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1. INTRODUCTION

Voltage sag (also known as voltage dip) has bedimetk as reduction in the root mean square
(RMS) voltage in the range of 0.1 to 0.9 per upit() for duration greater than half a cycle arg$ ldhan one
minute [1]. The voltage sag may be caused by fantseased load demand and transitional events asic
large motor switching [2],[3].Occurrence of voltagag may result in loss of production in automated
processes, since a voltage sag can trip a motoawse its controller to malfunction. Voltage sag atso
force a computer system or data processing sysietnash. Voltage sag may cause adverse effectieon t
performance of sensitive loads. According to aindJnited States (U.S.), the total damage byagstsag
may amount to 400 Billion Dollars [4].

With the advancement in power electronics, new rotlets known as Flexible AC Transmission
System (FACTS) have been developed [5]. These aites have been proved to be quite effective iwgro
flow control, reactive power compensation and eckarent of stability margin in alternating curreAC|
networks [6]. Power electronics based controllessduin distribution systems are known as customepow
devices [7]. Most promising custom power devicedude Distribution Static Synchronous Compensator
(DSTATCOM), Dynamic Voltage Restorer (DVR) and Uaif Power Quality Conditioner (UPQC). These
controllers have been proved to be quite helpfddlving power quality problems [7]. However, doehigh
cost, and for effective control, these are to béinwgdly placed in an interconnected distributiorvnark.

Placement of DVR to mitigate voltage sag causeddwyce side imbalance and harmonics has been
considered in [8]. A phase advance compensatiatesfy to inject optimum amount of energy from DR t
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correct voltage sag has been considered in [9]igDesf a 12-pulse DSTATCOM with feed forward
compensation scheme has been proposed in [10] tigatei voltage sag and improve power factor.
Placement of DSTATCOM for mitigation of voltage sagd voltage flicker using Kalman filter and its
derivatives has been considered in [11]. Phasesad@nt in voltage injected by DVR has been propased
[12] to mitigate voltage sag and swell. An optimWARQC with minimum Volt Ampere (VA) requirement
which aims at the integration of series active a&hdint active power filters has been considered for
mitigation of unbalanced voltage sag [13]. PlacenoéidSTATCOM and DVR has been considered in [14]
to mitigate voltage sag and swell. Placement of DMRa small radial distribution system has been
considered in [15] to mitigate voltage sag. In ghesltage injection by DVR was considered in tharkv A
novel sag detection method for the line-interac®¥R has been presented in [16]. Placement of UPQC
with minimum active power injection has been coasdd in [17]. Left shunt configuration UPQC hasrbee
considered in [18] for voltage sag mitigation. Sagupply voltage has been created by injectinggative
voltage in the circuit. In [19], voltage sag andefivmitigation, load balancing, power factor coties and
harmonic reduction have been considered using URRE.synchronous reference theory has been used to
get reference signals for series and shunt actveep filters of UPFC. A novel compensation and ooint
strategy for Series Power Quality Regulator (SP@R)oltage sag/swell and steady-state voltageatian
reduction has been proposed in [20]. Two topolodoesDVR based on direct converters without direct
current (DC) link have been presented in [21]. Ehéspologies are effective in control of voltage
disturbances such as sag/swell.

The works presented in [8]-[21] have consideredgiaent of custom power devices in small radial
distribution systems. Very limited attempt seembeomade in optimal placement of custom power @svic
in interconnected power systems. Placement of (SMAR Compensator (SVC), Static Compensator
(STATCOM) and DVR for voltage sag mitigation in eedominantly meshed sub-transmission network and
a predominantly radial distribution network hasrmeensidered in [22]. However, placement of FlexiBIC
Transmission System (FACTS) controllers have bessidered at an arbitrarily selected bus and noipe
criterion has been suggested to determine optioealtion of such controllers. Optimal placement ACHS
devices based on Nichiang Genetic Algorithm (NGA3 been suggested in [23] to minimize financiasdss
in the network due to voltage sag. Optimal placanegr=FACTS controllers using genetic algorithm (GA)
based optimization has been suggested in [24] tigai® voltage sag in a meshed distribution system.
ANN based approach for optimal placement of DSTAMC@ mitigate voltage sag in a meshed
interconnected power system has been suggest2é]in [

In this paper, optimal placement of DSTATCOM, DVRdaUPQC has been considered in an
interconnected power system, and their relativdopmance in voltage sag mitigation has been studied
Since most of the sags in the power system are=daus short-circuit faults in transmission and ritisttion
network, fault simulations/studies have been hisatly the most popular tool for voltage sag estioa[2].
Classical symmetrical component analysis, phasdahlar approaches, and complete time domain
simulations are among widely used methods for fainftulation in power system [26]. In the presentkyo
time domain simulations have been done using MATLRBIULINK software [27] and voltage sags have
been estimated under different type of faults withany controller in the systems, and with placetmodn
DSTATCOM, DVR and UPQC, respectively in the syst&ase studies have been performed on IEEE 14-
bus system [28].

2. CUSTOM POWER DEVICES MODEL
In the present work three types of custom powericgsvhave been considered. The proposed
models of these devices are presented below.

2.1. DSTATCOM model

In the present work, the DSTATCOM has been reptesens three independently controllable
single phase current sources injecting reactiveeatiin the three phases at the point of couplthg (oad
bus at which DSTATCOM is placed). The DSTATCOM mbldas been shown in Figure 1 [25]. The control
scheme consists of three control switches which cha set on/off as per compensation requiremems. T
amount of reactive compensation provided by DSTAMCEan be adjusted to mitigate voltage sag at load
buses. The three switches remain open during pie-dandition and are closed upon occurrence oftau
This permits injection of independently controllableactive currents under fault, to the three phade
DSTATCOM bus.
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Figure 1. DSTATCOM model

2.2. DVR model

In the present work, the DVR has been represerstetrae independently controllable single phase
voltage sources injecting complex voltages in sevigh the line in the three phases. The magnituul®
angle of injected voltages may be controlled tdgate voltage sag at load buses. The proposed Dv¥em
has been shown in Figure 2. The control schemeisternsf six control switches which can be set dnésf
per compensation requirement. During pre-fault @ the three control switches connected inesewith
the controllable single phase voltage sources pem @nd the other three control switches in pdralith
controllable voltage sources, are closed. As thé# fakes place, the three switches connectedriasswith
independently controllable voltage sources areetlpand the remaining three switches are made dpes.
permits injection of controllable complex voltagexder faults in the three phases of the line.
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Figure 2. DVR model

2.3. UPQC model
In the present work, UPQC has been consideredrabination of DSTATCOM and DVR models

suggested in sections 2.1 and 2.2, respectively.

3. RESEARCH METHOD

In this work, feed forward Artificial Neural Netwlomwith back propagation algorithm has been used
to find optimal location for DSTATCOM placement. §farchitecture of this network has been shown in
Figure 3.

In Figure 3, the input data p(1), p(2), .......... p(Rvil through the synapses weightg.\ilrhese
weights amplify or attenuate the input signals befoeing added at the node represented by a cirble.
summed data flows to the output through an actwafunction f. The neurons are interconnected trgat
different layers. An elementary neuron with R irgpphas been shown in Figure 3. Each input is weigghte
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with an appropriate weht w. The sum of the weighted inputs and the ,diaforms the input to the transt
function f.

Once the network weights and biases are initia)ileel network is ready for training. The traini
process requires a set of examples of proper nktlwehavior—network inputs, p and target outputs
During training the weights and biases of the nekware iteratively adjusted to minimize the netw
performance function. The default performance fiomcfor feed forward networks is Mean Square E
(M.S.E.) —the average squared error between the network ugnd the target outputs. The gradier
determined using a technique called -propagation, which involves performing computatidraskwarc
through the network.

In the proposed neural network architecture theee2é hidden layers and 14 output layers. T
network can be trained to give a desired patterth@toutput, when the corresponding input dataiss
applied. The training process is carried out wi large number of input and output target déThe
simulation model of the power system network unsierdy is developed ing MATLAB/SIMULINK
software [27. This model is used to find the three phase p®r {(p.u.) voltages of all the buses of !
netwok under different type of she-circuits viz. single line to ground (&), line to line (I-L), double line
to ground (L-LG) and three phase -L-L or L-L-L-G) faults. Postfault voltages have been used to tra
feed forward neural network with be-propagation algorithm. The training process is carnatlwith large
number of input ath output target data. The |-fault p.u. voltages of the different buses have t
considered as output target data. The Mean Squaoe (Bverage squared deviation offerent bus voltages
from the target value) is calculated for differboses. The bus having highest Mean Square Err@.8\). is
considered as the optimal bus for the placeme@IFATCOM. The placement of DVR is considerec
each of the lines connedt¢o the optimal bus. The line where placement ¥RDresults in the maximui
mitigation of voltage sag is considered as thenogttiine for the placement of DVIThe UPFC placement
considered in optimal line towards optimal bPost-fault three phaseoltages of all the load buses
plotted versus time for the foeases— (i) without any controller (ii) with placement of STATCOM at the
optimal bus(iii) with the placement oDVR in the optimal line and (iv) with the placemeasft UPQC in
optimal line towards optimal bus. The relative performancBVWR, DSTATCOM and UPQC in voltage s
mitigation is studied to decide most suitable coligr out of the three controllers conside
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Figure3. Artificial Neural Network architecture

4. RESULTSAND ANALYSIS

Case studies were ffermed on IEEE 1-bus system [Z8having 14 buses and 20 lines. The sys
consists of 5 synchronous machines three of whiehsgnchronous condensers. There are 11 load®
system having a net real and reve power demand of 259 MW and 81.3 MVAR, respetfivEhe singl«-
line-diagram of theystem has been shownFigure 4.

IJPEDS Vol. 2, No. 3Septembe 2012 : 267 — 276



IJPEDS ISSN: 2088-8694 a 271

THREE WINDING
TRANSFORMER EQUIVALENT
g

(6) ceneraTORS

SYNCHRONOUS
CONDENSERS

AWEF 1L BUZ TEST SYSTEM BUS CODE DIAGRAM

Figure 4. Single-line-diagram of IEEE 14-bus system

The simulation model of IEEE 14-bus system was kbgesl using MATLAB/SIMULINK software
[27]. The simulation block diagram of the systens h&en shown in Figure 5. This plant model has been
used to find three phase bus voltages under diffeype of faults, and for the database collectmtrain the
artificial neural network. The voltage database wa&pared by creating L-G, L-L, L-L-G and L-L-L-@dlt
at different buses during the period 33.33 mill®ts to 83.33 milliseconds. The normal per uniu.jp.
voltages of different buses (taken as 1.0 p.uhis work) were considered as output target datmeSdata
were used to test the network and Mean Square €£(tbe average squared deviation of post-fault bus
voltage from its pre-fault value) were calculated &ll the buses. The ANN training performance basn
shown in Figure 6. It is observed from Figure 6tthas-5 has the highest value of Mean Square Error.
Hence, bus-5 was considered as the optimal loc&tiothe placement of DSTATCOM. Placement of DVR
was considered in each of the lines connected ®5bwiz. line 5-1, line 5-2, line 5-4 and line 5-6,
respectively, and post-fault three phase voltaddrises were calculated. It was observed that plaoe of
DVR in line 5-4 was more effective in voltage satigation compared to DVR placement in line 5-hgli5-
2 and line 5-6, respectively. Therefore, line 5-dsveelected as the optimal line for the placemem\R
controller. UPFC placement was considered in ogtiina 5-4 towards optimal bus-5. In order to study
impact of DSTATCOM, DVR and UPQC in voltage sadigation, the DSTATCOM model presented in
section-2.1, the DVR model presented in section@&i®d UPFC model presented in section-2.3 were
considered and their SIMULINK model were developedst-fault three phase p.u. voltages of all theebu
for all type of faults considered viz. L-G, L-L, -G and L-L-L-G faults, were obtained without any
controller, with placement of DSTATCOM at bus-5thwplacement of DVR in line 5-4 and with placement
of UPQC in line 5-4 towards bus-5, using the sofaygackage MATLAB/SIMULINK [27]. Post-fault three
phase bus voltages at bus-2 and at bus-5 with bv@® &t bus-4 have been shown in Figure 7. Podt-fau
three phase voltages at bus-6 and at bus-14 witHdult at bus-4 have been shown in Figure 8. RPadt-
three phase voltages at bus-5 and at bus-13 withGLfault at bus-9 have been shown in Figure 9t-Rnst
three phase bus voltages at bus-2 and at bus-3 with-G fault at bus-9 have been shown in Figuée
is observed from figures 7, 8, 9 and 10 that plam@nmof custom power devices results in significant
reduction of voltage sag under all type of shartuiis considered. It is also observed from figufe8, 9 and
10 that out of three controllers considered in #nigsk, UPQC is most effective in voltage sag mitiga.
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5. CONCLUSION

In this paper, an ANN based approach has beendmmesi for optimal placement of DSTATCOM,
DVR and UPQC controller to mitigate voltage sagam interconnected power system. Case studies have
been performed on IEEE 14-bus system with the bEMATLAB/SIMULINK software. The time domain
simulations of post-fault voltages have been olthiwithout any controller and, with DSTATCOM placed
at the optimal bus, with DVR placed in the optiniak and with UPQC placed in optimal line towards
optimal bus. The simulation results obtained on te&t system establish the effectiveness of prapose
approach of placement of custom power devices ftage sag mitigation. The placement of UPQC seems t
be more effective in voltage sag mitigation comgéaeplacement of DSTATCOM and DVR controllers.
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