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Abstract

Power Quality has been an important concept since the inception of power systems.
With more and more sensitive equipment being used in the industries, the
requirement of standards of power quality has been highlighted. Power quality
related problems that result in loss of production in critical processes create a
dilemma for both the serving utility and the customer. This research is based on
giving proposals to solve a specific power quality problem involving voltage sags in
one of the large scale customers of Ceylon Electricity Board i.e. Merbok MDF Lanka
(Pvt) Ltd. The customer has installed considerable amount of sensitive equipment in
his large scale manufacturing processes including PLC equipments, variable speed
drives, etc. The customer has faced frequent power interruptions and subsequent

production losses due to the said power quality problem.

Data was obtained from the customer prermses and from the Horana GSS. After
analyzing the data it was revealed that most of the Voltage sags are due to fault
conditions in the nearby distribution feeders. Voltage sags having 0.8 to 0.9 p.u.

magnitude and 0.5 to 3s duration are the most common.

When giving a solution for the problem both system level improvements and device
level mitigation solutions are proposed. In data analysis it is found that pattern of
tripping is highly weather dependent. This is considered in system improvement
proposals and regular way leave clearance of identified feeders is found to be
executed. In addition to that installing auto reclosers at the Horana gantry is proposed
in order to reduce the fault clearance time and to improve system reliability as it will

directly reduce number of unnecessary tripping at the grid substation.

As a device level mitigation several options such as static transfer switch (STS),
uninterruptible power supply (UPS), shunt connected voltage source converter
(STATCOM), series connected voltage source converter (SVC) cum dynamic
voltage restorer (DVR) are discussed. DVR is proposed as the best solution for this

situation as it
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can provide voltage support for individual loads. The power rating of the DVR and
the capacity requirement of the energy source is calculated. It is expected that the
outcome of the study would be much beneficial to the customer in solving the
problem and it would be beneficial to other industrial consumers in solving similar
problems. In addition to that, | expect it would be beneficial to Ceylon Electricity
Board, i.e.my employer in managing Quality of Power.
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Chapter 01

INTRODUCTION

1.1 Back ground

Power Quality is an aspect which has been with us sinee the inception of power systems.
However groving concern o the issue has arisen with the ntroduction of power
semiconductor svitches 1o the industry whaere load equipment is less tolerant and sensitive to
power quality veriations. Yoltape segs. Short interruptions. Harmonic disturbances and
Voltage imbalances are the wost prominent power quality problems i tic incustry.
Voltage sag hes not been o new phenemenon but represents the majority of disturbances
facing the industrial consumers. Since the manufacturing precesses increasingly become
more automated and inteorated with modern sensitive devices. attention to power quality
issues has become prominent. Fven short time disturbances lasting for 100 ms may result in
several hours 1 production foss and Dnancial conseguences of such interruption may be very
high. The guatity of nower has become very important as it is having a direct economic
impact on manv industrial consumers | 1] This study is focused on voltage sags out of the
said nower gratity probleme.

Merbok MDY Toapka (Po Fad B one of e ferpest indnsirial electricity consumers having
mega scale nymuviacioring fachitics compris e modern equipment and located at Horana
Export Processing Zene. Hereofior Urelor Merbok MDE Lanka (Pvt) Litd. as the customer.
From several veers. comalaln s e made omeatedly by the custemer on frequent internal
tripping due o voltace MTactuations in 33kV CER system. The cvsiomer has claimed large

number of hows eof loss of production due to stonping of machines caused by unexpected

“rs

¥

power interre o ons e alditia o te tess of preduetion. b has faced expensive rework and
higher overhens «onis Accordng o the disturbance records at the customer premises, in

some moiche rieping toe hos boznoas bigh os one frinning per dav. A Power Quality

beos 10 ordes te oet a solution for this problem.

Monitor has hoen e

The customer nux ex 4t bis installation tiipping aceurrs due to the voltage
fluctuations in the witiny systern (CRBY Te has requested from CEB 1o give a solution to the

problem. Witk ther Caceeasing imoortence of power quality. this is considered as an

»)
Joss

opportuity o dintocer oosoletan o praeiicor ower guat by problert through a proper way

of studving the seiro o



1.2 Mosivation

The outcorne o o devcton o rerhodology o reduce nomber of trippings at the

customer reiises and 0o wil fenher assist in Increasing the productivity of the customer
premises.

aelyus @ooaide toe o solve problems o sitiar situations at the

The technical

ndustry,

The concept of better power guatiee can be coasidered as one of the pricrities of electricity

The reliability improvement will help

utilities snd e Prorove cusiomer

MVesiors.

industries and

1.3 ()hj aetive

The obiectives of this ~tudy ave to

o Idunuity the problom thrugh date

Do il

. L
# FOPose mVRICHT 188

1.4 The Seope of W

ientification. analvzng the prob'ena using practical

The scone of vorl eone

i
lem and cone LSO,

data. dratting vincthescioy

The thesis hos oo areocized oo corsaoute chanters as deseribed below,

B jhe Vaoitag: seo 1O irod i Chapter 2.
s et ST
» Data Anaivsisois done s oChnnter 4

se probdon s explaned 1 Chapter 5.

p The methoaciopns
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Chapter 02

VOLTAGE SAG CHARACTERISTICS

2.1 Introduction

This chapter focuses on discussing the voltage sag characteristics. equipment behavior under
voltage sag condition, propagation of voltage sag in the power system and the voltage sag
detection techniques. Voltage Sags are said to be most severe as well as most common power
quality disturbance faced by industrial consumers. Voltage sags can be caused by network faults.
reclosure operations and by the start up of large loads such as induction motors. When the source
of voltage sags is concerned it can be on the utility side or the internally within the customer
premises. Voltage sags caused by the system faults are much severe compared to the voltage sags

caused by the starting ot motors | 2].

2.2 Voltage Sag Magnitude and Phase Angle Jump

Voltage sags are characterized by reduction in voltage between 0.9 pu to 0.1 pu in rms voltage at
the power frequency for duration from 0.5 cycles to | minute [1]. Therefore voltage sag wave
form can be defined by it’s depth and duration. However the voltage sag can be complicated due
to the associated phase angle jump and voltage unbalance caused by asymmetrical faults. This
voltage unbalance and the phase angle jump have a greater influence on tripping of sensitive
equipment. Types of clectronic equipment such as variable speed drive controls, motor starter
contacters. programmabic logic conurolfers. controller power supplies and control relays are
sensitive to voltage sags. Loads such as thyristor based drives are sensitive to phase angle jump
and it can lead to detection of wrong zero crossing and firing of thyristor may take in wrong time
instances.

The duration of voitage sag depends on the fault clearing time of the protective devices.
Generally a transmission system is equipped with fast acting circuit breakers resulting short
duration voltage sags. But in a distribution system sags will last longer as fault clearing times are

comparatively higher due to over current protection systems.

8]
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Propagation of voltage sags depend on the path and devices in the path. Voltage sag originated
in transmission system propagates to a longer distance than that is originated in distribution
system. Thus for a fault on a 220KV transmission line, Voltage sag may affect sensitive
equipment up to several kilometers |2]. When the sag originates in a distribution system they

propagate to a comparatively shorter distance.

2.3 Calculation of Voltage sag magnitude

The power system upstrezm to the point of common coupling (PCC) is modeled as a voltage
source behind the source impedance Z.. Z, is nermally calculated based on the fault level of the
PCC. Since the short circait current duce to a fault is much higher than that of normal load

olected in calculating voltage sags. Voltage at point of

&

current, the load current is normally ne

common coupling (Vpcc) can be written as below [2]:

Souice 7

To Load

Fig. 2.1 Voltage divider model to calculate voltage sag parameters

A voltage divider modet is generaily used to calcuiate parameters of a voltage sags in radial

system as below.

ZtE
Vpee = ————3
[2f~Zs] (2.1)
-IlE
Vsag = -
[Z5+ =] (2.2)
Phase Deviation = tan"*[xf/rf] —tan™*[(Xs - vF1)/(Rs + rf1] (2.3)




PCC = Point of Common Coupling

Vpee = Voltage at PCC

Vsag = Magnitude of remaining voltage at PCC

Zf = Impedance between PCC and fault location

Zs = Source Impedance

E= Source Voltage

= = line impedance per unit length :i.c. v/ =+ xf

! = distance from point of Common Coupling

As the feeder impedance ZF depends on the distarice to the location of fault from the PCC. It can

be written in terms of the distance and line impedance per unit length.

2.4 Sag Variation
An example diagram showing variation of sag voltage magnitude (PU) with fault distance is

shown below. This is a 33kV feeder at Horana area fed from Horana GSS and Line impedance is

0.431+0.375j per kim.

Sag Voltage Variation with Distance

08 -

06 -

Sag Voitage {pu)

04 4

0 123 4 %6 7 & & +Ct1 121314701017 181620 212223 24 252627 28 29

Length (km)

Fie.2.2 Sae voltage magnitude (PU) with fault distance

Sag Magnitude increases as the distance 1o the fault increases and Sag Magnitude increases as
the fault level increases [21. In a stronger system where Z, is smaller a larger Vsag (means less
voltage drop) results in. Phiase angle jump associated with the voltage sag depends on the X/R

watio difference between the source and the fecder impedance. For a distribution system X/R

5
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ratio is less than the source X/R. Hence a negative phase angle jump is often accompanied with
voltage sag due to a fault in distribution system.

In a meshed system fike a transmission system different approach is needed as the system
becomes complicated with the loon lines. Thevenins superposition theorem and node impedance

matrix principle can be used to calculate the voltage sag parameters in a meshed system [2].

2.5 Voltage sags due to switching of large loads to the system

Except for the power system fauits. other source of voltage sag is duc to the connection of large
load like induction motors. Induction motors generally draw 5 to 6 times it’s rated current at the
start and this current gradually decreases with the motor reaching it’s rated speed. The duration
of the sag depends on the motor dynamics. The dynamics of the motor is decided by its

parameters mainly on the ineitia of the motor.

2.6 Voltage Sag Propagation in 2 Power Distribution System

A distribution system is normaily radial other than exceptional places. The distribution system is
connected to the transmission nciwoerk through transformers, resulting a higher per unit
impedance at the distribution network. Therefore the location of fault is very important and the
consequence due to a fault can affect a farge or reiatively small number of customers depending
on the location of the fault.

Due to the system interconnection the voltage sag may occur in one part of the power system
which are severat km away from the ongin of the voitage sag. An example showing distance of

sag propagation with the short circuiz current of the system voltage level [2] is shown in Table

2.1.
Voltage level | ' o Available short circuit current
(kV) TTokA 25kA S0kA
230 250km 100 km 50 km
100 B 0km 45km 22 km
50 [ 50km 20km 1 km
33 I 36km ;EWES km 7 km

Table 2.1 Fxample distance at which tault leads to a noticeable sa
]



An accepted demonstration of different tvpes of voitage sags against duration is shown below

3].

Valtage
100%,
Remote MV Network Motor Starting

Transinussion

Network Fault
S(6, Local MV Network

Fauit
e e
00 s Interruption -
01s [

Duration

[Fig.2.3 Causes of Sag origination

Computer and Business Equipment Manufaciurers Association (CBEMA) has introduced
CBEMA curve for computers and computer related equipments. The curve was originally
developed to describe the tolerance of Main frame computers. While many modern computers
have different tolerance different from this. the Curve has become a standard design target for
sensitive equipment. The axes represent magnitude and duration of the event .The curve has
since been modified and now known as the Information Technology Industry Council curve

shown in Fig.2.4.



ITH{CBEMA; Curve
{Revised 2000}

500
!
A O
<
X
o]
¥
(17} 4
X
<
g
S g
&
o Protubited Reogon
=% b -
5§
pedg
i
3
>
“_': 2
£ X0
£
o
=
T
£
T o
4
R
O 4 L
D 19
190 s : -
Do Interruction o kunctog REgio ; t—_—sw
@i . t
7 $
i E *
: I i
10 M D.fsgn age Regions
A i g :
i1
; i i
. PR | PP R | ST N
: . . ; H A
i i i Sheaty
g Vi pm frrn. R 1% Sl

Coprption wr Dydis g ol ated Seoands (5

Pubbished b

hitormat- o et ol T
1250 by Shockanoton PH Ml
AR

hup wow s iy

Fig.2.4. Information Technology industry Council curve for computer equipments

The ITI (CBEMA) Curve cdescribes an AC input voltage envelope which typically can be
tolerated (no interruption in function) by most Information Technology Equipment (ITE). This

curve is applicable to 120V ¢ juipment.



Low power as well as high power rated equipment are susceptible to voltage sags. The customer
premises is having lot of Programmable Logic controllers (PLCs) and Variable speed drives
where the effects of voltage sags on them are very significant. PLCs are based on power
electronics control systems and sensitivity of this equipment to voltage sags varies greatly.

Voltage tolerance range of various equipment presently in use are explained below [2],

Equipment ~ Voltage Tolerance
7 Uppcf range chrage range Lower Range
PLC 20 ms.75% | 260 ms, 60% 620 ms, 45%

43 s, 55%

PLC inputcard |20 ms. 80% 40 ms, 30%

5 hop. AC drive

30 ms. 80%

50 ms. 75%

80 ms, 60%

| AC controi refay

10 n\s 75%

20 ms. 65%

30 ms, 60%

Motor slartér

20 ms. 60%

50 ms, 50%

80 ms, 40%

| Personal com pute}

30 ms. 8G%

50 ms, 60%

70 ms, 50%

|

Table 2.2 Voltage tolerance range of various equipment

2.7 Programmable Logie Controtlers

PLCs are used to monitor industrial processes in such a way that they can monitor the status of
the devices connected as inpui of cerizin processes such as relays. switches and sensors. They are
based on power electronic control svstems and have a computer memory. The software
determines the status of the devices connected as outputs for instance, alarms, lights, fans, etc.
The sensitivity ot these cquipment to voltage sags varies in a wide range (please see the table

2.2). However newer PLC controllers are found to be more sensitive to voltage sags.

2.8 Computer Power Supply

A typical computer power supply consists of two arm diode bridge rectifier, DC capacitor and
DC-DC converter. The AC input power is rectified through the diode bridge and output voltage
ripples are smoothened by DC capacitor. When the supply voltage drops due to voltage sag the
diodes stop conducting. Eneray is transferred from tne stored energy of the DC capacitor. If the
input DC voltage drops bevord a certain minimum value. the regulated DC voltage starts

dropping resulting in ai error in supply.

B it LTS T T T e i IR VP YPNPOR



2.9 Adjustable Speed Drives
Adjustable Speed Drives are widely used in modern industrial processes. Power quality surveys
have shown that ASD are morc susceptible to power quality disturbances in the form of voltage

sags.

2.9.1 Adjustable Speed AC drives

In a typical Adjustabic Speed AC drive. the supply voltage is rectified through the diode bridge
rectifier and the cutput voltage of the bridge is smoothened out by the DC —link capacitor. (The
DC-link capacitor is selected o raeet the maximum allowable DC-Link Voltage ripple). The AC
motor is controlled by magnitude. irequency and phase adjustments of the voltage source
inverter.

When the supply voltage cxperiences voltage sag the line to line supply voltage is less than the
DC-link voltage. Under this condition the diodes don’t conduct and there is no energy supplied

to the DC-link. the DC-link voltage start to drop and the motor will loose it’s control.

2.9.2 Adjustable Speed DC drives

Adjustable Speed DC drives are more valnerable to voltage sags than Adjustable Speed AC
drives as there is no DC lLink capacitor in the drive system. Any voltage change in the supply
voltage immediately retlects to the DC Link voltage of the motor. As the rectifier is thyristor-
controlled type the motor controiier performance not only depends on the voltage sag magnitude
but also on the phase angic jump associated with the voitage sag. The phase angle jump may lead

to detect wrong zero crossing and the controller will not perform as desired.

2.10 Voltage Sag Detection fecanigues

Due to harmtul consequences oi voltage sags customers as well as utilities have paid more
attention to iind a solution. Most of the soiuiions proposed are in the form of custom power
devices. Under the normal operating conditions. voltage sag mitigation devices are by passed and
it will be on line as soon as voltage sag is detecied for performing its task. Detection of voltage

sags plays an important role in proper operation of such mitigating devices.



Delay in sensing the supply results in increasing the time to bring mitigation devices in to
operation. Basic requirement of such a detection method are speed accuracy and robust
characteristics against noise.

Supply voltage parameters like magnitude and phase are necessary 1o implement control
algorithms of some devices. Therefore selection of a detection technique plays a vital role in
voltage sag mitigation. Popular Sag Detection Techniques commonly used are Discrete Fourier

transforms (DFT). Kalman Filtering Techniques and DQ Transform method

2.11 Discrete Fourier Transtform (DFT)

In Fourier series and in i‘ourier integral both the physically realizable time domain waveforms
have been converted to frequency comain and vice versa. Past voltage data is stored in the
memory and for every sample real and imaginary parts of the voltage is calculated. Then the rms

voltage and phase shilt of the supply voltage can be determined.

2.12 Kalman Filtering Technigue
The Kalman liler is on line. recursive, optimal estimates suitable for a system described by state

variables which arc corrupted by noise. The Kalman filtering technique for power system

application is gaining the acceptance due 1o its speed. accuracy and robustness.

213 D-Q Transfcrm
In this methad three phase voltage quantities are transformed in to synchronously rotating
reference frame where one axis (d) is locked to the supply voltage phases. The supply voltage

magnitude can be estimaiec using . component of vector.



Chapter 03

DATA COLLECTION

Probler identification has been done based on the practical data. Practical data has
been categorized as Primary and Secondary data according to the importance. Thus in
data analysis. calculations are directly done on Voltage measurements and break
down records of the GSS that have been selected as primary data. Network Details
and FEquipment Data at customer premiscs which can be used as supportive

information. have been sclected as secondary data.

3.1 Primary Data Category 1@ Measurement of voltage & current at the

customer premises

In order to identify the nrobiers voliage and curvent data has been obtained at

(R

customer premises

3.1.1 Method of obtaining primary data
A Power Quality Analyzer kas been installed at the customer premises. [t is fed from
the 32KV utilit supp’y through a petontia! transformer having a ratio of 33000/400

and a current tra 1 former having a ratio of 200/5 at the customer premises.

Data
Analvzer

1 e
2D A\V - L()ad

Supply

Fig.3.1 Measurements of voliage and current at the customer premises

3.1.2 Mcasuremecits

Measurements of voltag: and current have been obtained from Power Quality

Analyzer installed at the customer premises as mentioned above. Electricity
waveforms have been moaitored and stored by the equipment continuously. It has

12
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been noted that ithe form of disturbance the customer faced is the Voltage Sag
problen.

Continuous analog vo'tege and cuirent are recorded against the time as per the [EC
61000-4-30 |3}, [EC 61000-4-30 provides an international definition and
measurement method for the most contnon characterization of voltage dips (i.e. in
terms of magnitude and duration).

For the measurement of dips 1EC 61000-4-30 states that the basic measurement of a
voltage dip and swell shall be Uy 17 which is the value of the rms voltage measured
over one cvele and refreshed cach half cycele and dips that involve more than one
phasc should have been designated as a single event if they overlap in time. A form of

the waveform obtained by the data analyzer are shown below,

Fig.3.2 Tvpical sag waveiorm obtained by the data analyzer (example 1)

Sag Voltage % = 93/110 = 84.55 Sag Voltage = 27.9kV
Voltage drop = 15.45 Voltage drop =5.1kV
Duration =23

13



Fig.3.3 Typical sag waveform obtained by the data analyzer (example 2)

Sag Voltage % =98 /110 = 89.1 Sag Voltage = 29.4 kV
Voltage drop = 10.9 Voltage drop =3.6kV

Duration =75

Fig.3.4 Typical sag waveform obtained by the data analyzer (example 3)

Sag Voltage % =92/ 110 = 83.64 Sag Voltage = 27.6 kV

14
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Voltage drop = 10.9 Voltage drop = 5.4kV

Duration =75

3.2 Primary Data Category 2: Break-down Records

For the proper investigation of the problem following data has been obtained.

3.2.1. Break-down Records of the customer

In this study the break-down reports of the customer has been obtained for the period
from January to December 2007. Break-down Records of the customer includes date.
time Reason for failure. Restored Time. and Production down Time and Remarks. As

an example a few break-down records obtained for the month of August are shown

below.
A N Down N
! ime | | Restored )
Date i \ Reason § Time Remarks
|t led | | Time )
\ 1 | (min.)
- ML#** ', _VNIVETSIY Ol IVIC
Auveust 4.2007 | 254 PM | cER eajre | 340 PM 46 33kV VCB Tripped
= . | CEB laiiure
! 3 “ Under Voltage J
e S E——
August 5.2007 | 8.25 PM k R Pailare | 909 PM 48 33kV VCB Tripped
e ‘ CER Fatlure
| ; | Under Voltage
[ E 41
August & 2007 | 7.00 Al B Pailue | 753 AM 53 33kV VCB Tripped
l o ‘ Under Voltage

Table 3.1 A few break-down records obtained for the month of August

3.2.2. Break-down records at the GSS

Feeder tripping and reiay start (mes have been obtained from Horana GSS relevant to
the instances of tripping occurred at customer premises. These data has been used for
analysis in the chapter 5. As an exemple some records obtained from GSS relevant to

the instances of tripning occurred at the customer premises are listed in table 3.2.

15

EFpseemt

T N

T

AREITTER ST Y 55



| o Recorded details at
Date j Fime Comments

| the GSS
August 4 . 2007, X\ CEB faiture 33KV | F2 ., Barth Fault Merbok is fed by F2 of Horana
2.54 pm Tripped UV (5SS Lthis is an earth fault 1

CEB failure 33KV | 5 /‘E"rippcﬁ (Auto | Customer premise has tripped

August 5, 2007, |
8.25 pm i Tripped UV reclosed). Earth fault | due to sag voltage wave \
occurred at Iagiriya | originated due to tripping of

side. teeder 05.

August 8 . 2007. CEB fatlure 33KV I F5 o;;;‘r:iled . FEarth | Customer premises has tripped
7.00 am ' Tripped UV Fauit, G/C due to sag voltage wave
:‘ originated due to tripping of
| feeder 05

y
| b

Table 2.2 A few break-down records obtained at the GSS

3.3 Secondary Data Category b3
3.3.1 Network Details g
etwork details of Horana 33kV system has been obtained and used in the

investigation. These network details include 33kV feeder lengths, feeder routing. and

location of protection and isolation equipment. ete. Network details available in the

existing SynerGee datasase of WPSH are also used.
3.3.2 Equipment details of the custemer
Equipment details of the customer have been obtained (See Annexure 11I) and Voltage

sag has a greater effect on sensitive cquipments.



Chapter 04

DATA ANALYSIS

4.1 Data Collection

As explained in chapter 2 break down data has been obtained at customer premises and at the
GSS.

The sag voltage data obtained from the customer sremises are classified and reported according
to depth and duration (in accordznce with the technical report IEC 61000-2-8). When classifying
sag voltage data following important noints are noted.

When there are several sag evenis in ciose succession. considering them as several sag events or
one complex multiphase sag eveat has been done depending on the severity of the sag event
(based on details of customer commenis)[41. When sags occur in quick succession, typically as a
result of recioser operation. it is unlikely that these events to be recorded as individual sag

events. The format is atiached as Annexure i1

4.2 Data Tabutation

Voltage sag duta has been wbutaied secording to the sag voltage depth and duration. Summary of

total collected data given belove.

Tabic 4.1 Total cvents of Voltage sags from January (o September

Total events focated as Voltage sags = 85

SFr o e




Collected Voltage sag data for the months from January to September 2007 is given below,

Months

Voltage Depth
{6 of Nominal
Voitage)

Voltage Duration

0.25(s) - 0.5(s)

0.5 (s) - 1 (s)

1(s)-3(s)

3 (s)-20(s)

80 - 90 % - 1 > -
lanuary } 1080 % - 2 o -
’ 60 - 70 % - - - -
50--60 % ; - _ -
80 -90% N ] -
76--80% - 1 _

F arv T —
N T i ; § -
35 -60 7 - ) - -
80=99% - ‘ 2 -
70 - 80 % - i ; | -
March 70 i : | ! :
60 % - ) - -
R 00 % _ i T -
‘ T80 % - 2 I -
vl 0, i i i i
a0 . - - -
| 4 i 9 -
- 5 ’ 3 -

May

IO i

rov . |
20 - 60 % Y g -
NGl ! 2 6 1
T80 - l I -
June ST —
A - - - -
- ,l,,,, - - f,l,,,, i 2 -
- 5 I\ 2 -
July | ‘
- - 2 -
X0 . 3 [ -
August o - -
¢ %) 3 - - - -
R © i 5 B
TNy - 4 ! -
September  — s - -
o T [AY] S o - -
J *\)C 7 - - - -
G4 37 43 01
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Considering above darz the vo'tage sags in the range of 80%-90% and having duration 1(s) -

3(s) are the rmos: common. The voliage sags in the range of 70%-80% and having duration 0.5
(s) - 1(s) are the sceond most common. As per the voltage sag studies. the disturbances in the
range of magnitude from 70%-90% for the duration from 0.1-1s normally occurs due to faults in
the local distribution network ard faclts in the neighboring distribution network (Fig.2.3). In this
practical situation sag durations are some what higher than the expected theoretical durations,
Some sags in the ranze of 70%-80% has retained up to 3 seconds. This might have happened
when sags occur in cuick succession. typically as o result of recloser operation. When events
have occurred fess than a minuie apart. oniy the event with the greatest voltage depth is recorded
[5]. When obscerving the oreak down records av Horana GSS it is noted that occurrence of
Voltage sags with loneer duration has a cetationship with auto reclosure operation. In Horana
33KV network tie cusiomer is ed rom 33 KV Feeder number 2. Feeder number 3 and Feeder
number 4 go 1o Horana gantrv ard having aute reclosing facility for some of the outgoing feeders

at the gantry.

HMumber of Sag Events Duration

0 50-60% :
o 60-70% |
70-80% |
Durtic 0 80-9C%

Fig: 4.0 Namber © fag evaonts of difference duration

4.3 Voltage Sag magnitude caicelation . per the network topology
4.3.1 Sag Voituge Variation fo- 2 three sase “vu't condition
Theoretical Values of suu voltages have boen caleulated for theee phase fault condition at all

33kV feeders in Horana GSS. Secondly o vone o velnerability has been identified.
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Voltage Sag churacterisiie neninst oo length

When the above siudy is coreorned it s clear ihat the magnitude of voltage sags will be
severe with out e ACE nower slaat. i incidences when ACE power plant is not connected
to the system and a'ter ihe retivement of ACE power plant in 2013 the system may face
voltage sags witis higher magifivic,

4.3.2 Sag Veltage Varizion fi- a Single line to ground fault condition

Single line to gromnd fauk ion has been 1more common than three phase symmetrical

fault condition it the welocted wrea. Theoretical Values of sag voltages have been calculated

for single line te oroand fauh condition at all 33kV feeders in Horana GSS. Secondly a zone

of vulnerability hris been dentiied
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4.4 A Data Analysis
To understand the nature of voltege dips following analysis have been done using the

different methods available for nowar quality analysis,

4.4.1 Voltage Magnitude —Duration Charts

According to the rescarch done a1 the field of power quality voltage dips have been
categorized according to the sourcc. duration and voltage drop [7]. The reason of different
voltage dips in the axes of durgton and magnitude can be depicted as below. Different zones

have been idertitied 21s AL B.C. D end b

Remaming Yoitage

4
100%  — D
80 - _ R -
| v %
0% — A } B
| c
i ‘
| | L
| |
l 5 —p Duration (s}
N 3 1S

Fig: 420 Voltage Magnitude _Duratio:s chart for voltage dips

o

A = Fuses Blown B = Transmission System Faults
C = Faults in Loca!l distribution nctwork D = Faults in other distribution network
E = Motors and trensformers fasls F = Interruptions

The sag Voltage data cbtained i this study can be depicted in the as below.

Repmuning bollage
A
160%0 “‘3
80 E—
; D i
S |
, i
. !
i { |
, |
C —_—
i !
i | 4
- i ! 1 —p Duration s
(i“ ],\

Fig: 4.21 Volage Magnitude _Duration chart for voltage dips in this study
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This leads to the confirmation that the voltage sags originate from the faults in the local
distribution network and from the fanlts in neighboring distribution network.

4.4.2 Calculation of Voltage tin tndices

Voltage sag data anaivsis by to counting of events is done in this section.

4.4.2.1 Counting according t5 ESKOM table |8]

ESKOM is a South African utilitv and ESKOM table gives a type of sag characterization of a
site as a measure of all the sags recorded over an agreed period (usually a year). They define
rectangular regions in the durntion/magnitude plane and give the number of sag incidents

falling in to cach region.

The voltage sags oe grouped 2ccording to the following cheracteristics.
Class Y: 80 %-6G% magnitude. 20ms-3s duration

Class X: 40 %-80% magritude. 20ms-150ms duration

Class S: 40 %-80% magnitude. 150ms-600ms duration

Class T: 0 %-40% magnitude. 26ms-600ms duraiton

Class Z: 0 %-80% magriivde, GeOms-3s duration

A graphical represenatior of this iv in o 22

Depth

A
_ § .
I T
| |
‘ k i
X N |
‘ |
i \)’ 7:
r'i’"ﬂ
20ms i50ins GO0ms 3s Duration

Pigs 4.22 Dskom table
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Fig: 4.23 Eskom table for voltage dips in thi, study

Practical values of Voltage sau data arc indicated in the secor:d ESKOM table. As per the

7

diagram most  f the distarbances are inthe class of S. Zand Y

4.4.2.2 Counting sccording to EPRI - Electrotek [9]

When analyzing sag voltage data according to EPRI power quality survey the magnitude
duration plane is divided into five magnitudes and threc duration ranges.

RMS variation frequenicy for voliage thresholds X; RFx with X = 90%. 80%. 70%. 50%.
10%: the number of cvents por year with magnitude below X, ¢nd duration between 0.5
cveles and 60 «

Instantaneous RMS variation fregueney for voltage thresholds x; IRFx with X = 90%.
R0%. T0%. 30%: the nuider ol events per vear with magnitude below X. and duration
between 0.5 ¢eveles ainc 0.5

Momentary RMS variation frequency for voltage threshnlds X; MRFx with X = 90%,
80%. 70%. 50%: the number of events per yezar with magnitude below X. and duration
between 0.3 ¢y :les 2ad 3 8

Momentary RMS variation frevuency for voliage thresholds 10%; MRF10: the number

1

of events per year with mruaituds below X and duration between 0.5 cycles and 3 s

|O'S]
h




Temporary RMS vasiaticn Fregueney for voltage thre shold X: TRFx. with X=90%. 80%.
70%. 50%. 10% : the ruanber of events ner vear with magnitude below 10%, and duration
between 0.5 cvele and 3 sec.

The duration ranges are based on the definition of instantaneous. momentary and temporary.

as given in [ELL St 1 159-1993,

R 3s -60s
| <90% TRFao
<80% | TRFa J
o [RE.RE. [ NRFs TRF7o
<50% TURFLRFy . [MRFn TRFs 4
<10% " RFy, : MRF - TRF 1o J

Tabie 4. ‘7 RMS \UMOL variation xr:qm.nucs

In this practical sittation most of the voltage sags lic in the range of 0.25 seconds to 5

seconds and a few of the voltage sags 20 to the range of .25 (s) to 6.5 5 (s) and 3 (s)-20 (s).

Hence the above 1i: cnletlued Tor the events af the customer’s site as follows,

[Range & 3s - 60s ]

1 0 5s8-3s8

| <90% -z MRFagoror TRFgg =1
80% TMRF, TRFeo-0

0% TMRF o TRF70-0
| <60% oo TRFs0=0
- <10% ‘ TRFig=0 J

Cavle 428 RS vol e variation fre qu' n¢ies tor this study
4.5 Discussion
As per the above gat anaivsis. L eives zvidence that most of the voltage sags that affect the
customer have been crighneted due fo voltage sags o dginated in the near by distribution

network. To get €975 point turther corfirmed. customer © broak down data has been analyzed

against grid substile ‘,fippir;g and iy *pic:;\' up datr. the analyzed data in August and

When this data is analyzed. it is noted hat the eireuit breaker at the customer trips for the

voltage sag waveforms originated due to the switching and tripping of nearby 33kV feeders
other than the Feeler 2 which fveds e customer. Most of the rippings have been occurred
due to occurrence of fules at feeder 3. b some cases fauls and tripping at customer premises
have been recorded cue to a celay pick up at 33KV side due 1o a fault at 132kV side
(transmission sice ity The miormesion of feeder § has heen obtained and it is noted that

this feeder is routed throtait arzas Vit vegsiation.




'
i

When listing the trinpine data obiuned from the customer the number of monthly trippings

are tabled below.

Month | Ng of trippings

N voltage Sag data = No of trippings
) 7 As per table 4.2 in Feeder 5
[January LT 0 2

|
- 1 - —
February 3 ! 2 -

N | B~ WIN

Septe."nbef” P o
Total s ] = 24

Y
i
-
NG
(%]

Table 4.29 nomber of trippings Versus Month

From the above cala it s noter thet §7% of tripnings at ithe customer premises are due to
voltage sags mitiated in the CEB eleoiricity network.

Further. it is noted that the puttern of tripping is weather dependent. In the months of
February and August a very few airsines were recorded.

As per the recommcndations ¢f ihe study way feave clearance of Feeder 5 has been done in
mid October and some improveirents of the svsiem has teen observed.

4.5.1 Comments based on the dats analyvsis,

1. 87% of trippings ot the customer promises are due 1o voltage sags initiated in the CEB

electricity network. 1he halance 13%; should be due to internal. oxternal causes other than the
said cause.

2. As the pattern of trinning is weatnor dependent some imorovements in the situation would
be possible by svstem imnrovevien's by way of way leave ¢learance and alternative switching
arrangements.

3 The possibilitics i minimizisg e tripping by impreving the fault clearance times of the
system, which means sysiem inprovenents and through device improvements will have be to
be discussed .

4. If ACE power plant is not couneied to the systen. voitage sags will be severe during a

fault condition.



Chapter 05

VOLTAGE DIP MITIGATION PROPOSALS

When findine @ solution to voltige dip nroblem. it is necessary to understand even though the
power system has been designaed for maximurm reliability. such disturbances cannot be
completely eliminated since the power system by which these loads are fed is subjected to
atmospheric influcnces as well as unpredictable cquipment failure. %lereiore additional
MeasuTes Bave 1o ke kst sratect the sensitive loods which are susceptible to voltage sags.
The mechanism of cauipm=at trip=ing has to be understeed first in devising voltage sag
mitigation metied,

Based on the mechanism feading to equipment trip different locations for mitigation of

voltage sags can be distinguishea as shown below |2,

(o = o e e e e e »

¢ ala

Reduction of duration & Gumder | Ghort Cirenit Faolts | §
Of tauits ; | System Level
' Mitigation

i
!
k4

U i H e (OvE DO D o . P

(hdxl.ct. 1 structure of e powsl y f‘i";i’g}dg‘i‘iil{)ﬁ ihr(zugh !

System | Power system ’
. S— T

Device Level

Instetation of paitioa on dovices .
Mitigation

|
‘1
!
IO, ’
Improvement of 2ouirivent s Eauinment brip !

Immunity L ‘ |

The solutions to the valtape sao protlent are aiscissed at two levels,
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5.1 System Level Mitigation
Based on the data analysis following observations have been made on the 33kV system of
Horana.

ge sags due to the trippings

b

s |{ has becr noted that (e customer nas experienced Yolta

B

e muialy Feeder No.5 (F5) and Feeder No.3 (F3) and

[
IS

ol nearby feeders. Thes
Feeder No.4 (14 also to a considerable amount.

= The pattern of tripoing is weather depeadent as it has been observed that only a small
number of trippings occarred during the months of February and August.

«  As per the site surveys ang information obtzined from reievant officials (Area
ngineer Horana . Planning Engincer WPS 1D the 33kV distribution Feeder No.5(F5)
which runs to a distance of 20km ¢loser 1o Rathnapura is having a lot of way leave
problem

As & proposal for sag mitication and minimization of faults as a result of this study following

proposals ore forvwerdod

5.1.1 Way leave elearance of Feeder 5 - Actually this proposal has come to a partial
implementation zad o some disizace way feave clearance has been done and a system
improvement has heen obsenved. The duration of voltage sag depends on the fault clearing
tme of the protective deviee in the saricular location. Hence reducing the fault clearing time
feads 1o loss severe voltosr sogs.

As per the daty anel sl the customer wippings were experienced for the trippings of nearby
feeders. Feeder Mo. 3133 and Feeder Nod (14) F3 teeds Herana new gantry and F4 feeds
Horana Old eantry . Ater @ <ite insreetion 10is noted that some of the Auto reclosures in the

sad in some out going feeders auto reclosures are not

two gantries & not e
installed. The out eoing feeder connccting to Bulathsinhala side 1s routed through lot of

£ ke oauto reclosure of that side is not

vevelation and evpericoces ot of wip

functioning. fauit ¢l nance times are oo high

Henoe as a resedt of o study s a system craprovenent it is proposed to install an

autoreclosure al out goine fecders & Bulatasinhata arce. In addition to that a new teeder is

Pl

proposed from Horoee o Meegahakiaa W sk on this iob s been already completed.

Alter the construetion s comp'eled the fecling arrngement can be rearranged such that part

of 33KV feeder 3 Toed T divesed o his new feacer. Alter ihis a reduction of voltage sags can

be expecied.



If auto reclosures are msialled inall out going foeders of the gantry and if the 33kV feeders
are sectionatized by installing suitable isolating mechanism fault clearance times and system
reliubiliny can be imsroved. Howener it is not provosed 1o include additional switches and
auto rectosures to all vt eoing iveders in the gantry in ihe sysiem as a method of reducing
faull clearing tine ab Lhis stony as 10 may not be econontically viable. since reduction of
number of Taubs and faalt duration in g time graded over current protective scheme requires
replacement of ali the over current reiays in the graded scheme by expensive circuit breakers
which will incurr lares amount of cust that may not be economical.

As a saw mitigation method. @ power system with sensitive loads can be protected by a sag
mitieation deviee wiich s connesied either to the distribution feeder or just before the
sensitive toad. When this is concernad. the first option is not economical for the specific case
in this study. as onty @ few customers with sensitive leads are connected to 33kV Feeder No.2
(F2)

82 Device Leve! Migieation

Sonie of the custom poveer devices proposed for voliage sag mitigation are listed below,

o Static tramsiorswiich (e lss

a  1h Uy A1 SOAWCT AUy L 25

o Shuni corcocted volinee souice conveiter (8 TATCOM)

E Series conngdied o U;iai_j\, SCutoc COM crles -\SVK ;

5.2.1 Statie rransfer saviven (315

Sde we eectrioet deviee that ellows an insiantancous transfer of

PO sourees Lo e oads The ioadean bo trens oored 1o an alternative source by means of a
stati. transfor switch aitiin v fo Ve eveles when there is o supply voltage disturbance in the
priovary souree. This superior switching time means that if one power source fails. STS
aurcaticaliv sitcaes o e back up powwer Seurce S0 quickiy that the load may not feel that

the transfor 1s initiated, U8 monlie BVe POWwer sCees ] cutomatically shift to the higher

LRSS LRSS

soadation of either source.

quutity souree upot sensivg luhae
The static cran-ler s o consss of tao thristor Rlocks where one unit comprises two anti

parailel tharisters. o Roek contains three thyrisior modules corresponding to the

three phuses of the svienn
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It is important o roie that if dhis equipment is used for voltage sag mitigation alternative
sources are required. therefore the total system will be more costly.

5.2.2 Uninterraptibie poner supphy (UPS)

Uninterrupiible power sunplics (1:83) are used to protect sensitive loads such as computers.
communication couinment and indestry control process when the supply voltage experiences
voltage disturbances. The UPS svstem mainly consists of diode bridge rectifier. voltage
source inverter and energy storage usuatly a batery block connected to the DC-link. Under
the normai operating conditicn nower taken from the supply mains is rectitied and fed to the

DC-

UPS of higher rating are oxponsive and bulky compared with sag mitigation such as

STATCOM ard SV, The disadvantace of this methed is having a shorter battery life and

1

[ S B T T 2 2
high cost of high power UPNs

3 Shunt Conrected Voliage Source Converter (STATCOM)

STATCOM s essentialhv a svoltage Scurce Converter and used for reactive  power

comaecnsation. VWoen i onsed o 1 dahution power syvstem it is connected shunt to a

particular bus ia the nover eosien aa 2onpliag ransformer to mainiain the bus voltage at a

desired level By omserbin s oo injec Tng reactive nower. A STATCOM basically comprises of

1

\eitage Source Invedes Coupline Transtormer, Connection filter and small DC-Energy

Storage devize in the formy of o canny
[he STATCOM ik enrey storsge o be used for mitigating voltage sags in the power

we sags the STATCOM requires injecting large current to

N

sustem To compensaie deep voll

thc system. Thus g lores sl S OnSreT SIora. L sometimes even chalc than the load real
=

power ratiag i e ohred ©omy Jeme 2o with phase engle Jumps.

STATCOM ie wor, saitabie for solving voltage sag problems encountered by group of

&

1

consumers conaected to o common feeder oither than a sag problem of an individual customer

as ttis sihenthy cory e g oo e in

3.2 Series Conreried Voltaae Sauree Converer (SVO)

Lhe mador difero e o S Som STATCOLE s the Jatier is connected in series with the

grboo P LooLid S

H PR

distribution fecde: ¢ sonsitive Toad toovgh a infection ransiormer. The term Dynamic

ey wsd with series connected VSC in literature. As in

\cace Restorsr £V Y s s

41



the figure 320 DV eonsiat, o0 voliwe sewics inverer. madutating unit, series injection
fransformmier. ouips Lo Niter, cncrgs siorage and coatrol unit.

Voltage souree inverior is the il comporent of BVR. [t consists of semiconductor devices
such as Iegrated Bivalor iraesisiors H{CBD. insulated Gate commutated thyristors (1GCT)
and Metal Oxide Semivondueios Pleld Brveer Transistors (MOSEFET) as switching devices.
Semiconducior wwiches are svlzced based on their performance related to switching

osses and desired voltage and current ratings. In

=

frequency. the conducting and switching
mest of the modulation wiit of the SVRL pulse widih modalation technigue is widely used.
The DVR is connccted to the dutrisation teeder through three single phase transformers.

The real and renciive povier sunphied by the DVR depends on the type of the voltage sag and

iUs duration. (he proweted josd

1 the ditcction and maenitude of the injected voltage. The

1

regutred

reactive po ol can b weneriied internalive however the active power has to be

supplicd externatlv, YK infcens volave whicn is controllable both in magnitude and in

phase series with o up coming sonshovelage DYV is the best solution for the problem

discussed in this ciads oo it enn peovide L eltage support for individual loads.

Proner systim (HELA) Iy R oad bus
) - i Ctone 1l §
] Bt b i
¢ ¥ g
L ; g g
i" 7
4 4 1 50
7 1.0aqQ
!
> ‘
Fiter
ak
1 N
Vo2
Poun STy nanne A Sl

PN

[he opetating prircipae of the contentionn DVR chown in Fig, 3.2 is based on injecting AC

voltages throagh diree il e et feeslmmess i series with the incoming three-

phase supphy voltege, The prrpose - auen clage el don is to fiprove voltage quality by

adiustment in voltage oo aniiide. waeshape Spad pasee shith The voltage sag compensation



involves injection of real and rcactive power to the distribution systemn and this determines

the capacity of the energy storags Cevics reguired 10 the restoration scheme.

5.2.5 Voltage seurse inverter aud modulating unit

R
E:N A ¥\
5 - N
« > {1
\ e - ©/
£ £ A
EN N &
°

Figr 3.0 Voltge Source Inverter

The voltage scurce inverter (Vs is the most important component of the DVR which
produces the reauired voliage to pe injected in series with the incoming supply voltage.

The DC — supnly 1o the inverier is most of the time either battery or capacitor bank. Each leg
contains two semicondoctor switches and cach switch kas an anti parallel diode connected to
it. Semiconductor deviees ke Iatcoraed Bipolar transistors (1GBT). Insulated Gate
Commutated Thyristors (1GUT) and Metar Oxide Semicondactor Field Effect Transistors
(MOSFET) can be used as switching coviees. Sclection o) semiconductor switches is based
on three factors such os the required dunamic perfortnances related to switching frequency,
the condueting and wwiching losses and desired veltace and current ratings. The dynamic
periormance is ihe nrost iportant facior, as the VR has to be on line without a significant
detav. Thus semiconductor covices ane scolecicd abler satistactory cholce of appropriate
switching trequency and lovier switching and conductor tosses depending on the required
power rating ot the DVRL

The output of the voliace in coel phase depends or the state of the switch and the DC-link
vollage.

Pulse width modulat wa (PWAE e nicue 121 s widely used 1n most of the DVR application

due to the flexidiiey of coatreing wotic Petween [undamental frequeney component of output

voltage and DC - tink vopcoe, bt esponse forload anc seurce
changes. elimination of Jow order Farmoricos which vesult in reduction of output filter rating

and simplicity of irplementeion. O of such disadvantoges of the scheme is under

X -
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utilization of DC-link voitage which rosults in reduction of maximum output voltage and

hicher switchine {osses.
= o

5.2.6  Series iniection

1

The conventional 13V P the vty disiribution feeder through three single

phase transformers. ransiormicr for voltage sag mitigation depends
on MVA rating of the sensiive focd. maximun allowable voltage drop across the
transtormer, characterisudes of the voltage sags to be compensated. harmonic filter system in
DVR. energy storage size and the control algorithny used [5] The advantages of using the

series transtormer are tpessibitity of cownding with higher voltages) resulting in reducing the

voltage rating of the senticoncuctor devices. providing a gelvanic isolation between supply

TR
1t

B SRR

side and the DVR side end hel cring of harmonic in the njected voltage by its leakage
inductance

The disadvantages o mneivding 2 sosies infecton trapsfornier are transformer costliness and
saturation. In ordur 1 avoid the wansformer saturation and cuarantee the DVR performances
under all conditions the ipicotion werstormer must be sized to handle at least twice the

normal steady stere Sy pecs oo at manirum s injection voltage [5]. The method is

based on the ‘orry tacier which oo the instie! Sux of the transtormer.

5.2.7 Qutput LC fiter
The primary oFiectve of e outy filer connected to the DVR is to attenuate high
frequency switching sipp'es in the inverter output voliage. The use of output filter helps to

i

reduce the dv/dt stross on the nbog tansformer winding, which i turn increases the

lifetime of the tarsiormer. Desion of cuipat tilter o0 DVR application has unique features
like compensation capabiiny of e DV T is kighliohted that the inclusion of output filter
will incregse the raing of
The output fil'er oot e plac e ciher or inverter cide or on the fine-side (supply side).
However the Biter a0 hoimvertar sidhe s prelerred,

wovert o side THter e eiven bl

The advantages ot u

o Filter instailed in b dow vcline s side cad Bowill redu e the voltage rating of the filter
canacitor.

o [t s closer to e b svonic saurce and the filer performances are better,

o Jighes order ' mmenic carr i are ot sevetrated (o the injection transtormer.

i
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This witl reduce e losses due o eddy currents int roduced by the high {requency component

N

of the mniccted voltan o

o (b1 raine siress on the tenstormer i e

5.2.8  Contrel unif of the BV
The fmction of the control unit is to detive the necessary control signal in order to generate
the PW A gating vulse Jor the DVR wverter. The basic reauirement ol the DVR controller 1S

to obtain an AC vavelerm with Tow otei harmonie distortien. geod dvnamic performance

and : decuale stabibity mugin,

529  Energy siorace in the DVH

The DVR tunctions by injecting three single-phase AC voltages in series with three-phase
incoming network veles during voltige sees. competsating for the difference between
facin and novin ' oltases, The required rege {ive nower can be internally generated while
the real power sboul? b suppiiod b extorad energy storage. The supply of real power is met
by means of an erergy storege teeilt v connecied Lo the DC link. Large capacitors are used as
the energy storage in most of the commercially zvailable DVRs. Other available energy

slerpee devices are 5orte s bash L saoer capac itors. sunerconducting magnelic energy storage

(SVIES Y thewhects oo el o,

DC Capaceitors

Conaciter hanks made on of individual capacitors connected 1o form a number of separate

Lt are most feasibie solutions 1o provide energy storage reguirement of the DVR since they

haoo a tost dischoreing osponse Jnd do not consist of moving parts. When the energy is
do v esod 1o the leads Jur e the comnenscror process e NC-link voltage decreases. Once

¥

the DOtk veltese Jrons belov, a cortain value invorter cannot inject equired voltage to

—
e
=
o

compensate i welage sews Heres the cnerpy tFet com he exiracted from the DC-link

1

canaciors con hooonrosse st belov

. 7 P ) ;
U - S ! iti £l

! ! P ;

/ [EREAN 4 Woamat
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Where Cpyeis the 130 — dink capacitnce. T o, is the sag voltage. Voo and Vpemin are
maximuni atlowable DO-link veliace and minimum allowable DC-link voltage respectively.
[tis clear that farper capacitors ars required to mitigate deen sags with long duration. This
increases the cost of the DVR and the space requirement for installing the DVR.

Battery encroy storage. super capacitors and flvwheel energy storage are also used.

5.2 Voltage rating of ine BVR

One o the main tuciers aifecting the DY R capability w restore the load voltage to the desired

reference is the volnwe ratine of the DVR inverier. The maximum voltage that can be

imected will be decided by the voltege rating of the DVR. This in turn determines the range
of the voltage sags which the DVR can muticate efiectively.

TV Bnergy Optimum

Coergy st ot oliny
— e I Phase
o
Lyt
i 7
/ /
ol ? L’A// ot 1
3 SN e | . 2108 oo
Va1 T !__\/ i Pre sag

£ | T

Pro sag supply

volape

Flos SUP g diram re etz ion of diffecent voltage infection methods

| hore are three metbods ¢ voltase injecion used 1 voliz ¢ compensation. In pre-sag voltage
A = }

&

compensation. the load voltage is compensated to the pre-sag supply voltage. Though this

method gives undstirbed fead voliage. it rogires sizable energy storage. On the other hand
the load voltage is ahwayvs in phase with the supply voitage in the in-phase injection mode.
Ihis resulis inoa minimum iniecied voliage. as there is no phase difference between the
supply and injected voltiees, Howener. this compensaiion introduces a phase angle jump & to
the toad. In the enerey option: m in2ction method. the load voltage is advanced by a certain
ancle o to minimize the encrgy requircmiant from the DVR. This method needs a larger

micction voltage than thar coavired in the in-phase beosting method.
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The active poveer sreovide Doy che VR and the size of the

recuirement is caleudaied based on the pre-seg voltage injec

5.3.1 Caleulation of vhe

Yy«

As per the above study for this speeific rroblem since voliave

I RO N N T D)
O SOELLICHn, T ae actinv

reauired. 2 DVR iy

be caleulored as given below 121 The boad voltnge cu

supniv side volwaee urd vy

PR ST
A

The Voltage o1 the seophy side (at

angic jumn O and ihe 1o frenl s taken ay

(3 vand (330 coenec gty

. 14 i N
Y o685(8) ¥ siie)
Ly T Lwsll) - Feir)

1 ! T I YL T R R TR TR R
Froos the commiox power iyjesniee by the DV con

Sa»= Vil

T DOWer i\,LlL‘llen

<« characterived through o

booxovessed as

o eos{O) + fsin(D))

capacitor for the said active power

tion mode

= support for individual load 1s

znt of the DVR can

e writien as the stumimation of the

G by che DVR as in (5.1)

;5.0

magnitude V and phase

1 nu with 2 lauging power tactlor as given In
¢ poia o &2 b=l

(5—1\ with y,__loa d= lpu

(5.4)

The veal power ivrected B tae contiodl rolven by (3.3)
. i Voos o e -
b I B - NS E38 R
Son o B + "uLqud Qj’ if
Ve { i §
T I R TN M TN IV
ST tepnor oo, dnomils sorbisiiar case phose angle jump is between 0-30

devrees. The customer ts suppiicd with a 19 MVA sapply.

promises is taken o 883

The power tactor at the customer
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pute | pu Fherctore B roed poveesincetinn of BVR can he wraphically shown as below.
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Fin: 35 Sag Volage Vs DVR injecied Real Powver

he saw volimee data analvsis in table 42010 the magnitude of the most frequent

ot 1s 0.8 pato 0.9 pu. Therefore Dynamic Voltage Restorer

4 1o ot 1or e ranes of voltage sags with magnitude 0.8 pu and

-y

| heretore the required capacity of the Dynumic Voliage Reeulator 15 1.T6MW,

48



3.2 Energy Storage in the BDVR
h 4 DVR required reactive power can be iniernally generated. however the real power have
e be supplied through an exteraa! energy source. Since Capacitor banks made up of
individual capacitors have a fiast discharging response not having moving parts they are more

preferable solution to provide e 22

7o

f‘u'c
The factors affecting the energy stornge recuirements are the depth of the Voltage sag, sag
duration. phase angie jump, load sower fictor. voltage injection mode and the maximum
allowable range of -+ o 0 DC link Volage. Therefore it is clear that the compensation
capability of a particuiar 114 1 depends on the maximum amount of real power that can be
rransferred (o the load during the resterason process |2]. The size of the energy storage

capacitor in a convertional DVR car be expressed as.

e S N

. “«z'\f nj _"loﬂ‘,)

Cop = g (5.6)
(Verimax —-{/ “DUming

In this eguation. Py coneies e iniceted aciive power of tie series device. Tae @ voltage sag

duraiion. Cne: DO = Tk capacitonce, Ve - maximun aflowable DC — link voltage, Vpemin
SMinimum atlowsihle DC- Hnk voltege. Pz active power loss in the series device.
The variation of cepacitor stve vith veliase say magnitude for different sag durations are

H

shown in Fig 530 o this situatior aetive power less in the series device is considered
negligible and minim allowable DO- link voliage is considered as half of the maximum
allowable DC- link voltage.

[Cis clear that the sive o) te capacitor s mainiy soverned by the depth of the sag and the
vodtage sig duration, 7 the correer size of the capacitor is not used with the DVR, it cannot
ctfectively mitigate the voliogs sag However increase of the capacitor size leads to increase
o the total cost of e

e e RAAWED
ol the YV

s the energy sterage becomes the mein imiting factor specially for mitigating voltage sags
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ag Weltage vs DO Link cepacitance

o T T
—
30 Taag l_l s
| Tzag=0 253
5 g
Pan - *
= |
23]
v _
S 20r ' -
il
[
[a1]
Coi5 - =

ne !
|

Fign 5.0 Saa Voltage Vs DU ik capacitance

A~ exnplained ahove itis Gitfievii © ohiiin a DVR to compensate all the voltage sags
enperienced by the customer. Howe it DVR s designed to mitigate voltage sags with
magenitude 0.8 pu and more and duration less than 2s around 36% of the voltage sags can be
eliminated

The Capac tor rrouirement 1 mitigate voltage sags wilh magnitude 0.8 pu and more and

durition Toss fhzn 25 can be obained by substituting in equation 5.6

Poag = 2s: Pini== 07

Vicimin = 0.0(VDCmax)

e = 862 ml
Based on the above calealationswe con propase d satistactory solution for the problem we

o Yooninor wit an injected power rating 1.76 MW

have studied drough a Dyna e Vo

tegether with o capacitor size ¥ mb
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Chapter 06

CONCLUSION

[he study shows that the practical failure data obtained are highly weather dependent

end 6 reduction of Voliags sag problent faced by the customer can be achieved

through  Svsiem improvements. Thereiore, following Syviien  Level Mitigation

Solutions ire proposed

s Repular Way leave clearance of Feeder 05 of Horana GSS isee 3.1.1)

»  Ipstalling an autoreclosure at out going feeder to Bulathsinhala arca in the

Hlorana new gantryv (See 5. 11

Svatem feve! mitizativs solutions revaire hivher level of capital investment and giving

o compleie solution needs system improvement in many network sections. Therefore

here a complete solution to Volege sag problem at system level is not proposed.

Pessibility of givier a solation through device level mitigation is discussed and the

following so

tiae Reaulator of capacity having 1.76MW and with a

copacitor size S.62 ml al the irceming 35KV CEB supply at the customer
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00-70%
30-00%

Total

Annexure |




I-quipment Details of the customer

Annexure Il

No Drive Type Drive Capacities No, of Drives
’ D/C Drive's T
1 ABB-DCS500-B 3
2 RELIANCE FlexPak 3000 )
3 RELIANCE FlexPak 3000 m_—
1 RELIANCE MaxPak 111 45kW
5 W
6 o
. I
) AC Drive's
7  ABB-ACS401 [
8 ABB-ACSA01 T
9 ABB ACS350 T
10 ABB ACS401 T
1l ABB-ACSS50 4kW |
12 ABB-ACS800 200kW o
13 ABB-ACSS550 132kW ]
14 ABB-ACSS50 C kW o
B ABB-ACS3550 1TkW 2
16 ABB-ACS800 T kW ]
7 ABB-ACS350 _ﬁfﬂwLﬁrf 7.5kW 4
. I -
18 T LEN-BRADLEY 1336 Plus 11| 260kW |
19 ALLEN-BRADLY 1336 Plus 11 2kW [
20 ALLEN-BRADLY 1336 Pose 11 7.5kW Y spbatiane
21 ALLEN BRADLEY 1336 Impact SSKW 5
Force Technalogy
s ALLEN-BRADLEY Power Flex 0K W |
7 700
N ALLEN BRADLEY 1336 Impact W E
Force Technology
e SIEMENSE Micro Master 10| 160kW v
25 SIEMENSE Micro Master 430 22kW o
26 SIEMENSE Micro Master 440 JY' 37kW ]
Y SIEMENSE Micro Master 30| 37TkW I
28 TELEMECANIQUE Atv 71| TI32KW 0
29 TELEMECANIQUE Aty 71  S5kW =
30 TELEMECANIQUE Atv 58 T 18.5kW
31 TELEMECANIQUE Atv 58 P; 7.5kW 7
3 TELEMECANIQUE A SS | kW o
33 TELEMECANIQUE A3l T7.5kW i
34 TELEMECANIQUE A3l | 4kW o
35 TELEMECANIQUE Atv 28 | 4kW 2
RELIANCE ELECTRIC |
36 GV 1o/ AC DRIVE 60KW :
371 RELIANCE GV 3000SE_ T AskW 2
38 "RELIANCE GV 30008 | 15kW 3
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RELIANCE GV 3000SE
RELIANCE GV 3000SE__
RELIANCE ELECTRIC
GV 30008/E AC DRIVE

RELIANCE ELECTRIC

RELIANCE ELECTRIC

GV 3000S/C AC DRIVE -

KEB ¢ 7om?bii vert

BAUMULLER NURNBERG

BAUMULLER NURNBERG

RELIANCE ELECTRIC
MaxPak 111 VCI Drive

HR 2000 Servo Control
AC Drive

AMEK AMKASYN KUIL0
Servo Controller

SOFTSIARILKS VCIS
Telemecanique Altivar 40 | 250kW
SIEMET\S L Slﬁl\OS TART i 185K W
JRW34 il

(5]

|
- =




Annexure [l

2.54 pm

Tripped UV

Analyzed data in August & Sepiember months, ’ ),

Date & Time Customer’s reasons & | Observations at the | Comments
; Remarks GSS

i

August 4 . 2007. | CEB  failure  33kV | }2 . Earth Fault Merbok is fed by F2 of

Horana GSS .this is an Earth

fault

August 5 .2007.

8.25 pm

CEB
Tripped UV

failure  .33kV

F5 Tripped (Auto
reclosed). Earth
fault occurred at

Ingiriya side.

Customer premises might

have tripped due to sag

voltage wave originated due
|

to tripping of feeder 05. |

i

- August 8 . 2007.

7.00 am

CEB  Matlure

Tripped UV

S3kV

FS operated . Earth
Fault . O/C

—
Customer premises might
have tripped due to sag

voltage wave originated due

to tripping of feeder 05

August 18 CEB  fatlure  ,33kV | 132kV side | Voltage sag has been
: 2007, Tripped UV protection operated | originated due to 132kV |
| 8.55 am breaker operation

August 24 | 33kV V(B Tripped | Common  inverter | -
$2007. over current w alarm
3 3.4lam :

September 1. CEB failure 33kV i F2 . Earth Fault Merbok is fed by F2 of
12007, Tripped UV | Horana GSS .this is an

5.22 am : obvious fault
September 2. CEB failure 33kV | F5 bus bar tripped | Customer premises have
2007, Tripped Over current 1 OC/EF been tripped due to a voltage |

: sag originated from F5
J tripping ;
September 7. 1 Voltage Fluctuation - F4 fault trip Customer premises have
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2007, been tripped due to a voltage \
sag originated from F4
tripping
" September 12, | CEB failurc .33kV F5 bus bar tripped | Customer premises have
2007. Tripped Over current OC/LF been tripped due to a voltage
sag originated from FI
tripping
TSeptember 13, | CEB failure 33kV F3  over current | Customer premises have
\ 2007. | Iripped Over current tripping been tripped due to a voltage |
‘ 4.35 pm sag originated from F3
| tripping
(September 14, | CEB failure ,33kV . 132kV relays have |
2007. Tripped Over current been operated & |
4.40 pm restored

' September 14, F4 tripped & current
2007, restored

- 6.25 pm
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