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Abstract— Nowadays, the increasing fault level in Thailand power system is of prime concern due to the increasing
number of small power producers (SPPs) and independent power producers (IPPs). One of the SPP in Thailand is
chosen to find the optimal solution for fault current reduction. Therefore, the data of existing systemis comprehensively
collected and all equipment was drawn in single line diagram with their associated parameters. Then the short circuit
simulation at various locations was performed according to IEC60909 to verify the equipment rating. Practically, the
fault current reduction techniques were performed by using current limiting reactor (CLR) and fault current limiter
(FCL). These devices were evaluated in term of their function, fault current limiting capability, power losses and
suitable installation locations. The evaluation procedure consists of short circuit study at various locations in the plant
to determine their fault current limiting capability. Moreover, load flow analysis was performed to evaluate the
associated losses in case of the CLR. Loss evaluation is a necessary part for the CLR consideration. Consequently, the
suitable installation location was determined based on effective fault current reduction, possibility of installation and
their generated losses. Finally, from the technical and cost comparison, the optimum solution can be deter mined.

Keywords— Fault level, short circuit, current limiting reactor (CLR), fault current limiter (FCL), Load flow.

the fault can be classified according to its asded
causes as follow:

1) External system fault (electricity utilities)
2) Equipment failure, ageing or malfunction
3) Human errors

When fault occurred, the interrupting device must b
able to interrupt such fault current. The significéault

1. INTRODUCTION

Fault is defined as a physical condition that cause
device, a component, or an element to fail in penfog

its required manner, for example a short circuibxmken
wires [1]. Electric power system designers oftenefa
fault-current problems when expanding existing Buse

because the power demand continues to grow due t
economic growth and increasing in electricity
consumption. In some areas, additional generatiom f
co-generators, small power
independent power producers (IPPs) raises the daityt
throughout a system. In addition, industrial use of
computers and other power-quality-sensitive equigme
has forced the utilities to provide higher quaétyd more
reliable power. As a result, generation capacitwel as
power interconnection keeps increasing for more
efficient system. Increasing power generation does,
however, increase the maximum available fault curag
any point in the system. Older but still operationa
equipment gradually becomes underrated througlesyst
growth.

Unfortunately, there is no available record of ainu
number of faults occurring at SPP in Thailand. Hesve
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%/pes to be considered are;

1) Three - phase fault

producers (SPPs) and 2) Phase - phase fault

3) Phase to earth fault.

In this paper we consider mainly three phase fault,
which is the worst and very rare case. However, its
severity and consequential damages are very hightan
is used to select the rating of interrupting desice

Primary equipment, such as switchgear, transformers
cabling, and bus bar can be very expensive to be
upgraded, replaced and reconfigured to higher faudl.
There is a challenge to work out on this problenilevh
keeping the additional costs in economics. In Emall
according to the revised power development planR(PD
2007), the total generation capacity in 2009 wéhch
32,456 MW while the generation capacity contribubgd
very small scale power plants (VSPP) is approxiiyate
14%. Such a contribution becomes higher due to the
nation energy policy promoting in renewable energy
usage. As a result, the fault level throughout ghstem
also increases accordingly.

In this paper, the sample case is one of the TR&SS
facing the mentioned fault level due to the
interconnected network growth. By system modelind a
using short circuit calculation based on IEC 60909
standards; it was found that the most of existing
equipment interrupting capacity are over duties.
Therefore, the fault current reduction techniquesrew
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studied and discussed in order to avoid unsafeatiper

and consequential damages caused by short circuit

current. In all possible study cases, the repeatedt
circuit calculation is also carried out to checleith
effective outcome. In addition, the loss evaluation
load flow calculation based on Newton — Raphson
method is also performed in case of using FaultreZur
Limiter.

2. BASIC THEORY

In general, there are four techniques to lower ghert
circuits such as;

1) Pre-planned for power circuit breaker (CB) and
equipment uprating

2) Replacement by high impedance power
transformer

3) Installation of series current limiting reactor
(CLR)

4) Installation of fault current limiter (FCL)

The last two techniques will be proposed and
discussed in this paper. The CLR is a typically and
widely used technique due to its simple construgtio
reliability and proven technology. Neverthelesse t
application of FCL is increasingly implemented in
industrial plants in Thailand especially in case $lgstem
power (kW) losses are of prime main concern.

2.1 Current Limiting Reactor (CLR)

The CLR introduces higher impedance to the systgm b
series—connected
equipment during fault condition. It reduces shartuit
level to meet the system needs as well as strasses
busses, insulators, circuit breakers and other \idfage
devices. It is, sometimes, connected between theaie
of the system and earth for limiting the phase aahe
current under system fault conditions. It is alsedias
load sharing reactor for balancing the currentanafel
circuits [2], [3].

Current Limiting Reactor Types

1. Air core reactor with the advantage of no

saturation under fault condition, low losses, and
long life

Dry type reactor
3. Indoor/outdoor reactor
4. Single phase /three phase reactor

A Sample Calculation

{1_1}
ISCA ISCB

2.

=Vs

1
7 )

XR

where

Advantages

1. Reduce fault current
2. Match impedance of parallel feeders

3. Increase equipment and capacitor life

4. Perfect mechanical strength to withstand high
short circuit force

5. Limited temperature rise enables longer lifetime

6. Special surface protection against UV and
pollution class 5 area

7. Simple design for determining an appropriate
impedance

8. Maintenance-free design

Disadvantages

reactance in order to protect the

1. Energy costs increase as losses become a more
significant component of total operating cost
2. Operating losses consist of
a) the resistance and eddy-current loss in the
winding due to load current,

b) losses caused by circulating current in parallel
windings,

c) stray losses caused by magnetic flux in other
metallic parts of the reactor

3. Minimum magnetic clearance for the reactor is
required as shown in Fig. 1.

4. Voltage drop due to its connection, thus voltage
regulation is required (maybe shunt capacitor
bank).

5. Magnetic flux effects to human life and metallic
structure in vicinities

S 1 | :
L_ 1 ] T 1 T Lo
- | o \ I| | i
-

il SRR

Fig.1. Minimum of magnetic clearance to other reaors
and metallic parts [4].

2.2 Fault Current Limiter (FCL)
Technical Principle/Function

Fault current limiter is very quickly capable oftéeting
and limiting a short circuit current by use of aafim
explosive charge to open a conductor. This diverts
current to a parallel fuse which quenches the shartit
current.

Types

Fault current limiter of ABB is one of the FCL prots
in the FCL industrial market. ABB current limiting
device (Is — limiter) consists of 2 components lagwa
in Fig. 2.

A. Current path uninfluenced

B. Current commutated to fuse

Xg = reactor reactanc€]

Vs = system voltage [V]

Ica = S/C current after series — connected reactdy [k
Icg = S/C current before series — connected reactor
[kA]
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preconditions [10], [11], [12]. In addition, the E€ as
per G&W design are not dependent on rate-of-rise of
fault current, but instead, are responsive to ntagsi
only.

777777

Calculation of Tripping Value[13]

The tripping value is the expected rms value of the
first half wave of a short-circuit current flowirtgrough
the Is — limiter, in which case the Is — limiter shurip
during the first current rise. Since the use of ttévice
is still relatively rare, the calculation of théping value
(A) B)( is not generally known. Practical experience toedat
shows the tripping value should be greater or etmal
twice the operating current in order to prevenfram
tripping on unintentional fault.

Fig.2. Current limiting devices by ABB [5], [6].

Operation
In Fig. 3, when a short circuit is detected andeexiing CLIP® LET-THRU CURRENT
the pre-determined magnitude and the rate of curren FOR Man: Tee STH. RARIRRC MR IATIG
rise, an explosive charge in the main current dagry R Lo i : :
conductor is detonated. This ruptures the mainecurr ] P BT S T ] o 1
carrying path thus diverting the current to thesfughich a3y IR o= 1 =
guenches it. The entire operation takes place mithi f o ="l
few milliseconds [8]. After operation, the devicaese 3 Y I O Y O O s s P
isolated and insert containing the fuses and tpéured & nl — e e I 1 J
conductors are removed and replaced with spares. On z ™ L =] rer =
device is installed in each phase of a three phgstem, g - 2L 7 [
and a circuit breaker is always required in send#h it, E = £ ¥
in order to perform normal circuit opening and aigs - g /! '
duties. Moreover, there is another supplier whopbap é a I,J" Ed '
FCL as well. G&W produces the so-called triggered % %% [ 1]
current limiter (TCL) [9]. It offers a high contious £ A | |
current alternative to the technique by providing £ 7 17
effective fault current limitation without the siginant = Fid
losses, and without equipment upgrade or replacemen y ;’f

L)

W mopmuoisow B9 BORIRERETE

EVAILAPLE CURREMT Ik k& BHE STHMETRICAL

(A) The Let-Through current plot of 40kA rated CkiBnit (G&W)

= 100
ke
/ “5004
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74 L= {1 2008
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The rate of current rise () o] 20 = g_..—/_./ T L 125A
— is high with high shortcircuit currents 5 @2?,--// |~ 1o
— is low with low short-circuit currents £ , .5,:2_’,--1‘/;1:/ sy .
. . :tL:) s == — =& soa
Fig.3. Rate of current rise [7]. g - i ——— ~HL son
3 -~ Lo
.. . . g / AT L1 14 B0
The fuse characteristics of both suppliers are shiow s = g2 //I,, TEb
. . . . T L4t
Fig. 4. Note that the multiple breaks in the maimrent o — "/_,.. 104
. . ol 1
path provide faster commutation of fault currentthe 2 /’//’:, —; T ptn 02
current limiting fuse element, while providing inged —] ,/: =d .
dielectric withstand of the broken gaps. . — LT L] i
. . 1 2 5 10 20 50 100 kA gf
Co-ordination Short-circuit current 1"y

From a coordination standpoint, the triggered aurre
limiter is catastrophic protection devices. Sincese are (B) cut-off characteristic of HRC fuse of ABB.
electronically sensed and triggered units, thegrapng
Crlterla |S pre_set and not dependent on tlme Brsu F|g4 Example of .fuse CharaCteriStiC, peak let -htough
current, temperature, element size (or meltifgy or  current VS symmetrical fault current.
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The Is — limiter trips when the rate of current rise The normal operating loads and supply of the SRP ar
(di/dt) reaches or exceeds a specified level, wttie  shown in Fig. 5.
current flowing through it has instantaneous values At first, all possible short circuit cases and faul
between the upper and lower measuring range limif o  current reduction studies are modelled and simdlate
and p respectively. The lower measuring range limit i commercial simulating software namely ETAP based on
should be selected at approximately 1,000 to 3,000AIEC 60909 standards.
above the peak value of the operating current. The

measuring rangefi,) is in general 1,000 to 4,000A. As PEA GEN
a result, the advantages and disadvantages artidedc
bellows.
41MW
Advantages S(
=
1. Faster operation than relay =5
2. Technical and economic advantages_ Wher_1 used in S Customer2
transformer or generator feeders, in switchgear
sectionalizing and connected in parallel with = >
reactors. = =
3. In comparison with reactors, the Is-limiter avoids -
voltage drops and does not contribute to the peak
short-circuit current. Customer#1 Bop
4. Voltage in the part of the system is not affected

by the operation of an Is-limiter

5. The series network impedance remains
unchanged.

6. Improvement of the current distribution at the
feeder transformers.

7. The load dependent losses of the feeder
transformers are reduced.

8. Increased reliability of the power supply. On
failure of one feeder transformer, the load is take
over by the other feeder transformers without
current interruption.

9. The cost for a required new switchboard with tr'%ﬂ”%‘ ircuit simulati divided into t .
higher short-circuit capacity will be saved. ort circuit simuiations -are divided nto 'wo main

scenarios which are “with” and “without” fault cemt
Disadvantages reduction devices such as the FCL and CLR. Pragisel
both cases are simulated with full possible coretkct
loads and actual operating loads by ETAP. According
operating record, actual operating loads are bageitie
total plant generation of 41MW with 10 MW exporting
power to utility (PEA). In additions to short ciitstudy,
load flow analyses using Newton-Raphson method are
also performed in order to evaluate the reactasdssn

the relevant cases.

Fig.5. Load flow diagram of a chosen SPP

This study will help the SPP in the selection psscef
appropriate fault current reduction devices. Alulfa
study cases are determined so as to help the SBRlcr
clear in detail of bus fault current at all possibl
locations. Moreover, study reports also provide the
voltage information on the healthy buses in theesys
This can similarly help the SPP to perform the prop
setting of under voltage relay in order to avoidsance

1. Analysis of the proper and reliable thermal
technique is still required.

2. Spare part and ‘back up’ system are needed.

3. Skill of worker

4. Failure consequenceany possibility that a failure
of the current limiting device to operate could
overstress switchgear.

5. Any legal constraints that could prevent the use of
this type of current limiting device

6. Co-ordination with other protective devices is not 4. RESULTS
possible. Current Limiting Reactor (CLR) Cases

7. Their intrinsic safety

8. Testing of operation

9. Triggering integrity

In CLR simulation cases, additional reactor(s) Ishal

effectively reduce short circuit current contribaditteom

short circuit sources such as generator, largetimgta

3. WORK PROCEDURE machine and utility grid. Obviously, reactor should
' connected in front of generator, utility grid ortlveen

In the study, the system in question consists &illgt switchgear bus-1A and bus-1B as shown in Fig. 6.

condensing steam turbine generator with its capanfit

55MW at 11.4kV rated voltage, its local loads ahd t

interconnected line synchronizing with the Provahci

Electricity Authority (PEA) of Thailand. In this stem,

summary of simulation results concerning all caitic

possible short circuit cases are carried out and

summarized as the technical references for fushety

or action by project and engineering teams in tharé.
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Under
interrupting
capacity
28%

Over
interrupting
capacity
2%

Existing
Reactor
x1)

OTR#3

400V sWGRJoLvC-2

D) Ideal operating load with existing reactor (>8hd the new
one (X3)
Over interrupting 72%Under interrupting 28%

Under
interrupting
capacity

Fig.6. Installation diagram of additional reactors 28%

Over
interrupting
capacity
72%

where:

X1 = Existing reactor (between Bus-1B and Bus-2)
X2 = New reactor#2 (between Bus-1A and Bus-1B)
X3 = New reactor#3 (between Generator and Bus-2)
X4 = New reactor#4 (between OTR#1 and Bus-1A)

Ideal (full) Operating L oads with Reactor

E) Ideal operating load with existing reactor (&b the new
one (X4)
Over interrupting 72%Under interrupting 28%

. . Fig.7. Full load short circuit summary: Reactor(s
In case of ideal operating loads (the case whele al g Y (©)

installed loads are in service) the short circurtudation

. TVILE In ideal operating load case, the additional reag{@)
results are summarized in Fig. 7.

located between Switchgear bus-1A and bus-1B can
effectively reduce the short circuit current andc#n
increase the percentage of survival buses from 4%
interrupting 62% as presented in Fig.7, Case A-C. Therefore, X2
capacity . . . .
17% location is the best location to lower the prosjvect
short circuit current in case we use CLR as thdt fau

Under

Over
interrupting
capacity
83%

A) Ideal operating load without existing reactorl{X
Over interrupting 83%Under interrupting 17%

Under
interrupting
capacity
24%

Over
interrupting
capacity

76%

B) Ideal operating load with existing reactor (X1)
Over interrupting 76%Under interrupting 24%

Over
interrupting

capacity Under

41% interrupting
capacity
59%

C) Ideal operating load with existing reactor (Xbpahe new
one (X2)
Over interrupting 41%Under interrupting 59%

current reduction device.

Under

interrupting
capacity

24%

Over
interrupting
capacity

76%

A) Actual operating load without existing reactl{
Over interrupting 76%Under interrupting 24%

Under
interrupting
capacity
Over 34%

interrupting
capacity
66%

B) Actual operating load with existing reactor (X1)
Over interrupting 66%Under interrupting 34%

1
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Over
interrupting
capacity Under

38% interrupting

capacity
62%

C) Actual operating load with existing reactor ar2l X

Over interrupting 38%Under interrupting 62%

Under
interrupting
capacity
41%

Over
interrupting
capacity
59%

D) Actual operating load with existing reactor af@l
Over interrupting 59%Under interrupting 41%

) Over» Under
interrupting AT
capacity

capacity
48% 52%

E) Actual operating load with existing reactor a0t
Over interrupting 52%, Under interrupting 48%

Fig.8. Actual load short circuit summary: Reactor).

Actual (real) Operating Load with Reactor

In actual operating load case (the case where ¢hala

System Losses (full load) in kW

T

420.00 jl"'{- T
410.00 ~—
a00.00 =
390.00

38000 +

3/0.00 -\// Z =
=

36000 =

350.00 o

X1

X1+X4

Fig.9. System losses: Full operating load.

System Losses (actual load) in kW

Fig.10. System losses: Actual operating load.

Fault Current Limiter (FCL) Cases

In FCL simulation cases, the additional FCL shall
effectively reduce short circuit current contritaditiEom
short circuit sources such as generator and ugliigy in

the same manner as CLR (reactor) cases. As a,rdsilt
best locations of FCL to reduce the short circuitrent

to the lowest value are the combination of those
connected between Switchgear bus-1A and bus-1&, aft

loads, as given from TPTUC field information are H3 and H4 and after H204 as Fig. 11.
practically in service), the short circuit simuati
summary results are summarized in Fig. 8. In cdse o
actual operating load, the additional reactor (K2ated
between Switchgear bus-1A and bus-1B can also l

PEA

effectively reduce short circuit current and inGea
healthy bus bar number from 24% to 62% as full
possible connected load operating presented in &ig.
Case A-C. Therefore, X2 location is still the blesation

to lower the prospective short circuit current ase we
use CLR as the fault current reduction device. doee,

in all cases of CLR, load flow simulations usinguien-
Raphson method are carried out in order to cheek th
system bus voltage drops and losses. The simulation
shows that, with an additional reactor at a tinmes t
voltage drops at all buses are still in allowalitaitl

Lastly, system losses were also evaluated and shown
Figs. 9 and 10 below.

H11.4k\{ SWITCHGEAR 1A, 40kA H11.4kV SWITCHGEAR 1B, 40kA

OTR#3

400V sWGRloLve-2

Fig.11. Installation diagram of FCL (11, 12 and I3).
where:
X1 = Existing reactor (between Bus-1B and Bus-2)
11 = New FCL#1 (between Bus-1A and Bus-1B)
12 = New FCL#2 (located in series with H111)
I3 = New FCL#3 (between Bus-2 and OTR#3)
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Ideal (Full) Operating Loadswith FCL

In case of ideal (full) operating loads, the shartuit
simulation results are summarized in Fig.12.

interrupting
capacity
{)

Over 86%

interrupting
capacity Under

38% i i
Imcea:;':\?:tilt;g B) Actual operating load with existing reactor, Hdd2

62% Over interrupting 14%Under interrupting 88%

A) ldeal operating load with existing reactor afd |
Over interrupting 38%Under interrupting 62%

interrupting
capacity
89%

Over
interrupting
capacity
24%

C) Actual operating load with existing reactor, I2and 13
Over interrupting 10%Under interrupting 90%

Fig.13. Actual Load Short Circuit Summary: FCL(s)

Under
interrupting

capacity
76%

It is obvious that the most effective scenario hs t

B) Ideal operating load with existing reactor, |Hd# combined installation of FCL at 11 (one betweenliis
Over interrupting 24%Under interrupting 76% and bus1B) and I2 (one in front of lower 11.4 k\Vspu
locations.

5. COST COMPARISON

Obviously, all simulation results return the bexstation

of FCL and CLR at the one located between Switchgea
1A and 1B. Therefore, estimated investment comparis
between those two fault-current reduction techrsgise
tabulated in table 1 as follows.

Over
interrupting
capacity

21%

Under
interrupting

capacity
79%

Table 1. Fault-current reductions of FCL and CLR

C) Ideal operating load with existing reactor, A ahd I3
Over interrupting 21%Under interrupting 79% Additional protective ECL CLR

devices (including

spare parts)

Fig. 12. Full load short circuit summary: FCL(S).

Estimated total capital co

st
(THB) 20,000,000 12,000,000

Actual Operating Load Case with FCL

In actual operating load case, the short circaitusation Cost of additional annual

results are summarized in Fig. 13. system active power losses " 328,320.00
(THB)
Over interrupting rating
before X2 (%) 76.00 76.00
. OVETA - - -
L — Over interrupting rating after .o 38.00

38% interrupting X2 (%)
capacity
62%

Cost of additional annual system active power (kW)
losses caused by insertion of reactor X2 (the onatéd
between Switchgear 1A and 1B) are shown in the taidd
A) Actual operating load with existing reactor atid column above. The system loads are assumed to be

Over interrupting 38%Under interrupting 62% constant throughout the whole operation period 608
hours per annum with average 2 THB/kWh unit charge.
For FCL, the operation and maintenance (O&M) cost i

79



S Tongsrichantra, T. Suwanasri, and C. Suwanasri / GMSARN International Journal 3 (2009) 73 - 80

particular of spare parts might play an importaatt pf
capital investment.

6. SUMMARY

Although there are many measures to reduce thé faul
level in the system but the most applicable tealscfor

the chosen SPP case are limited to those of Curren[tlo]

Limiting Reactor (CLR) and Fault Current LimiterGE)
applications. CLR is suitable for the system havimy
limited installation space and in case life cyclestc
contributed from kW losses is not seriously taketo i
account. On the other hand, FCL requiring less espac
seems to be one appropriate alternative when sie isf
kW losses and voltage drop are of serious condern.
addition, the combination of those two techniquas c
also be used in order to meet the overall faulellev
reduction target. In such a study case, even wiittieg
reactor (X1), the percentage of equipment facimgubh
fault current above their interrupting capacities more
than 66%. With the new reactor (X2) or addition@lLF
(11) connected between 11.4kV bus 1A and bus 18, th
aforesaid percentage can be improved to 38%. Terlow
the over-interrupting percentage even more, additio
CLRs or FCLs can be put into other parts of theesys
Nevertheless, the careful consideration of systessds
and voltage drops are needed in the CLR application
whereas the investment cost and spare parts aredjos
concern for the FCL one. The protection coordimatio
aspect and the absence of relevant internatioaatiatds

are also the limit of using FCL application. Lastbfl
relevant factors shall be carefully traded off inaf
decision making.

This study can be used as a guideline for engineers
who are responsible for the small scale power plant
operation and planning. The authors do hope tlisctn
be the foundation of further study in the related o
similar topics.
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