|JRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

VOLTAGE COLLAPSE MITIGATION BY REACTIVE POWER
COMPENSATION AT THE LOAD SIDE

V Chayapathi®, Sharath B? G SAnitha’

1.2 3associate Professor, Electrical and Electronics Bement, RVCE, Karnataka, India
chayapathiv@rvce.edu.in, sharathb@rvce.edu.in, anithags@rvce.edu.in

Abstract

Power system stability may be defined as the ptppdra power system that enables it to remain gtade of operating equilibrium
under normal operating conditions and to regainateptable state of equilibrium after being sulgddio a disturbance. A general
and formal definition is given below. The IEEE/CISRoint Task Force has proposed the following digdin-“Power system

stability is the ability of an electric power systefor a given initial operating condition, to ragaa state of operating equilibrium
after being subjected to a physical disturbancehwmost system variables bounded, so that pratyiche entire system remains
intact.” The challenge faced in the modern powestsm is the collapse of voltages at heavy loadhatioad buses of a power
system. The voltage collapse will in turn will efféhe stability of the power system. In this paparovel way of mitigating the
voltage collapse by supplying the reactive poweloat buses is discussed and encouraging simulagsolts are obtained. The
method employed is as fallows. Simulation is doitieowt SVC and STATCOM at load buses. On compar$dhe results at the
load buses it is seen that with SVC and STATCOR:heatoad buses voltage collapse is mitigated inespf heavily loading the

system.

Keywords: Voltage Collapse, Reactive Power Management, [Bagg] Power System Stability.
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1. INTRODUCTION

Stability in general, is a condition of equilibriulmetween
opposing forces. In case of power systems, elegower
generation and consumption are the opposing foreesier
system stability is the ability of the system tameen in
operating equilibrium which is achieved between ¢hexctric
power generation and consumption. Instability itsswhen a
system change or the disturbance leads to an imimla
between the forces in opposition. Power systerbilgiacan
be classified as follows:

» Power system stability is classified into Rotor lang
stability, Frequency stability and Voltage stailit

* The size of the disturbance: It can be a smallescal
disturbance (e.g. change in load) or a large
disturbance (e.g. failure of a generator)

« The time span to be considered for assessing
stability: Short term stability(of the order of seal
seconds) and Long term stability (of the order of
several minutes)

Rotor angle stability refers to the ability of tegnchronous
machines of an interconnected power system to renmi
synchronism after being subjected to a disturbantes

further divided into small signal (or small distarize) rotor
angle stability and large signal rotor angle stgbdr transient
stability. Frequency stability refers to the akildf the power
system to maintain steady frequency following aesev

disturbance, causing considerable imbalance between
generation and load. Frequency stability can beoat $erm or

a long term phenomenon. Voltage Stability Voltabiity is

the ability of the power system to maintain steadgeptable
voltages at all buses in the system at normal ¢pera
conditions and after being subjected to a disturbaA power
system is “voltage stable” if voltages at respectivses after

a disturbance are close to voltages at normal tipgra
conditions [1].

2. VOLTAGE INSTABILITY AND VOLTAGE

COLLAPSE

Voltage instability results from a progressive fall rise of
voltages of some buses. Voltage instability cansben as
uncontrollability of voltage magnitude at a numbébuses of
a power system.

Normally, power system operation is representedpbyer
generation, load demand and adequate supply of ptave
loads at all times. Loads are usually the companeritich
drive the power system to instability. When a distunce
occurs, the power consumed by loads is restoretidogction
of voltage regulators, tap changing transformets,, €load
dynamics). These restored loads stress the highageol
network by consuming more reactive power. This hieirt
reduces voltages. The worst case situation aridesnvthe
above mentioned load dynamics increases the reaptiwer
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demand to such an extent that it exceeds the veaptwer
capability of the transmission and generation sgysté/oltage
instability is hence a state in which the powerteys no
longer behaves in a predictable manner in respdose
operating changes. The following are the causesvditage

stability.

Under load tap changing (ULTC) action during low
voltage conditions: Several previous studies have
shown that the conventional tap changer contrdler
an important contributor to voltage collapse, siiice
always aims to restore its controlled voltage, even
following severe disturbances in the transmission
system.

Un favorable load characteristics[2]

Poor co-ordination between various protective and
control systems like generator excitation protettio
armature over current protection, phase shifting
regulators, etc.

A small gradual system change such as normal
increment in system load, leading to an initialtage

dip which in turn leads to further voltage dips.

2.1 Voltage Collapse M echanism

A typical voltage collapse scenario is outlined obel
considering some types of system contingencies:

Large generating units near the load centers arefou
service and the power system experiences abnormal
operating conditions. As a result, some EHV (Extra
high voltage) lines are heavily loaded and reactive
power resources are at a minimum.

The loss of a heavily loaded line would cause
additional loading on the remaining neighboring
lines. Consequently, the reactive power lossefién t
lines would increase thereby resulting in heavy
reactive power demand on the system.

Immediately following the loss of the EHV line, a
significant lowering of voltage at adjacent load
centers would occur due to extra reactive power
loading. However, the generator AVRs would
quickly restore terminal voltages by increasing
excitation. Increased voltage drop would occur in
generators, transformers and lines due to additiona
reactive power flow through the inductances
associated with these elements. At this stage, the
armature and field current heating levels of
generators would have reached their maximum limits.
The decrease in EHV level voltage would be
mirrored into the distribution system where ULTC
substation transformers would take a few minut2s (
to 4 minutes) to restore distribution level voltage
and loads to pre fault levels. Each step of this ta
changing operation would result in incremental
loading of EHV lines causing increased line losses
which in turn would cause a greater drop in voltage
levels. If this loading of the line exceeds thegsur

impedance loading, each further MVA increase in
line flow would cause higher line losses.

2.2 Prevention of Voltage Collapse

This section discusses the several methods awail&in
prevention of voltage collapse.

Providing sufficient reactive power to a power
system is the first defense against voltage codlaps
Use of control systems such as fast-acting autemati
voltage regulators, automatic controls for switchi

of capacitor banks. Use of Excitation control syste
have to be properly set and co-ordinated. Thi®is t
ensure that the full reactive power capability of
generators is available for system voltage support
during decaying voltage conditions.

Reducing Further the load is another means to
provide support for system voltage. During decaying
system voltage conditions, actions to increase
distribution voltage levels by using tap changeas ¢
be blocked manually or automatically when
collapsing voltage conditions are recognized.

Load shedding programs are applied on a more
common basis to prevent voltage collapse. Shedding
load to mitigate voltage collapse should be
implemented only after all other efforts to avoid a
total voltage collapse have been exhausted. Manual
load shedding programs can be effective in
stabilizing a gradually collapsing system voltatye.
such cases, pre-planned guidelines and procedures
are developed for system operators to initiate load
dropping when a voltage collapse is evolving. The
difficulty with a manual system is that the burdsen
placed on human judgment to recognize the problem
that exists and to determine that the only recoigse
to shed load.

2.3 Static VAr Compensator (SVC)

Static VAr Compensator is a shunt connected sts#ie

generator or absorber whose output is adjustedotura
current (capacitive or inductive) in order to maintor control
bus voltage magnitude.

SVCs are installed for many purposes such as

Voltage regulation

Reduction of voltage flicker caused by varying Isad
like arc furnace

Increase power transfer capacity of transmission
systems

Increase transient stability limits of a power syst

Increase damping of power oscillations

Reduce temporary over voltages

Damp sub synchronous oscillations

The main advantage of SVCs over simple mechanically
switched compensation schemes is their near-irstants
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response to changes in the system voltegethis reason they
are often operated at close to their zero-pointider to
maximize the reactive power correction they canidigp
provide when required. They are | cheaper, fasted more
reliable than dynamic compensation schemes such as
synchronous condensers.

2.4 Static Synchronous Compensator (STATCOM)

It is based on a power electronics voltage-souocwerter and
can act as either a source or a sink of reactivegp&@er to an
electricity network. It is a member of the FACTSnily of
devices. Usually a STATCOM is installed to improxatage
stability. If the amplitude of output voltage i<meased above
the utility bus voltage, then a current flows fraonverter to
ac system and the converter generates reactivergowéhe
system. If the amplitude of the output voltage ecrgased
below the utility bus voltage, then the currenwifofrom the
ac system to the converter which absorbs the induct
reactive power from the ac system. If the outputage equals
the ac system voltage, reactive power exchangentbexaero
and the STATCOM is said to be in floating state [3]

A STATCOM can improve power system performancehia t
following areas:
e Dynamic voltage control in
distribution systems
e Power oscillation damping in power transmission
systems
¢ Transient stability
« Voltage flicker control
e Control of active power in addition to reactive paw
in the connected line requiring dc energy source

transmission and

3.VOLTAGE STABILITY ANALYSIS

The various methods available to study the volttgbility of
a power system can be divided into static and dymam
analysis methods.

The static analysis provides snapshots of the esyst
conditions at various instants of time and resitseducing
the entire system equations to purely algebraiatgps. In
static analysis, the steady state stability of #ystem is
determined using load flow equations. In theseistdt is
assumed that all dynamics have died out and altrakers
have performed their operations correctly. Steadtes/oltage
stability studies pertain to long term voltage #iigh

Dynamic analysis is based on the theory that velttgbility
is a dynamic phenomenon. Time domain dynamic sitioug
enable representation of all possible incidentditen to
voltage instability in chronological order. The dynics of the
power system is modeled as differential equatiods |
Dynamics of system’s control and protection devieese

considered so that practical and accurate definitid the
system’s stability limits is obtained more acculatg

3.1 Static Voltage Stability Analysis

The static approach captures snapshots of systeditioms at
various time frames along the time-domain trajgctét each

of these time instants, the time derivatives of Htate
variables are assumed to be zero, and the statbhes take
on values appropriate to the specific time frame.
Consequently, the system can be represented instefm
purely algebraic equations allowing the use ofistanalysis
techniques [6]

In the past, conventional power-flow programs usimgthods
like Newton Raphson, Fast Decoupled Load Flow, éiave
been used for static analysis of voltage stability.static
voltage stability, slowly developing changes in thewer
system occur that eventually lead to a shortageeattive
power and declining voltage. This phenomenon can
observed by a plot of real power transferred versgsiving
end voltage. This plot called PV curve was obtairetd
selected load buses earlier through power flows. daes
can also be obtained as the output of continugtawer flows
or CPF by plotting voltage against the continuapanameter.
The close relationship between reactive power avithge
allows another graphical representation of stataltage
stability in the form of a plot between voltagesadius versus
the corresponding reactive power loading of the esdias.
This graph can be plotted for different power fastand given
values of real power and is called QV curve.

be

In addition to PV and QV curves, voltage stabilibdices
have been formulated which serve as indicators tafics
voltage stability. These indices enable identifmatof weak
parts of the system and also denote the closepegsltage
collapse.

4.VOLTAGE STABILITY INDICES

The purpose of voltage stability indices is to kecahe
weakest bus in the system and the most critical donnected
to it. These indices may be based on the linese(hioitage
stability indices) or the bus (Nodal voltage stizpindices)
» Line voltage stability Indices
1. Line stability index (ky): Lmn = 4XQ / ([SINE-
) I *Vi%) (3.1)
where Q Reactive powers at sending end bus
X=Z sin B, Z is the impedance of the
transmission line
0 : Power factor angle
d : Voltage angle
V; : Sending end voltage
The system is stable if Lm@mains less than 1.
2. Line stability factor (l): This index was
proposed by A. Mohamed, et al. This index
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depends upon real power &hd reactive power
Q at the sending end bus.

Lap = 40X/ VI)( (X Vi* )R, *+ Q) (3-2)
The system is stable if Lqp remains less than 1.

3. Fast Voltage Stability Index (FVSI): This index
depends on the reactive power at the receiving
end bus. This index is proposed by L Musirin
Et.al. and is defined as
FVSI =42 Q/ VX
The system is stable if FVSI remains lessith.

Voltage Collapse Proximity Index (VCPI): This

index depends on the ratio of real power to maximum

value of real power at the sending end and ratio of
reactive power to maximum value of reactive power
at the sending end. This index is proposed by

M.Moghavemmi Et.al. and is defined as

VCPI (P) = Pj/ P (max)
VCPI (Q) = Qj/ Q (max)
Pj and Qj are obtained from load flow analysis
and P (max) and Q (max) are the maximum
values of active and reactive powers which can
be transferred through the line under
consideration.
The system is stable if VCPI remains less than 1.

On Line Voltage Stability Index (LVSI)

An online voltage stability index is proposed from

the view point of the relationships between line

active power and bus voltage with the line . If the
resistances of the transmission line are zero, tthisn
index fails. The system is stable if LVSI is leban

or equal to 1.

LVSI = 4 RR/ [V, cos-3)]

Nodal stability indices

1. L index: is a global indicator which provides
guantitative estimate of distance of actual
operating point of system to stability limit.

2. Diagonal element dependent index: An index
based on partial derivatives of active and reactive
powers with respect to voltage angle and voltage
which indicates voltage stability.

This work focuses on use of line voltage stabilitgices in
determining critical lines and hence the weakest inuthe
power system [7].

5. WSCC 9BUSTEST SYSTEM

This is a Western Systems Coordinating Council $gstem

with three synchronous machines and nine buses. The
IEEE type-1

synchronous machines are provided with
exciters. The synchronous machines may be provigital
automatic voltage regulators. The system consiftshiee
loads at buses 5, 6 and 8.

Bus 1

AR
Fig1 WSCC 9 BUS TEST SYSTEM

5.1 Analysis of 9 Bus System Using I ndices

The 9 bus test system was analyzed on similar lageshe
IEEE 14 bus test system. The system without angtirea
power compensation by FACTS devices was considened
the load buses (5, 6 and 8) were subjected towaftaadings.
The loadings were of the form of increasing reakgoalone,
increasing reactive power alone and then incredsoty real
and reactive powers simultaneously. The Newton Baph
power flow program was run for the various loadiagsl then
the load flow results were entered into a MATLAB)gram
which gave the Line Stability Index and Line StapiFactor
as outputs. The critical lines were found to bedi® and 6 as
indicated by the values of indices (closer to H)eJe critical
lines were found to be either directly connectedttdn the
proximity of bus 5. Bus 5 was identified as the ket bus
and following connection of STATCOM at bus 5, tinelices
were recalculated.

5.2 Analysis of 9 Bus System Using QV Curves

QV curves were plotted for the critical bus 5. Buszas made
a PV bus by addition of a PV generator. Then, saleg of

voltage was done for bus 5 i.e. bus voltage wasaset
particular value. Then the Newton Raphson powew fleas

run and the corresponding reactive power at bus as w
obtained. This process was repeated with the weltéadus 5
being incremented at the start of each load flolae Voltage
and reactive power values were then used to olstgilot of
QV in Excel as shown in Fig 2 Then QV curve wasaoigd
for the case of STATCOM being connected at bus $hasvn
in Fig 3
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Maximum reactive power for the case without compéng
was -3.17pu and with STATCOM it was -3.35 pu intliog
that the connection of STATCOM improved the reagtiv
power load ability and hence the voltage stability.

However, once again the QV curve for change in FBCT
device to SVC or in position of connection of FAC@&vice
rendered the same QV curve as shown in Fig 3.

Fig 2 QV curve without FACTS
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5.3 Comparison of Svc/Statcom In 9 Bus System
With Continuous Power Flow (Cpf)

The nine bus test system was subjected to contimupbwer
flow and the maximum loading parameter was foundeo
1.6216.

SVC was first used to provide reactive power corspénn.
There were three possible locations for SVC, narttedyload
buses 5, 6 and 8. The best position for conneaifoSVC

(Bus 8) was determined by running CPF after platiregSVC
at the three load buses in turn. The PV curvesgmfand the
bar graph in Fig 5 illustrate that SVC at bus 8vjes the
maximum load ability and hence improves voltag®ibta to

the largest extent.

Next STATCOM was used for reactive power compensgati
and again the best place for its connection waeratéted.
STATCOM was placed at the load buses of 5, 6 aaddBthe
continuation power flow was run. Maximum lambda or
loading parameter was obtained for STATCOM conoectt
bus 5. Fig 6 and.7 show the PV curves and maximadihg
parameter values for the three cases.

Finally three cases were taken and the continugpiawer

voltage curves were obtained as shown in Fig 8sé&lmses
were that of 9 bus system without FACTS, with S\MMas 8

and with STATCOM at bus 5. As can be seen, SVC aved

the system’s real power load ability limit compared the

system with no reactive power compensation as easeen
from the “nose” of the curves. STATCOM further iroped

the voltage stability with the voltage showingldttvariation

with real power loading when considered in the saange of
loading as the SVC case. The bar graph in Fig Qvshbe

values of maximum loading parameter.

——VpssovC ats

DO e T e Py - S s
; : - —VBusﬁsVC ath

Yoltage Vip.u.)
(=]
w

1 11 12 13 14 15 1.6 17
Loading Parameter & {(p.u.)

Fig 4 CPF curves for SVC
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CONCLUSIONS

The required objective is fulfilled .The resultoshthat with
FACTS devices the power system is less prone ttagel
collapse at the load buses during heavily loadedllitions on
the load buses. The reactive power supplied atothe buses
has improved the power system stability.
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