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getenifen, Voltage Sag Mitigation by Revised Protection Coordiation
5 < Scheme in Distribution System of Provincial Electreity
= 5 # Authority
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Abstract— This paper proposes a revised protection coordoratscheme for voltage sag mitigation in 22-kV
distribution systems of Provincial Electricity Aotity (PEA). The overcurrent relays and the typexpulsion fuses
are modeled using TAC@ransient Analysis and Control System) functian€lectromagnetic Transient Program
(EMTP) to simulate voltage sags caused by faultshart circuits in radial distribution systems. Fargiven voltage
sag magnitude of interest, voltage sags causeddiggie-line to ground fault and a three-phase fawe simulated to
calculate two parameters: the critical distance a@lently to bus voltage magnitude) measured ftbensubstation
downstream to the feeder and the associated fédtiog time. These two parameters are projectethennformation
Technology Institute Council (ITIC) curve. If vajasag events stay outside the immursityon of the ITIC curve, the
fault clearing time will be reduced by adjustittye protective relay’s characteristic and/or resiziniget fuse rating
while complying with the criteria of fuse blowingheme established in PEA. The proposed methoddagjpnulated
on EMTP and tested with 22-kV Dansai and Thammdsatersity distribution systems. The results intécthat the
revised proposed scheme of protection coordinatian help customers on other feeders connectedeasdame bus
ride-though voltage sag events that occur beydwdcritical distance of the faulted feeder and #iere provide a
practical, cost-effective way fepltage sag mitigation.

Keywords— Voltage sag, protection coordination, EMTP, distritution system.

fault clearing time without changing equipment by

1. INTRODUCTION revising protective coordination scheme or chandusg
rating is cost-effective and hence the most aitract

This paper proposes a revised protection coordinati
o e . scheme for voltage sag mitigation. The main idetois
or short circuits. Faults or short circuits canseaeither o4, ce the fault clearing time of the circuit break
interruptions or voltage sags. An interruption ®c&ic  5n4/0r 1 resize the rating of expulsion fuse dldsehe
power supply affects only downstream customers bulg,pstation while satisfying the criteria of fusesing
voltage sags can create problems spread over €18y gopeme  established in PEA. The methodology is

Eyden a volta?e sag lasting only 4-5 cycles can&aus  gjnjated using TACS functions in EMTP to simulate
wide range of sensitive customer equipment to dOD  yhe \oltage sag caused by faults or short cirquii

[1]. ] radial distribution system. Two 22 kV distribution
The effects of voltage sag from fault or short @it gy qtems in PEA are tested with 2 different source
generally depend on fault current magnitude andritig impedances, namely high and low impedances. The

time of protective d_evice. These two factors _detaem source impedance of the 115 kV bus supplied to eéch
the depth and duration of voltage sag, respectiwfgh the 22 kV systems is obtained from a study repért o

reference to the ITIC curve as shown in Figure [l [2 pEa ghort-circuit level and their power transformer
sensitive equipment can function properly for ata@¢  jyneqances armken from standard parameters.
sag event with a sag duration less than 20 mibisds,

for a sag magnitude of 0.70 per unit with duratiess
than 0.50 second, or for a sag magnitude of 0.8Wpié
with a sag duration less than 10 seconds.

There are many techniques for voltage sag
improvement [3] such as reducing the number oft$aul
reducing of fault clearing time, changing powerteys
design, using high immunity equipment or installing
mitigation devices. Of these alternatives, reducofg

Voltage sag is one of the main power quality protdén
overhead distribution systems, which are exposdaiuits
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The critical distance of faults in feeder [4] tlaiuses  20m T o x
voltage sag to stay outside the immunity regiorthef [A] f _ #0?
ITIC curve will be identified. Different protection 1517  Melting energy (1) 14
schemes are investigated to evaluate the perfomnahc
voltage sag mitigation on the test system. The ksitimn
results indicate that factors that affect voltaggssare 500 1 Point B
fault locations, fuse sizing, overcurrent relaytiags,
and source impedance. In addition, by revising the
existing protection coordination scheme, voltagg sa .y
problems can be effectively mitigated.

1000

=

4000 PointA

2. MODELLING OF PROTECTIVE DEVICES .

TACS functions in EMTP are used to model circuit
breakers and expulsion fuses, which are the commor'QDE']L.fDD o o o006 ooma 012 [ 0.150
devices in PEA overhead distribution system.

Expulsion Fuses Fig.3. Operating Time of Expulsion Fuses

The operating time of expulsion fuses consists elting
time and arcing time [5]. The melting time depends

melting energy. The model of expulsion fuses arelena ;]
up with two parts: 1) melting model and 2) arcingdel.
Figure 2 illustrates a diagram that shows the taxispof 5004
the expulsion fuse model. Fortran statements axtee 950
in TACS used to model the melting part are Mulépli
Integrator, Comparator and General. The meltinggne L
is calculated from the clearing time-current cuingead 950 ]
of the melting time-current curve. The reason & flor
the same fault current, the former curve gives regdo -500

clearing time and therefore longer voltage sag tiura
The value of melting energy is calculated from the
average value of% for the current , in the range from -100% - T n T N % [ 040
5 times as much as expulsion fuse’s rated currpribu ' ' ' ' ' '
the maximum current in its time-current curve. The (@)

arcing part is modeled by a TACS switch which will
open after receiving two command signals: one for !0
opening (point A of Figure 3) and the other forsfir [ W W n

detected zero-crossing (point B of Figure 3). Nibtat 6204
point A is determined from the intersection between ]
simulated value ofit and the melting energy. In other .,
words, at point A the fuse element starts to blow.

BN
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-5204
Comparator U
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— — ] X jx dtt —» -800 : , . : :
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Fig.4. Operating Time of Different Rated Current Fuse on
Same Short-circuit Current: (a) Type 10K and (b) Type
25K

elting energy -l)JM elting mod

o — 1

—2) Arcing-medel— — —
TACS switch
As shown in Figure 4, different rated current espri

type K fuses are simulated at same location. Wettsate
a lower rated current gives a shorter operating;tifar
example, the 10K fuse takes about 1 cycle for bigwi
while the 25K one takes about 4 cycles.

Circuit Breakers

A circuit breaker is a mechanical switch capable of

Fig.2. Expulsion fuses model diagram
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interrupting fault current and reclosing a circulthe transformers, time delay from auxiliary contactenkke,
circuit breaker is operated by the command of thean opening time of 100 ms is selected to accoungifoh
involved relay. The operating time for opening wtuait an error. Another TACS switch is used to represbat
breaker is the combination of relay operating tiamsl arcing time of the circuit breaker.

circuit breaker breaking time. The circuit breakevdel

in this paper does not include dynamic arc andipiitg .
to failure of all opening operations [6]. ' ' =L ] —Very-inverse

The most commonly seen over current relay functions , ‘\ ““““ LAyl
are instantaneous and time delay. The operating tim :
time delay function is related with the inverse géim
current curve, time-current characteristics of Wwhare
classified by IEC standard as inverse, very-invexrsd
extremely-inverse curves.

The very-inverse and extremely-inverse curves are
currently implemented in PEA's distribution systems
The current and time relationship is mathematically
expressed by

Time (seconds)

2 3 4

10 10 10
Current(A)

K
t(' ) =———*TMS Fig.5. Current-time Characteristic Curves
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Typical values ofK and n are shown in Table 1 for TACS i ! :
|
|
|

inverse, very inverse and extremely inverse custiems Switch :
characteristics. ‘ Trip signal <t:

Table 1. Coefficient Factors of Current-time Charateristic Comparator

Current-time characteristic K n
Inverse 0.14 0.02
Very inverse 135 1 2) Circuit breaker model

1) Protective relay model

Extremely inverse 80 2 Fig.6. Circuit Breaker Operation Model

Figure 5 shows very inverse and extremely inverse
current-time  characteristics. The circuit breaker 3. CRITICAL DISTANCE
operation model can be divided into two parts: 1)
protective relay model and 2) circuit breaker model
shown in Figure 6. A protective relay model is teea
with  TACS to detect current values via a current
transformer (divider). The measured current valaes
then sent to calculate the tripping time and thek-pip
time based on an associated current-time charsiiteri : ;
formula. A trip signal will be made at the timevaltich impedance between the substation bus and faultidmca
the reference time reachesetpoint. (Z¢).

Due to mechanism parts and contact traveling ofiitir Vi Fault
breaker, time delay is considered as dpening time of
circuit breaker model. The opening time of bulkaituit
breaker and modern vacuum circuit breaker is 25@mads
50 ms respectively [7]. In PEA’s distribution syst all
circuit breakers are of vacuum type with openinges
ranging between 60 and 70 ms obtained from testrtep
These opening times may not be suitable in theuitirc Fig.7. Voltage Divider Model for Voltage Sag
breaker model owning to errors, for example, franrent

Voltage sag magnitude is a function of the distaote
fault from the substation. To be specific, shodistance
gives deeper voltage sag. The voltage divider model
shown in Figure 7 can create an equation of voltage
magnitude at the substation bug,) as a function of
pre-fault voltage E), source impedanceZd and

Load
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described above.

The above equation indicates that a fault location

E (@)

closer to the substation bus produces less volsage
magnitude (i.e., deeper sag). According to [8],dtigcal
distance is defined as the distance to fault whéelds to

a sag of certain magnitude and causes a problem to

equipment trip. The critical distance varies depegan
the strength of source (source impedance) andetef

impedance. The critical distance of a strong source

system is shorter than that of a weak one. Inghjger, a

voltage sag magnitude of 0.70 p.u. is served as the

benchmark for calculation of the critical distanddis
magnitude is of interest because referring to fhC |
curve, the clearing time of the circuit breaker may be

fast enough to avoid voltage sag problems for that

magnitude.

4. FAULT CLEARING TIME

The sag duration of a voltage sag event causedsbypr
circuit or a fault is much influenced by the facléaring
time of the protective devices. In general, faldtadng
times in transmission system are shorter than inshort-circuit level of equivalent driving point 415 kV
distribution system. A fault clearing time of var®
protective devices is given as follows [8].

current-limiting fuse: less than one cycle
expulsion fuse: 10-1,000 ms

distance relay with fast circuit breaker: 50-100 ms
distance relay in zone 1: 100-200 ms

distance relay in zone 2: 200-500 ms

differential relay: 100-300 ms

overcurrent relay: 200-2,000 ms

With reference to the ITIC curve in Figure 1, atagk
sag magnitude of 0.70 p.u. with duration less tb&
second will not cause equipment to trip. As clegtime
mentioned above, it can be seen that an overcuretayt
for feeder protection can avoid equipment tripping
reducing its fault clearing time.

5. SIMULATION PROCEDURE

In the simulation procedure, only single-line-tagnd

and three-phase faults within the distribution rextwnare

of interest. The simulation procedure can be suriz@ar
as follows.

Step 1: Simulate the system with strong and weak

Step 2:

faults and fault clearing times are measured for
each fault event.

Determine the critical distances that gae
voltage sag of only 0.70 p.Any sag events
with voltage sag magnitudes between 0.70 p.u.
and 0.80 p.u. are evaluated with the ITIC curve
because of inverse time-current characteristic of
overcurrent relay. For sag events with
magnitude greater than or equal to 0.80 p.u.,
they will not be considered as they are in the
immunity region.

If the sag events stay outside the immunity
region, the overcurrent relay will be adjusted to
reduce its operating time so that the events can
be shifted into the sag problem-free zone.
Protection coordination of the circuit breaker
and the expulsion fuse closet to the busbar will
be checked whether such an adjustment satisfies
the fuse blowing scheme. If it does not, reduce
the rating of the fuse or further adjust the time
multiplier of the relay.

Step 3:

Step 4:

6. CASE STUDY

This section presents simulation results of twok¥22-
distribution systems in PEA with 2 different source
impedances (high and low impedances) based on the

bus. The first system is located at Dansai in Loey
Province and considered as a weak source systeen. Th
second system is located at Thammasat University in
Pathumthani Province and considered as a strongesou
system. The existing scheme of PEA is served as the
base case for comparative studies. The RMS voltage
measurements are detected at 22 kV bus to evaluate
critical distance, depth of sag and fault cleatint.

Test System

Figure 8 shows the single line diagram of the $gstem.

The system has one feeder connected to a power
transformer at 22-kV bus via a circuit breaker. The
feeder circuit supplies one branch circuit at thgibning

and another branch circuit at the end. Both |ladeeaab
protected by expulsion fuses (type K) connected at
tapping point of the branch circuits.

1 2 3
CB |

3 km
F

4

O-HOH 2] 2 v
1, 65K F2, 40K
5 km 5 km
1 51

Fig.8. Single-line Diagram of Test System

sources to see the differences of voltage sag

performance.

The system parameters of test systems are prouided

Create single-line-to-ground and three-phas Table 2. System base is 100 MVA, 115kV/22kV.

faults at every 1 km, starting from the substation
bus downstream to the end of feeder. The
magnitude of voltages at substation bus during
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Table 2. System Parameters of Test System

Substation
Parameters Dansai Thammasat
University
115 kv Z,=0.056+j0.294 pu Z0.006+j0.058 pu
source Z0=0.064+j0.369 pu &0.032+j0.206 pu
YNyn0d1 Dynl
Power %Zv.1y = 7.5% %Z=12%
transformer 947, 1 = 4.5%
%Z, .1y = 4.5%
, Z21=7,=0.214+j0.224Q /km
Feeder Line
Z4=0.460+j1.755Q /km
Branch Z:=Z,=764+j0.318Q /km
circuit

Z=1.002+j1.693Q /km

Protection Coordination

Assume that the fault impedance of all fault evaats
zero. Protection coordination is intended to mewet t
following concepts.

The circuit breaker will operate for any short-
circuits on the main feeder.

The fuses will operate faster than the circuit
breaker for any faults downstream from them.

PEA's setting criteria of overcurrent relay for dee
protection are of extremely inverse time delay
characteristics. Table 3 shows the
parameters used in the base case.

Table 3. Overcurrent Relay Setting Parameters

Protection Characteristic Pick-up Time
type curve current (A)  multiplier
Phase Extremely 420 0.125
inverse
Ground ~ EXtremely 105 1.000
inverse

Critical Distance

As already described, a voltage sag magnitude ¥ 0.
p.u. is used to calculate the critical distancéDansai
substation and Thammasat University substatiottddin
single-line to ground fault and three-phase falls
shown in Figure 9, the critical distances of Dansai
substation are 7.5 km and 20 km for single-lingrimund
fault and three-phase fault respectively. The aalti
distances of Thammasat University substation @&k
for single-line to ground fault and 8.8 km for tarphase
fault, illustrated in Figure 10.

Referring to Egn. (2) and simulation results oficail
distances in Figures 9 and 10, it is confirmed tinet
critical distances of the strong source are shahi@n of
the weak source. Therefore, a shorter criticaladist is
less likely to suffer from voltage sag due to a lena

relay setting

area required to be protected from fault eventseduy
voltage sags with magnitudes deeper than 0.70 p.u.
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Fig.9. Critical Distances of Dansai Substation
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Fig.10. Critical Distances of Thammasat University
Substation

Sag Duration

Duration of voltage sags caused by faults at tltecar
distance (0.70 p.u. sag) is measured. For Dansai
Substation, it's found that sag durations for bsitigle-
line-to-ground fault and three-phase fault are inothe
immunity region (i.e., more than 0.50 seconds)res\s

in Figures 11 and 12.

M
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0.522 seconds
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il 072 073 D.I4 D.IS DIB [s] 07
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Fig.11. Voltage Sag Duration Caused by Single-linme-
ground Fault at 7.5 km from Dansai Substation
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Fig.12. Voltage Sag Duration Caused by Three-phasault

at 20 km from Dansai Substation Table 4. Revised Setting Parameters

The voltage sag durations at the critical distafare Protection Characteristic  Pick-up Time
both single-line-to-ground and three-phase faulfs o type curve current (A)  multiplier
Thammasat University Substation are in the heatne
(or less than 0.50 seconds) as shown in Figure 13. Phase :
Therefore, reducing fault clearing time is unneaegs inverse

The feeder protection coordination of circuit brea#t Ground Extremely
the beginning of feeder, K-type expulsion fusesiedar Inverse
and far branches of 65 A and 40 A respectively are
illustrated in Figure 14. i

Extremely 420 0.025

105 0.250

Test Results

!40Kfnse Héi K fuse } - g ¥ —i’hase

o et ==Ground

107 frink Sk : g oo Fuge melting
: : : === Fuse clearing

To reduce the fault clearing time of circuit breaketh
overcurrent relay, the simulation will be done itadfout
the new setting values of phase and ground timesntr
characteristics. The concept is to reduce cleaiing of
voltage sag between 0.7 to 0.8 p.u. to be less @han
seconds.

After simulation, the proper setting parameter for 107
overcurrent relay are shown in Table 4 and theegtain
coordination after improving is displayed in FigutB, 10 —L
which excludes the opening time of circuit breake30 10
ms). To make sure that expulsion fuse is blown teefo
circuit breaker in case fault occurred downstreaomf Fig.15. Time-current Characteristics of  Revised
fuse, reducing fuse rating to be 40 A instead oG Coordination Scheme for Protective Devices Instad in

Time (seconds)

Current (A)

near branch circuit. Test System
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Fig.16. Voltage Sag Mitigation for Single-line-taground
Fig.13. Voltage Sag Caused by Faults between 0£600.80 FzSult d d d d d

p.u. of Thammasat University Substation
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Fig.17. Voltage Sag Mitigation for Three-phase Fault

Figure 16 and 17 show the voltage sag mitigation
results of Dansai Substation caused by both silmgeto
-ground fault and three-phase fault. The votage sag
moved from the unimmunity region to the immunity
region of the ITIC curve (see Figure 1).

It is confirmed from the above simulation resuhsatt
the reduction of fault clearing time by the revised
protective relay setting can effectively decreaskage
sag duration. For this reason, the reliability bist
approach rests on the accuracy of the operating &m
the protective relay and circuit breaker.

7. CONCLUSION

A practical method for voltage sag mitigation inR&

distribution systems has been presented. ProtectivéS]

device models were developed on EMTP to study
voltage sag mitigation by protection coordinatidrhe
main idea for the mitigation is achieved by chagdine
existing protection coordination and/or resizing fase
rating without violating the fuse blowing scheméheT
simulation results indicate that factors that dffedtage
sags are fault locations, fuse sizing, overcurmetay
settings, and source impedance. Although reducng f
clearing time can mitigate voltage sags due totfaul
events, it may not be a viable solution for wealiree
systems where their critical distance is long ardce
are exposed to fault events. An alternative satutio
this case is to reduce source impedance, for exarbpl
reducing transformer impedance. However, doing so
increases the fault level at the substation, thaostening
lifetime of system equipment. Therefore, appropriat
fault clearing time should be determined.

The proposed method can be practically implemented
as long as the critical distance of a protecteddeés not
too far from its substation. In addition, proteatio
coordination with other protective devices (e.g.,
expulsion fuse, circuit breaker) is affected by ritnsion
scheme. Despite such constraints, the proposecduohéth
still attractive and, most importantly, cost-effeetas no
major investment cost is associated. This technltpe
been now implemented in the 22 kV distribution eyst
of Ban Pong 1 substation in Ratchaburi province itad
pros and cons are under evaluation. If the outctumres
positive, this revised protection scheme will bet pu
forward to other substations of PEA in the future.

[7]
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