¢ squie— fuse—nrar OF trauit—fuserc. Therefore,

tradit-ffuse- MM & Urodifr§r O
tfault'fuse'TC S tfault'SE (51)

Any fuseswhose corresponding ¢ rqui— fuse—nmar @A L pauii— puse—rc Satisfy the above require-
ment indicate an operation of the fuse.
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Figure 5.2: Protection coordination

Moreover, coordination of fuse and recloser is based on the recloser TCC. The fuse
TCC must be located between the recloser fast and slow curves.

tfault'rec'fast S tfault'fuse'MM S tfault'rec'slow (52)

tfault'rec'fast S tfault'fuse'TC’ S tfault'rec'slow (53)

5.3 Simulation Results

The proposed method is applied to the RBTS bus 2 (see figure 5.3) [92-94]. The fault
position method [45, 49, 95] is used to calculate the fault current and voltage. Bus2'is
assumed to be a sengitive bus. In the simulation, the operation range of .the recloser and
fuses are set to-be 200to'6000 A. Therecloser has fast and slow pickup eurrents of 184 A
and 452 A, respectively.

For recloser and breaker, the standard extremely inverse trip characteristic is used with
the parameters A, B and p of TCC to be 28.2, 0.127 and 2, respectively. However, two types
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Figure5.3: RBTS bus 2 test system

of fuse link (80K and 100K) are used as examplesin thisthesis. Parameters a and b of the
straight line 7%t of protection equation (3.84) are shown in table 5.1.

Let us make thefollowing assumptions: 1) time—current characteristic curves of fuses
and reclosers used in the feeder and 2) sensitive equipment characteristics are available [49]
(see figure 5.4). Each line is divided into five equal 1ine segments; 500 faults occurring in
the test system are assumed in ayear. Monte Carlo Simulation applies with 5000 simulated
years. Besides that, the detailsof system fault statisticsare also assumed as follows [96]

e Single-Line-Ground fault (SLGF): 85%

Table 5.1: Coeffictent a« and b for fuse'setting

Typeof | Minimum melting.time | Total clearing time
fuse ay M bym arc brc
100K | -2.9199 9.4467 -2.5132 | 8.4378
80K | -2.8378 8.9102 -2.6175 | 8.5325
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Figure 5.4: Voltage sag ride—through capacity curvefrom 0 to 100 s

e Lineto-Linefault (LLF): 8%
e Double-Line-Ground fault (DLGF): 5%
e Three-Phase fault: 2%

Based on the list of percentages of different fault types, number of SLGF, LLF, DLGF
and 3PF are 425, 40,.25 and 10 faults, respectively.

5.3.1 Simulationof Recloser —fuse Coor dination with Consider ation of Sensitive Equip-
ment

Assume that the distribution network is protected by a 100K fuse link and a recloser on
the main feeder. upstream from the fuse.. Three-phase fault occurs at.bus 18.in the test sys-
tem. Voltage sag measured at the sensitive equipmentis analyzed by using the fault position
method. "In this case, the duration and magnitude of the fault current are estimated to be
trauit—se = 0.5s and Iy, = 2.45 KA based on the approach described before.

Figure 5.5showsthatthe eperation point (¢ r4uge ;4 fauir) 1S iNthe coordination area. It
means that the protection coordination of protective devices can protect and determine what
kind of fault (e.g. permanence fault or temporary fault) to isolate and protect the sensitive
equipment. From figure 5.5, we can see that the recloser will be controlled to isolate the fault
at the fault bus 18 before the fuse melting. 1t is very good to improve the old distribution
systemsfor applying anew sensitive equipment by considering the type of protective devices.
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Figure 5.5: 100K fuse fuse'coordination with the reclaser to clear three—phase fault at bus
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Figure 5.6: 80K fuse coordination with the recloser to clear three—phase fault at bus 18

Besides that, in figure 5.6, 80 K fuses are also anayzed with the test system. We can
al so see that the operation point liesinside the coordination range of protective devices. It
also means that the 80 K fuse can coordinate to protect the sensitive equipment and satisfy

the sensitive characteristic curve of the equipment.

The results indicate that the 100K and 80K fuses coordinate well with the recloser
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Figure 5.7: 80 K fuseand 100K fusecoordination with the reclaser to clear three-phase fault
at bus 23

considering sensitive eguipment.-Both figures 5.5 and 5.6 show the protection‘coordination
points are inside the recloser-fuse coordination range. Figures 5.7, 5.8, and 5.9 show the
operation points of coordination analysis when a three—phase fault occurs at the fault buses
23, 38, and 56 in the feeders 2, 3, and 4 of the RBTS bus 2 test system, respectively. Such
figures show impacts of fuse type on the protection of the sensitive equipment. Therefore,
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Figure 5.8: 80 K fuseand 100K fusecoordination with the reclaser to clear three-phase fault
at bus 38

the protection coordination in other feeders should a so be considered in order to analyze the
voltage sag impacts on the sensitive equipment:

For example, if the fault occurs in the other feeders, e.q. feeder 2, 3, or 4, the voltage
sags will impact on the sensitive equipment in the feeder 1. In figures 5.8 and 5.9, 80K fuse
and 100K fuse can coordinate with the sensitive equipment, therefore, they can be used in
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e bus 23. In this case, 100K fuse can be used as a coordinated protective device for the
sensmve equipment in feeder 1.
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thls case, the fault location method will show how to analyze what kind of the protection
devl ce type should be used to protect the sensitive equipment when afault occurs along line.
Based on the fault position method, a three—phase fault occurs along line from bus
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beginning, midline and end of the Ilne, respectlvely. The sag duratlon is0.5s based on the
sensitive equipment characteristic.
Figure 5.10 shows that the 100 K fuse can protect the sensitive equipment when afault
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Figure 5.12: Protection coordination with 80 K fuse and 100 K.fuse when fault occursaong

line from bus 21 to bus 23.

occurs aong line from bus 5 to bus 18 with the protection coordination. However, figure
5.11 showsthat if afault occurs at midline, 80 K fuse cannot protect the sensitive equipment.
Itisvery useful to analyze what type of protective device snould be used to isolate the fault
in the power system and protect industrial customers with the protection coordination and
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the sensitive characteristic of equipment.

Moreover, figures 5.12, 5.13, and 5.14 also show the protection coordination with the
sensitive equipment in the feeder 1 when a fault occurs along line in feeders 2, 3, and 4,
respectively. In figure 5.12, we can see that 80K fuse of the line from bus 21 to bus 23 can



10"

80K-type, Beginning of line . 100K~-type, Beginning of line
T T 10 T

10° b ] 5 | 100K Fuse

17 | BOK Fus\ Redloser S | : e 10° | '&i’?k’i
1 L \ "l

z j:« i Breaker
g1 2 10 : \
= [ 4
o Redloser F~_ 0 Recloser E_: ' \ ‘
10° ¢ ™ 10" Ll " NG \ E
10 10t : : : FUseTC 3
N
- Fuse MM
107 5 T 4 107 P ‘3 4
10 10 10 10 10 10
Current (A) Current (A)
80K-type, Middle of line 100K-type, Middle of line
4 4
10 =T 3 3 10 = T
16° L ‘ \ r i I . 1%L 100K Fuse ; ; \
10° L. 80K Fus Redesr st o F f A | |  NRedlgeer S\ ,
@ w
ON = 3 Breaker
g0 2 10 \
[ [ N
10° 10°
107 | M\.\l&uge:'rc £ i FURTC
N W N
FURFVIMES Y Y Fuse MM N
10-2 2 J? 4 10_2 2 ‘3 4
10 10 10 10 10 10
Current (A) Current (A)
" 80K-type, End of line 5 100K-type, End of line
10 T 10 T
10°
10°
2 O
o 10t o
£ E
[ [
10°
107
10-2 2 : 3 4 10_2 2 ) 3 4
10 10 10 10 10 10

Current (A) Current (A)

Figure 5.14: Protection coordination with 80 K fuse and 100 K.fuse when fault occursaong
line from bus 43 to bus 56.

not coordinate with the sensitive equipment in the feeder 1 if the fault occurs along line from
bus 21 to bus 23. However, 100 K fuse can coordinate well with the equipment.

Figures 5.13 and 5.14 snow that we can use both 80 /4" and 100 & fuses for coordination
with the sensitive equipment in the feeder 1. It means that the fault occurs aong line, e.g.



55

Table 5.2: Sag frequency with uniform fault distribution and different fault types for voltage
threshold ranging from 10% to 90% of the nominal voltage

Voltage SLGF LIiF DLGF 3PF
Threshold (%) | (phase a) | (phaseb) | (phasec) | (phaseb) | (phase c)

0-10 16.64 0 0 1.13 1.13 0.45
10-20 16.97 0 0 0.96 0.96 0.44
20-30 18.76 0 0 116 1.83 0.62
30-40 28.88 0 1.38 1.29 1.96 0.67
40-50 35.24 0 11.30 2.07 371 1.22
50-60 74.39 3.39 10.53 3.83 522 1.87
60-70 101.64 4.27 9.04 A.T7 5078 | 2.00
70-80 83.37 8.14 3K 5.019 5.10 2.27
80-90 49.11 15.7T 0.41 4.82 0 0.46

from bus 27 to bus 38 inthe feeder 3, or from bus43 to bus5H6 in the feeder 4, can beisolated
with recloser before the fuse operates.

5.3.3 Sag Frequency with Different Voltage Threshold

This case shows the number of sag frequency with different voltage threshold and fault dis-
tributions. Table 5.2 shows the number of sag frequency for voltage threshold ranging from
10% to 90% of the nominal voltage with different fault types and with uniform fault distri-
bution. Similarly, tables 5.3 and 5.4 also show the number of sag frequency with normal and
exponential fault distributions, respectively.

From table 5.2, most of sag frequency arefrom 50% to 80% when a SL GF occurs. Fig-
ure 5.15 shows voltage sag frequency spectrums for voltage threshold ranging from 10% to
90% of the nominal voltage when the SL GF occurs with different fault distributions. Figure
5.15 shows that mast of sag frequency are from 50 — 70% of the nominal valtage, the highest
sag frequency is obtained by applying uniform distribution for thefault ‘occurs along line.

Moreover, table 5.5 shows the number of sag frequency when Monte Carlo Simulation
is applied.to simulate fault.type,faultlocation, andfault line asarandem value with veltage
threshold ranging from 10% to 90% of the nominal voltage. In table 5.5, the maximum value
of sag frequency for phase a is 27.01 with ranging from 70% to 80% of the nominal voltage
Py considering MCS. For phase b, the maximum sag frequency is 27.49 with the nominal
voltage ranging from 60% to 70%, while, the maximum sag frequency of phase c is 27.46
from 60 — 70% of the nominal voltage.
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Table 5.3: Sag frequency with normal fault distribution and different fault types for voltage
threshold ranging from 10% to 90% of the hominal voltage

Voltage SLGF ULF DLGF 3PF
Threshold (%) | (phase'a).| (phase b) | (phasec) j«(phase ) | (phase c)

0-10 13.44 0 0 0.83 0.83 0.33
10-20 11.28 0 0 0.85 0.85 0.46
20-30 28.46 0 0 1.47 2.57 0.79
30-40 27.76 0 2.23 "L 1.53 0.68
40-50 34.97 0 10.31 2.47 3.28 0.74
50-60 85.12 2.69 10.73 3.37 531 2.46
60-70 92.48 4.70 9.37 4.52 5.57 1.92
70-80 77.98 7.62 .28 5.38 5.05 221
80-90 53.50 17.05 0.11 4.84 0 0.39

Voltage SLGF LLF DLGF 3PF
Threshold (%) | (phase a) | (phaseb) | (phasec) | (phaseb) | (phase ¢)

0-10 20.63 0 0 151 151 0.60
10-20 27.94 0 0 1.45 1.45 0.63
20-30 1492 0 0 0.99 1e8T 0.51
30-40 26.67 0 1.47 1.36 1.89 0.74
40-50 35.11 0 13.63 1.52 4.71 1.43
50-60 85.39 4.73 951 5.06 4.44 1.63
60-70 94.93 4.42 8.25 7y 4.84 2.01
70-80 79.39 8.34 6.97 4.84 4.65 WL
80-90 37.01 15.41 0.16 4.51 0 0.23

Table 5.4: Sag frequency with exponential fault distribution and different fault types for
voltage threshold ranging from 10% to 90% of the nominal voltage
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Figure 5.15: Sag frequency spectrum of different fault distribution when a SL GF occurs

Table 5.5: Sag frequency by applying Monte Carlo Simulation for voltage threshold ranging
from 10% to 90% of the nominal voltage

Voltage Phasea | Phased | Phasec
Threshold (%)

0-10 7.40 7.53 742
10-20 4.36 4.31 4.28
20-30 5.25 5.33 523
30-40 7.04 7.08 7.07
40-50 1440 | 1Ay #14.26
50-60 P2420  WA9O | 24866
60-70 26.88 | 27.49 | 27.46
70-80 2701 | 26.36 | 26.59
80-90 24.04 | 2360 | 23.85
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5.3.4 Sag Frequency without Protection Coordination Consideration

In this case, sag frequency is considered with an assumption of 0.7 pu. of voltage threshold
of sensitive equipment. Voltage threshold is used to determine the area of vulnerability
of the sensitive equipment based on the fault position method. After that sags frequency
will be calculated for the equipment based on the'area of vulnerability. Coordination of
protective devices and sensitive equipment characteristics curve are not considered in this
case. The sensitive equipment-in.this test case islocatedat bus 2 and analyzed for sag
frequency assessments.

Table 5.6 shows'the number of line segments inside the area of vulnerability with-
out protection coordination consideration for all types of fault, e.g. single line—to—ground
fault, line—to—line fault, doubleline—to—ground fault and three—phase fault. In table 5.6,
numbers of line segment inside the area of vulnerability when line-—to—line and double
line—to—ground fault oceur between phases b and ¢ are not.the same because of resistance
of lineand transformersin the test system (more detailson proof.can befound in the appendix
G). Figures 5.16 to 5.18 show the areas of vulnerability for the fault in the power system.
Figure 5.16 shows that the area of vul nerability of the sensitive equipment when three-phase
faults occur in the power system s greater than the ones when single line—to—ground faults
occur. Figures 5.17 and 5.18 are the areas of vulnerability of the sensitive equipment at bus
2 when line—to—Iline fault and double line—to—ground fault occur respectively.

As shown in figures 5.16, 5.17, and 5.18, the areas of vulnerability for sensitive load
at bus 2 areillustrated. The influence of two kinds of fault distributions aong line are con-
sidered in order to eal culate expected sags frequency [45]. Uniform and normal fault distri-
butions along line-are considered. The resulting sag frequency for three phases for sensitive
equipment in this.case is obtained by using the numbers of line segment inside the area of
vulnerability in table 5.7.

From table 5.7,the expected sag frequency for one phase with'uniform fault distribu-
tion along lineis calculateddby. using equation (4.3).

1
NS§Fgp 24[292.52 (7.62 4 32.26) i (15.16 +2072) 3 = 7.27] & 180.03

Similarly, the expected sag frequency for one phase with normal fault distributions
alonglinesis

1
NSFsp = 5[293.42 +(7.29 + 32.75) + (14.68 + 20.46) + 3 x 7.42] = 130.29
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Table 5.6: The number of line segments inside the area of vulnerability for sensitive equip-
ment at bus 2 without protection coordination consideration

Type of Number. of line segmentsinside AOV
Fault Phase A Phase B Phase C
SLGF (A) 124 0 0
LLF (B,C) 0 34 145
DLGF (B,C) 0 109 143
3PF 131 i 131

Table 5.7: The number of sagfrequency for sensitive equipment at bus 2 without protection
coordination consideration

Number of sag frequency.for sensitive equipment at bus 2
Type Uniform distribution Normal distribution
of fault | PhaseA | Phase B | Phase C | Phase A | Phase B | Phase C
SLGF | 29252 0 0 293.42 0 0
LLF 0 7.62 32.26 0 7.29 32.75
DLGF 0 15.16 20.72 0 14.68 20.46
3PF 7.27 7.27 {2 7.42 7.42 7.42
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5.3.5 Sag Frequency with Protection Coordination Consideration

Protection coordination is considered in-order to show impacts on sensitive equipment in this
case. Sensitive equipment characteristic curves (ITIC or SEMI F47) are used to analyze fault
duration with protection coordination. It means that the proposed method considers not only
the magnitude of voltage, but also its duration. Two kinds of fault distributions along line
(uniform and normal distributions) are used to analyze the expected sag frequency.

Based on the sensitive equipment characteristics and protecti on-coordination, the num-
ber of line segments.inside the area of vulnerability are shown in table 5.8. The areas of
vulnerability for sensitiveload at bus 2 are shown in figures 5.19, 5.20, and 5.21.

Table 5.9 :shows the expected sag frequenciesfor three phases for altypeof faultsin
the test system based on the area of vulnerability. Thetablesclearly show that the number of
sag frequency decreases with protection coordination consideration.

In this case, the number of sag frequency for one phase with uniform fault distribution
along linesiis caleul ated from table 5.9 and equation (4.3).

NSFsp = % [274.90 + (4460 # 13:86 ) +.(13.74 + 19.89) + 3 x 6.84] = 115.84

The number of sag frequency for one phase with normal fault distribution along lines

1
NSFsp = 5 [279.87 + (4.60 + 14.19) + (13.56 + 19.95) +3 x 7.01] = 117.73
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Table 5.8: The number of line segments inside the area of vulnerability for sensitive equip-
ment at bus 2 with protection coordination consideration

Type of Number. of line segmentsinside AOV
fault Phase A Phase B Phase C
SLGF (A) 117 0 0
LLF (B,C) 0 20 62
DLGF (B,C) 0 99 143
3PF 123 123 123

Table 5.9: The number of sag frequency for sensitive equipment at bus 2 with protection
coordination consideration

Number of sag frequency.for sensitive equipment at bus 2
Type Uniform distribution Normal distribution
of fault | PhaseA | Phase B | Phase C | Phase A | Phase B | Phase C
SLGF | 27490 0 0 279.87 0 0
LLF 0 4.60 13.86 0 4.60 14.19
DLGF 0 13.74 19.89 0 13.56 19.95
3PF 6.84 6.84 6.84 7.01 7.01 7.01
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5.3.6 SaglIndices

In this section, sag indices will ‘be discussed and calculated by considering the sensitive
characteristic curve and applying the stochastic method. .S ARF I and SARFI.,,.. indices
are indices to analyze the number of customer that cannot be served or.impacted by voltage
sags.

The equation of the fuse protective devices will be applied for all fuses in the RBTS
bus 2 test system. The'parameters of the equation for fuse can be calculated by chosen the
parameter ¢ and the initial setting operation point for protective devices. In thistest case, the
parameter a of the fuse equation is chosen to be —2.. This value isjust for calculation and
easier to smul ate characteristic of fuse. Therefore, with parameter « and the-eperation point,
the parameter b/in the fuse equation can be calculated as showniin table 5.10.

536.1 SARFIx

S ARF T index willsbe determined based on the voltage threshald.  Analytical methed and
Monte Carla simulation (MCS) method [87] will be applied to'estimate the.number of sags.

In this section, SARF'Ix will be analyzed with different fault distributions, e.g. uni-
form distribution, normal distribution, and exponential distribution; and different types of
fault, eg. single line—to—ground fault (SLGF), line—to—line fault (LLF), double line-
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Table 5.10: Coefficient b for fuse characteristic equation

Fuse Coefficient b
number | Feeder 1 | Feeder. 2 | Feeder 3 | Feeder 4
1 5.4973 5.3997 5.3619 5.4964

2 543686 | 5.2329 | 51921 | 5.4378
3 5.2660 - 52092 | 5.2652
4 5.3140 — 4.8412..\+5.3137
9 5.1136 = 49181 | 51126
6 5.1258 i 4.8553 15,0141
. 5.0043 T — 5.0079

to—ground fault (DEGF), and three—phase fault (3PF). Moreover, MCS presents the be-
havior of fault problemsin thedistribution'system, e.g. fault type, fault location, fault line.

Tables 5.11 t05.13 show the number of S ARF Ix with the uniform, normal, and ex-
ponential fault distributions for different typesof faults.

Figure 5.22 shows SARF I indices for the sensitive equipment at bus 2 with differ-
ent fault type and the uniform fault distribution system. Similarly, figures 5.23 and 5.24
demonstrate the numbers of SARF [x of the sensitive equipment at bus 2 with the normal
and exponential fault distributions.

Table 5.14 shows SARF'I x based on Monte Carlo simulation take random fault prob-
lems into consideration in the test system.
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Table 5.11: SARFIx indieeswith the uniform fault distribution at the sensitive bus 2.

Voltage threshold (%) | 10+ 20~ |- 30/ | 40 50 60 70 80 90

SLGF 0.124°0.18 |'0.24 | 3.41 | 13.78"| 29.01| 44.36 | 82.91 | 136.69
LLF 0 0 0O | 001003 | 380 | 868 |1557 | 21.27
DLGF 001 | 0.02 | 003|220 236 419 | 731 | 1148 | 16.00
3PF 0 /0011021089 | 185 |.2.89 | 524 | 770 | 10.00

Table 5.12: SARF Iy indiceswith thenormal fault distributionat the sensitive bus 2.

Voltage threshold (%) | #10 | 20 |,30 [ 40 50 60 70 80 90

SLGF 0.13 | 0.187°0.25 [ 3.40 | 16.28 | 27.87 | 46.95 | 84.19 | 136.00
LLF 0 0 0 0 0.04 | 366 | 862 | 1520 | 21.60
DLGF 0.01| 0.020.03 129 | 254 | 416 | 7.20 | 11.38 | 16.00
3PF 0 (0011021 (095| 184 | 290 | 514 | 7.66 | 10.00

Table 5.13: S ARFTx indices with the exponential fault distribution at the sensitive bus 2.

Voltage threshold (%) | 10 | 20 | 30 | 40 50 60 70 80 90

SLGF 0.12 | 0.18 | 0.24 | 3.37 | 23.38 | 30.06 | 44.07 | 82.32 | 137.00
LLF 0 0 Pl (PALLE08 I IBE6 | 85 /4582 21.20
DLGF 001 | 002|003 | 1.18 | 229 | 424 | 7.38 | 11.50 | 16.00
3PF 0O |001|/021|086| 1.84 | 291 | 546 | 7.74 | 10.00
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Figure 5.22: SARFIx with the voltage threshold and the uniform fault distribution along
line.
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Figure 5.23: SARF Ix with the voltage threshold and the normal fault distribution along
line.
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Table 5.14: SARF I x with Monte Carlo simulation taking random fault problems into con-

Siderations.
Voltage Threshold (pu.) | Phasea | Phaseb | Phasec
0.1 0.56 0.55 0.56
0.2 1.18 1.20 1.18
0.3 2.07 2.09 2.07
0.4 6.64 6.61 6.63
0.5 18.32 1840 | .18.30
0.6 31.09 | 3116 | 3121
0.7 5150 FaOoREE, a2
0.8 84.60 . |.84.35"| 84.83
0.9 130.89 (1, 129.85.| 129.75
I SLGF
ElLLF
140 I DLGF
] I 3PF
120
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x 80
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Figure5.24: S ARF Ix with the voltage threshold and the expoenential fault distributionaeng

line.

53.62 SARFI.mue

In this case, SARFI index is considered with the sensitive equipment characteristic curve
(ITIC) and protective devices. It means that SARFI.,,,. results are analyzed not only the
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magnitude of voltage sags, but also the duration of voltage sags.

The sensitive characteristic curve isused to analyze the sags of the sensitive equipment.
It can determine and show when fault event isin the damage area of the sensitive equipment.
When any fault occurs in the power system, the sensitive load point will experience voltage
sags. The sags on customer site should be considered by analyzing magnitude and duration
of any sag event. The magnitude of sag event can'bedetermined by using the fault position
method. Meanwhile, the duration of sags event is analyzed by protection system. Coordina-
tion of protective deviceswith-the sensitive characteristic.curve will show how a protective
device can protect and isolatethe sags event or not.

Table 5.15 shows SARF [ ..+, With consideration of the characteristic curve and dif-
ferent fault distribution alongline for the sensitive load at bus 2. For SLGF, SARF'I indices
are 84.16, 83.27, and 88:31 with uniform, normal, and exponentia fault distribution along
line, respectively. We can see that fault distribution impacts on the load when a SLGF fault
occurs. Fault distribution should be taken into account for analyzing SARF'I indices. Figure
5.25illustrates SARF I ....40 resultswith fault distribution considered.

Table 5.15. SARF 14,4 With ITIC and fault distribution considered

Fault Fault Distribution

Type | Uniform | Normal | Exponential

SLGF | “84.16 832¢ 88.31
LLF 15.19 15.49 15.62

DLGF | 11.37 11.46 11.67
3PF 7.59 7.68 7.73

Figure 5.26 and table 5.16 show SARFI spectrum with the sensitive characteristic
curve and MCS consideration. Table 5.16 shows that SAREFI.,, .. are 186.92, 24.87, and
41.64 for phase.a, b, and.c when applying M CS;.respectively.
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Table 5.16: SARF'I..,».—mcs With the sensitive characteristic curve and Monte Carlo Sim-
ulation consideration on anayzing fault problems.

Fault Type | Phasea | Phaseb | Phasec
SLGF 180.35 0 0
LLE 0 9.48 22.95
DLGF 0 1071 L#**13.96
3PF 0 5.39 0
MCS 84.68 | 84.53|.84.78

5.3.6.3 SARFI Indiceswith.Expansion Test System

In this section, we will assume expansion|ength of linesand|oads of RBTS bus 2 test system
about 5 times to analyze SARF I'indices, Table 5.17 shows S A RF{ y with expanding the
test system about 5 times and fault distribution consideration for four types of fault. In table
5.18, SARFI... IS shown with consideration characteristic. curve. Moreover, table 5.19

shows SARF'I with Monte Carlo simulation and expansion of length of lines.

Table5.17: SARF Iy with'expanding length of lines in the test system.

Voltage Uniform distribution Normal distribution Exponential distribution

threshold | SLGF | LLF | DLGF | 3PF | SLGF | LLF | DLGF 3PF | SLGF | LLF | DLGF | 3PF
0.1 0.06 0 0 0 0.05 0 0 0.07 0 0.01 0
0.2 0.09 0 001 |001| 01 001 | 0.01| 0.13 0 0.02 |0.01
0.3 0.13 0 0.02 | 0.15| 0.15 0.02 | 012 | 0.19 0 0.02 |0.07
04 227 0 0.87 | 0.68 | 1.69 0:75 101641 1. 1.7 0 094 |0.87
05 999 | 003| 129 (084 | 989 | 006 | 152 |110 14 0.09 | 221 |153
0.6 13.77 | 164/ 186 |121| 1705 | 1.70 | 229 | 153 | 2353 | 294 | 325 |219
0.7 2166 | 3.04 | 292 | 192 | 2569 | 382 | 340 |219 | 3498 | 5.04 | 465 |3.01
0.8 3331 | 570 | 419 | 256 | 3749 | 6.71 | 475 | 296 4555 | 781 | 563 |3.54
0.9 4735|895 | 579 |361 | 5299 10141 645 |3.83 | 5449 | 1214 |" 743 |4.21
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Table5.18: SARFI.,,,. with expanding length of linesin the test system.

Voltage Fault distribution
threshold | Uniform | Normal | Exponential
SLGF 8.0 37.49 42.07

LLF .Y 6.71 7.25
DLGF 4.85 475 2.24
3PF 3.02 2.96 ==

Table 5.19: SARF'I with expanding length of lines'in the test system and Monte Carlo
simulation consideration.

VoltageThreshold | Phase a | Phase b | Phasec
0.1 0.49 0.49 0.49
0.2 =il 1.14 1.13
0.3 1.96 1.97 1.97
0.4 4.78 4.74 474
0.5 1197 | ,11.99 | 11.99
0.6 1936 | 1928 | 19.28
0.7 28:35smmaa 33 28.33
0.8 40.04 | 40.15 | 40.14
0.9 5823 | 57.68 | 57.68

MCS 40.35 | 39.97 | 39.97

5.4 Discussion

A method to analyze type of protective devices based on coordination of protection and the
characteristics of sensitive equipment has been presented in this chapter. Numerical results
show the effect of ‘the proposed method in determined which type of protection device can
protect and coordinate with the sensitive.equipment. The fault pesition methad isapplied in
the proposed method. It shows that fault position should be considered in analyzing type of
protection device for preventing sags on sensitive equipment.“80K and 100K fuses areused
to analyze in seetions 5.3.1 and 5.3.2. The proposed method determines a operati on:point
based on a coordination of protective devices and sensitive equipment. This operation point
analyzes a protective device that can protect a sensitive equipment or not.

Sag frequency is analyzed with different voltage thresholds in section 5.3.3. Different
fault distributions and fault types are applied to determine sag frequency for voltage thresh-
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old ranging from 10% to 90% of the nominal voltage. Table 5.2 shows that the maximum
sag event when single line—to—ground faults occur and uniform fault distribution consid-
eration, is 101.64 sag with the nominal ranging from 60 to 70%, while, the maximum sag
frequency with normal and exponential fault distributions are 92.48 and 94.93 with same
voltage threshold ranging, respectively. Results mean that different fault distributions will
effect to sag frequency when a fault occurs aong line: Mereover, sag frequency by applying
MCSisaso considered in the section 5.3.3. Most of ‘sagfrequency for phase a, b, and ¢ with
random faults occur are from-60-—80%, 70— 90%;-and-40.—80% of the nominal voltage,
respectively.

In this chapter, the area of vulnerability for sensitive equipment based on protection
coordination and characteristic of sensitive equipment isa so presented. It is analyzed based
on consideration of protection eoordination for different fault types. Simulation results show
that the sag frequency taking the protection coordination. into account is lower than sag
frequency without the protection coardination consideration in sections 5.3.4 and 5.3.5. It
means that protection coordination should be considered to analyze voltage sag on sensitive
equipment.

Two types of sag indices, i.e. SARF Ix and S ARF'L..-e; &€ aso described in order
to analyze numbers of customer that will: be impacted by voltage sags. Not only the an-
alytical technique but also stachastic simulation are used to teke into account sag indices.
SARFI,.,,.. is caculated with different fault distributions in section 5.3.6.2. From table
5.15, SARFI is 83.27 with normal fault distribution.consideration, while, SARF I with
uniform and exponential fault distributions are 84.16 and 88.31, respectively. It shown that
different fault distributions will impact SARF I .yppe- SARF 1.6 fOr. phase a with MCS
for all fault events (fault types, fault locations, and fault lines) is higher when SLGF occurs
with only stochastic fault locations and fault lines (SLGF is about 85% fault event in power
system). Moreover, SARFI.,,.. is higher than SARF Iy in section 5.3.6.1. It means that
coordination between protective devices and sensitive equipment is effected because sensi-
tive equipment.will be protected by jprotection coordination.



CHAPTER VI

CONCLUSIONSAND FUTURE WORK

6.1 Conclusions

Voltage sags have gained'more interest due to their consequences.on the performance of
sensitive equipment. Voltage sagsisa short duration reduction.in rms voltage between 0.1
and 0.9 pu. with duration fram 0.5 cyclesto 1 minute. Voltage sags that effect sensitive load
are usually caused by faults somewhere in transmission and distribution systems.

Voltage magnitude and duration are essential characteristics of voltage sags. The mag-
nitude of voltage sags'ts the remaining magnitude expressed. in percent or per unit. The
voltage sag duration is defined as the flow duration of the fault current in a network. This
duration is normally determined by fault clearing time.

The characteristic of sags is defined based on the magnitude and duration of sags; and
described by voltage tolerance curves, e.g. ITIC or SEMI curves.

A proposed method is presented-to-analyze impacts of voltage sags and protection
coordination on sensitive equipment in distribution systems. 'In this dissertation, the fault
position method is used to calculate fault currents and fault voltages. It is a powerful tool
for short-circuit calculation in the meshed or large power systems. Moreover, this method is
also used for fault calculation. Fault distribution is also applied to the fault position method
in order to analyze impacts of voltage sags when the fault occurs along line.

Moreover, a stochastic simulation which is Monte Carlo Simulation is presented in this
dissertation for simulating arandom fault problem. Monte Carlo Simulation is applied to the
fault position method with fault parameters such as types of fault, fault positions, fault lines.

Theeoordination of protection devicesis presented asfault ¢learing processin distri-
bution systems. The general coordination in distribution system is that the fuse should only
operate foria permanent fault on the load feeder, however if afault isatemporary fault or a
fault occurs behind the recloser, the recloser should disconnect.the circuit and give a fault a
chance to clear.” Therefore, poor coordination adversely impacts the overall' power quality.
To protect the sensitive equipment, the coordination of protection devices snould apply with
the characteristic of the equipment.

Considering the coordination of protection devices and the characteristic of equipment,
the area of vulnerability for the sensitive equipment is presented. The area of vulnerability
for the sensitive equipment shows the region of the network that includes a part of line or
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whole line where the occurrence of the fault will lead to voltage sags at the sensitive load.
Based on the area of vulnerability, the expected sags frequency can be determined to analyze
impacts of sags.

Sag indices are presented and determined by using two stochastic methods, e.g. an

analytical method and Monte Carlo Simulation approach. Different types of fault and fault
distributions are also applied.

Contributions of this dissertation are

e Coordination between characteristic of protective devices and sensitive equipment is
proposed to investigate impagcts of voltage sags on sensitive equipment. The proposed
method was able teranalyze a operation point which is determined by characteristics
of protective-device and sengitive, equipment. Based on the operation point, types
of protective devices are analyzed to prevent voltage sag on sensitive equipment. In
addition, a fault position method is a powerful tool for calculating short—circuit in a
large or meshed systems. It was applied in the proposed method to the calculation of
voltage sag when a fault occurs at bus or aong line.

Sag frequency with consideration'of different fault distributions can be determined.
This dissertation used the fault position method to apply different types of fault such as
fault locations, fault lines, and fault clearing process as an extension of the method for
fault calculation. Various stochastic parameters are included in the proposed method
to calculate and determine voltage sags of the sensitive equipment. The details of sys-
tem fault statistic are used to analyze sag events. The fault distribution for the fault
along line should apply into the method for the assessment of a stochastic fault on
line. Moreover, the area of vulnerability can also be determined based on the proposed
method with cansideration of protection coordination. It isvery useful to analyze the
effect of protective devices and fault distributionsin sag on sensitive equipment. When
theproposed methodisapplied in RBTS bus 2 test system which isclese to an actual
distribution system, it shows that fault distributionsand coordination of protective de-
vicesshould be used to analyze voltage sags on sensitive equipment.

SARF'I index shows the number of customer could not be served. Two sags indices,
SARFIx and SARFI.,...; &e shown based on the sag threshold-and the sensitive
characteristic curve. The proposed method s aso applied to analyze SARFT with
different fault distributions and characteristic of protective devices. Moreover, MCSis
also applied and simulated in the proposed method taking into account more complex
random factors for fault events. Generally, faults are known as random events, hence
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SARFT should be analyzed by using stochastic fault parameters. By using MCS,
results of sag index are expected close to the actual value.

6.2 FutureWork

This dissertation presents a proposed method to analyze voltage sags with consideration
of coordination between protective device and sensitive'equipment. The method requires
sensitive equipment data, fault distributions, and time-current characteristic curves of the
protective devices. However,“the method also has some limitations, and it has not been
tested with actual systems. Seme recommendations for future work are as follows.

e Application to real'systems

The proposed method can be applied to areal system to analyze the validity of the
method. The effeet of fault.events occur at bus or aong line ecan be checked with the
real record data.

e Comparing protective devices

This dissertation has presented how to determine and choose a suitable protective de-
vices based on considering coordination of protection and the equipment sensitivity. It
isvery useful to improve the system configuration to prevent sags on the sensitive load
in the practice. In this dissertatron, the fuse parameters are determined based on the
setting point, therefore, the proposed method need to compare with real protection sys-
tem in the distribution systems. Moreover, optimal location and setting for protective
devices will consider in future work.

e Including actual fault distribution

Fault distribution is presented as uniform, normal, and exponential distributions. In
addition, MCS is@soised to simulate fault events as stochastic values. However, it
just-only: stachastic equation, therefore, the method can be improved if ‘actual fault
distrilution can be obtained.
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Appendix A: RBTSBus2 Test System
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Appendix B: BusData of RBTSBus2 Test System (1/2)
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Bus Load Shunt Initial Voltage Voltage limits
Number P Q G B Mag. Ang. Min. Max
(MW) | MVvar) | (MW), | (MVar) |7 (pu.) | (pu) | (pu) | (pu.)

1 0.0000 | 0.0000 | Q.00 0.00 1.00 0.00 0.95 1.05
2 0.0000 | 0.0000_ | 0.00 0.00 1.00 0.00 0.95 1.05
3 0.0000 | 0:0000-10.00 0.00 1.00 0.00 0.95 1.05
4 0.0000 |-.0.0000 | 0:00 0.00 1.00 0.00 0.95 1.05
5 0.0000 | 0.0000 | +0.00 0.00 1.00 0.00 0.95 1.05
6 0.0000 | 0.0000 | ~0.00 0.00 1.00 0.00 0.95 1.05
7 0.5350 |.0:2960+| 0.00 0.00 1.00 0.00 0.95 1.05
8 0.0000 | 0.0000 |~ 0.00 0.00 1.00 0.00 0.95 1.05
9 0.5350 |.0.2960 | .0.00 0.00 1.00 0.00 0.95 1.05
10 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
11 0.5350 | 0:2960 | .00 0.00 1.00 0.00 0.95 1.05
12 0.0000 | 0.0000 | Q.00 0.00 1.00 0.00 0.95 1.05
13 0.5660 | 0.3132 | 0.00 0.00 1.00 0.00 0.95 1.05
14 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
15 0.5660 | 0.3132 | ©0.00 0.00 1.00 0.00 0.95 1.05
16 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
17 0.4540 | 0.2512 | .0.00 0.00 1.00 0.00 0.95 1.05
18 0.0000°| 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
19 0.4540-1 0.2512 | 0.00 0.00 1.00 0.00 0.95 1.05
20 0.0000 |.0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
21 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
22 1.0000 | 0.5533 | 0.00 0.00 1.00 0.00 0.95 1.05
23 1.1500 | 0.6363 0.00 0.00 1.00 0.00 0.95 1.05
24 0.0000 1.0.0000 | 0.0 0.00 1.00 0.00 0.95 1.05
25 0.0000 '{+0.0000 | “0.00 0.00 1.00 0.00 0.95 1.05
26 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
2L 0.0000 |_0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
28 0.0000| 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05




Appendix B: BusData of RBTSBus2 Test System (2/2)
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Bus Load Shunt Initial Voltage Voltage limits
Number P Q G B Mag. Ang. Min. Max
(MW) | MVvar) | (MW), | (MVar) |7 (pu.) | (pu) | (pu) | (pu.)

29 0.5350 | 0.2960 | Q.00 0.00 1.00 0.00 0.95 1.05
30 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
31 0.5350 | 0:29600.00 0.00 1.00 0.00 0.95 1.05
32 0.0000 |.0.0000 | 0:00 0.00 1.00 0.00 0.95 1.05
33 0.4500 | 0.2490 | .0.00 0.00 1.00 0.00 0.95 1.05
34 0.0000 | 0.0000 | .0.00 0.00 1.00 0.00 0.95 1.05
35 0.5660 |.0:3132+| 0.00 0.00 1.00 0.00 0.95 1.05
36 0.0000 | 0.0000 |~ 0.00 0.00 1.00 0.00 0.95 1.05
37 0.5660 |.0.3132" | /0.00 0.00 1.00 0.00 0.95 1.05
38 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
39 0.4540 | 0.2512| 0.00 0.00 1.00 0.00 0.95 1.05
40 0.0000 | 0.0000 | Q.00 0.00 1.00 0.00 0.95 1.05
41 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
42 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
43 0.0000 | 0.0000 | +0.00 0.00 1.00 0.00 0.95 1.05
44 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
45 0.4540 | 0.2512 | .0.00 0.00 1.00 0.00 0.95 1.05
46 0.0000°| 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
47 0.4500-| 0.2490 | 0.00 0.00 1.00 0.00 0.95 1.05
48 0.0000 |.0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
49 0.4500 | 0.2490 | 0.00 0.00 1.00 0.00 0.95 1.05
50 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
51 0.4500 | 0.2490+ 0.00 0.00 1.00 0.00 0.95 1.05
52 0.0000 1.0.0000 | 0.0 0.00 1.00 0.00 0.95 1.05
53 0.5660 +0.3132 | "0.00 0.00 1.00 0.00 0.95 1.05
54 0.0000 | 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
55 0.5660 | 0.3132 | 0.00 0.00 1.00 0.00 0.95 1.05
56 0.0000| 0.0000 | 0.00 0.00 1.00 0.00 0.95 1.05
57 0.4540 |0.2512 |~ 0.00 0.00 1.00 0.00 0:95 1.05
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Appendix C: Positive and Negative Sequence | mpedancesfor Line Data
of RBTSBus 2 Test System (1/2)

Branch | From To R X B Rating | Ratio | Angle
(pu) . |\ (pu.)” | (pu.) | (MVA) (deg.)
1 1 2 0.0731 | 0.0567 0 250 0 0
2 2 3 0.0731 | 0.0567 0 250 0 0
3 3 4 0.0731 | 0.0567 0 150 0 0
4 4 5 0:0585 | 0.0454 0 300 0 0
5 2 6 0.0585, |/ 0.0454 0 150 0 0
6 2 8 0.0780 /| 0.0605 0 250 0 0
7 3 10 0.0780 | 0.0605 0 250 0 0
8 3 > 0.0585 | .0.0454 0 250 0 0
9 4 14 0.0780 {-0.0605 0 250 0 0
10 4 16 0.0731 | 0.0567 0 250 0 0
11 5 18 0.0780 | 0.0605 0 250 0 0
12 6 y/ 0.0000 | 4.5661 0 150 1 0
13 8 9 0.0000 ‘|- 4.5661 0 250 1 0
14 10 11 0.0000- | 4.5661 0 250 1 0
15 12 13 0.0000 | 4.5661 0 250 1 0
16 14 15 0.0000 | 4.5661 0 250 1 0
17 16 17 0.0000 | 4.5661 0 250 1 0
18 18 19 0.0000 | 4.5661 0 250 1 0
19 1 20 0.0731 | 0.0567 0 250 0 0
20 20 21 0.0585 | 0.0454 0 250 0 0
21 20 22 0.0780 | 0.0605 0 150 0 0
22 21 23 0.0780 | 0.0605 0 300 0 0
23 1 24 0.0731. | 0.0567 0 250 0 0
24 24 25 0.0780 | 0.0605 0 250 0 0
25 29 26 0.0585 | 0.0454 0 150 0 0
26 26 27 0.0731 |10.0567 0 300 0 0
27 24 28 0.0585 | 0.04%4 0 156 0 0
28 25 30 0.0731 | 0.0567 0 250 0 0
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Appendix C: Positive and Negative Sequence | mpedancesfor Line Data
of RBTSBus 2 Test System (2/2)

Branch | From To R X B Rating | Ratio | Angle
(pu) . |\ (pu.)” | (pu.) | (MVA) (deg.)
29 25 32 0.0780. | 0.0605 0 250 0 0
30 26 34 0.0731 | 0.0567 0 250 0 0
31 26 36 0.0780 | 0.0605 0 250 0 0
32 27 38 0:0585 | 0.0454 0 250 0 0
33 28 29 0.0000, |, 4.5661 0 150 1 0
34 30 31 0.0000 /| 4.5661 0 250 1 0
35 32 33 0.0000 | 4.5661 0 250 1 0
36 34 §O 0.0000 | 4.5661 0 250 1 0
37 36 37 0.0000 {-4.5661 0 250 1 0
38 38 39 0.0000 | 4.5661 0 250 1 0
39 1 40 0.0780 | 0.0605 0 250 0 0
40 40 41 0.0731 | 0.0567 0 250 0 0
41 41 42 0.0731 . 0.0567 0 150 0 0
42 42 43 0.0585 - 0.0454 0 300 0 0
43 40 44 0.0731 | 0.0567 0 150 0 0
44 40 46 0.0585 | 0.0454 0 250 0 0
45 41 48 0.0585 | 0.0454 0 250 0 0
46 41 50 0.0780 | 0.0605 0 250 0 0
47 42 52 0.0780 | 0.0605 0 250 0 0
48 43 54 0.0731 | 0.0567 0 250 0 0
49 43 56 0.0780 | 0.0605 0 250 0 0
50 44 45 0.0000 | 4.5661 0 150 1 0
51 46 47 0.0000. | 4.5661 0 250 3, 0
52 48 49 0.0000 | 4.5661 0 250 1 0
53 50 51 0.0000 | 4.5661 0 250 1 0
54 52 53 0.0000 |4.5661 0 250 1 0
55 54 5b, 0.0000 | 45661 0 250 i’ 0
56 o6 57 0.0000 | 4.5661 0 250 1 0
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Appendix D:  Zero Sequence Impedances for Line Data of RBTS Bus 2
Test System (1/2)

Branch | From To R X B Rating | Ratio | Angle
(pu) . |\ (pu.)” | (pu.) | (MVA) (deg.)
1 1 2 0.0731 | 0.0567 0 250 0 0
2 2 3 0.0731 | 0.0567 0 250 0 0
3 3 4 0.0731 | 0.0567 0 150 0 0
4 4 5 0:0585 | 0.0454 0 300 0 0
5 2 6 0.0585, |/ 0.0454 0 150 0 0
6 2 8 0.0780 /| 0.0605 0 250 0 0
7 3 10 0.0780 | 0.0605 0 250 0 0
8 3 > 0.0585 | .0.0454 0 250 0 0
9 4 14 0.0780 {-0.0605 0 250 0 0
10 4 16 0.0731 | 0.0567 0 250 0 0
11 5 18 0.0780 | 0.0605 0 250 0 0
12 6 y/ 0.0000 | 4.5661 0 150 1 0
13 8 9 0.0000 ‘|- 4.5661 0 250 1 0
14 10 11 0.0000- | 4.5661 0 250 1 0
15 12 13 0.0000 | 4.5661 0 250 1 0
16 14 15 0.0000 | 4.5661 0 250 1 0
17 16 17 0.0000 | 4.5661 0 250 1 0
18 18 19 0.0000 | 4.5661 0 250 1 0
19 1 20 0.0731 | 0.0567 0 250 0 0
20 20 21 0.0585 | 0.0454 0 250 0 0
21 20 22 0.0780 | 0.0605 0 150 0 0
22 21 23 0.0780 | 0.0605 0 300 0 0
23 1 24 0.0731. | 0.0567 0 250 0 0
24 24 25 0.0780 | 0.0605 0 250 0 0
25 29 26 0.0585 | 0.0454 0 150 0 0
26 26 27 0.0731 |10.0567 0 300 0 0
27 24 28 0.0585 | 0.04%4 0 156 0 0
28 <Y 30 0.0731 | 0.0567 0 250 0 0
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Appendix D:  Zero Sequence Impedances for Line Data of RBTS Bus 2
Test System (2/2)

Branch | From To R X B Rating | Ratio | Angle
(pu) . |\ (pu.)” | (pu.) | (MVA) (deg.)
29 25 32 0.0780. | 0.0605 0 250 0 0
30 26 34 0.0731 | 0.0567 0 250 0 0
31 26 36 0.0780 | 0.0605 0 250 0 0
32 27 38 0:0585 | 0.0454 0 250 0 0
33 28 29 0.0000, |, 4.5661 0 150 1 0
34 30 31 0.0000 /| 4.5661 0 250 1 0
35 32 33 0.0000 | 4.5661 0 250 1 0
36 34 §O 0.0000 | 4.5661 0 250 1 0
37 36 37 0.0000 {-4.5661 0 250 1 0
38 38 39 0.0000 | 4.5661 0 250 1 0
39 1 40 0.0780 | 0.0605 0 250 0 0
40 40 41 0.0731 | 0.0567 0 250 0 0
41 41 42 0.0731 . 0.0567 0 150 0 0
42 42 43 0.0585 - 0.0454 0 300 0 0
43 40 44 0.0731 | 0.0567 0 150 0 0
44 40 46 0.0585 | 0.0454 0 250 0 0
45 41 48 0.0585 | 0.0454 0 250 0 0
46 41 50 0.0780 | 0.0605 0 250 0 0
47 42 52 0.0780 | 0.0605 0 250 0 0
48 43 54 0.0731 | 0.0567 0 250 0 0
49 43 56 0.0780 | 0.0605 0 250 0 0
50 44 45 0.0000 | 4.5661 0 150 1 0
51 46 47 0.0000. | 4.5661 0 250 3, 0
52 48 49 0.0000 | 4.5661 0 250 1 0
53 50 51 0.0000 | 4.5661 0 250 1 0
54 52 53 0.0000 |4.5661 0 250 1 0
55 54 5b, 0.0000 | 45661 0 250 i’ 0
56 o6 57 0.0000 | 4.5661 0 250 1 0




Appendix E: Length Lines Data of RBTS Bus 2 Test System

Branch | From To Length | Branch | From To Length
(km) (km)

1 1 2 0.75 29 25 32 0.80

2 2 - 0.75 30 26 34 0.75

3 3 4 0.75 31 26 36 0.80
4 4 5 0.60 32 27 38 0.60

5 2 6 0.60 3% 28 29 -

6 2 8 0.80 34 30 31 -

7 3 10 0.80 30 32 33 -

8 8 g 0.60 36 34 35 -

9 4 14 0:80 37 36 37 -
10 4 16 0.75 38 38 39 -
11 5 18 0.80 39 1 40 0.80
12 6 7 - 40 40 41 0.75
13 8 9 - 41 41 42 0.75
14 10 11 - 42 42 43 0.60
15 12 13 - 43 40 44 0.75
16 14 15 - 44 40 46 0.60
17 16 17 - 45 41 48 0.60
18 18 19 - 46 41 50 0.80
19 il 20 0.75 47 42 b2 0.80
20 20 21 0.60 48 43 54 0.75
21 20 22 0.80 49 43 56 0.80
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Appendix F: ITI (CBEMA) Curve (Revised 2000)
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Appendix G: Proofsof Different During-fault Voltage Dueto Resistance
of Line.

This appendix shows proofs of different of during-fault voltage when LLF and DL GF occur
at bus f with resistance of line consideration.
a. Lineto-lineFault (LLF)

The symmetrical componentsof fault current are

AVA
[z — 0 and Ip — [n = f.preprof f
f f da D n
ZimeaT,

The symmetrical components of bus voltages during fault are

vz 0 0 0

7 A¥ ZEATR (A+jB)

Bus voltages during fault'are

1 1 1 0 0
Vaee =11 a* a } [ 1 #(AH ;B) ] = [az(l(A—FjB))—i-a(A—i-jB)
1 a(l — (A+JjB))+ a*(A+ jB)
0

(—0.5— j0.866)(A + jB)

Vabe — | (—0.5 + j0.866) (1= (A +jB))
)) + (—0.5+7%0.866) (A + jB)

(—0.5 — j0.866)(I'— (A+jB))

AL
i i

0
Vabe — | —0.5+ 2 x 0.866B.+0:866(1 — 2A)
| 0.5 —2x 0.866B + j0.866(—1 + 24)

Magnitude of during-fault phase voltage at bus m are

N

mag(V%) = [(—0.5 +2 x 0.866B)% + (0.866(1 — 24))2]

=

mag(V¢) = [(—0.5 —2 x 0.866B)? 4 (0.866(—1 + 2A))?]

Hence,

=

mag(V2) = [(0.5% 4 (2.x 0.8668)* + (0.866(1 - 24))2— 4 X 0.5 x 0,866’

mag(V¢) =[(0.5% + (2 x 0.866B)* + (0:866(1 — 2A4))? + 4 x 0.5 x 0.8663]5

From: above equations, we can see that magnitudes of during-fault voltage of phases
b and ¢ are equal when B is zero. . It means that when resistance of line is considered,
magnitudes of phases b and ¢ voltage during fault are not same.

b. Double line-to-ground Fault (DL GF)
The symmetrical components of fault currentsis given by
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P — (Z?ijZ?f)Vf,pref A+ gbe +ag + jbo — A +jB
= 7D mn D z n 7z : — 1
Zip 2+ gffgff + 2725y ag +Jbs
. —Z% ,pre +] 0 .
m_ F1Vipref _ A+ iB
f P 7n D 7z n 7z . 2 J b2
Zi1Zys JrZZT{f‘fff + 2325 | asit ZZB
—ZfrVfpref Az -+ J02 .
17 = =1 = Ay + jB
f P 7n D z n 7z ; 0 0
Zyp2fy + 2525 + ZfgZiy | 031 5s
Hence,
A1 i = (as(ap +ag) +b3(by + b)) + §(=bs(ag + as) + az(by + b2))
1+ Jb1 = 2
bubass D, — aghy) =
. apag =+ 0gO3 300 — Qqb3
Ay + B, = 2" 12
o 3
The phase currents at thefaulted bus are
(1011 Iz vy Ap 255,
If*=11 a* a L SN’ 7 A+ 1By
|1 a o "4 W Vo a2 Ao+ jBs
[ 0

1§ = | Ao+ jBo + a*(A, 4+ By) # a(As + 5 By)
| Ao+ jBo+ Ay #By) + a*(Az ¥ jB)

0

g = | Ap — 0.5(A; +A,) =0.866(By —Ba) +1j(Bo = 0.5By + 0.866A; — 0.58; — 0.866Ay)
| Ap — 0.5(A; + Ay) 4+ 0.866(By— Bs) + ji(Bo — 0.6B8; — 0.866A; — 0.5B5 + 0.866As)
Magnitudes of fault current for phases b and ¢ are

mag(IjZ):[(Ao —0.5(A; + Ay) — 0:866(By; — Bs))2 + (By — 0.5(B; — By) + 0.866(A; — As))?]
= [(Ag—0.5(A; + A3))*+(0.866(B; — Bs))2 —2(Ag~0.5(A; + A5))0.866( B, — By)+
+(By—0.5(By+B3))2 + (0.866(A; — A3) )2 +2(By — 0.5(By+ B>))0.866(A; — Ay)] 2
mag(/§)=[(Ao — 0:5(As+ As) +0.866(By — B5))2 4 (Bo—0.5(By % By) — 0.866(A; — Ay))?]
= [(Ap—0.5(A1+ A3))%+(0.866(B; — By) )2 +2(Ag—0.5(A, +43))0.866(B; — By)+
+(By—0.5(By+4Bs))? + (0.866(A; — A3))2=2(By — 0.5(B; +.B5))0.866(A; — Ay)] 2
If magnitudes of ? and I are equal, therefore, the different of above magnitudes is zero,
and shown in following
2(Ag= 0.5(A; + Ay))0.866(B; = By) = 2(By— 0.5(B; + B3))0.866(A7 = As) =0
SA By, A:B,=00r A B, = AB,
17 =1A, + jBy & I} X By = A1 By + jB1 By
I} = Ay + jBy & I} X By = AyB1 + jBy By
Hence, Ij? X By'= It x 'Bj
Therefore, if above equation iscarrect, we can show that ‘angles of 1 ]5’ and /7 are'same.
However, angles of ]]’3 and I} are not the same because of resistance of line, transformer, or
generator. It means that during-fault currents and voltages for DL GF occur between phase b
and ¢ are not the same when we consider resistance of line, transformer or generator.
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