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Transient Stablility Analysis of a Multi-Machine
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Abstract—A considerable progress has been achieved in éminsi
stability analysis (TSA) with various FACTS contesk. But, all
these controllers are associated with single trésssam line. This
paper is intended to discuss a new approach malgéline FACTS
controller which is interline power flow controll@PFC) for TSA of
a multi-machine power system network. A mathemébtinadel of
IPFC, termed as power injection model (PIM) presénand this
model is incorporated in Newton-Raphson (NR) poviaw
algorithm. Then, the reduced admittance matrix ofdti-machine
power system network for a three phase fault wittamd with IPFC
is obtained which is required to draw the machiwing curves. A
general approach based on L-index has also beensdid to find
the best location of IPFC to reduce the proximityirtstability of a
power system. Numerical results are carried outwantest systems
namely, 6-bus and 11-bus systems. A program in M¥E has
been written to plot the variation of generatooraingle and speed
difference curves without and with IPFC for TSA aaldo a simple
approach has been presented to evaluate criteaticg time for test
systems. The results obtained without and with IRFE compared
and discussed.

and S.Sivanagaraju

Transient stability analysis is an important analya the
operation and planning of power system network T2le use
of various FACTS controllers for transient stalildanalysis
has been addressed [3]-[7]. The co-ordinated diamitaand
UPFC control to improve power system transientibtaland
voltage stability has been reported [8].

Reference [9] presents a new control strategychvihias
superior performance compared to the conventiooatrol
strategy for transient stability improvement in fheesence of
advanced static VAR compensators (ASVC). [10] Psasoa
new control strategy of shunt FACTS devices to ionprthe
first swing stability limit of simple power systerwhich
provide significantly higher stability limit tharhat of bang-
bang control (BBC). [11] Depicts the advantagehs tise of
thyristor controlled series compensator (TCSC) witlitable
controller over fixed capacitor operation for trims stability
improvement of a multi-machine power
trajectory sensitivity analysis. [12] Investigatix® impact of

Keywords—Flexible alternating current transmission systenglifferent static synchronous series compensator SG3S

(FACTS), first swing stability, interline power flo controller
(IPFC), power injection model (PIM).

|. INTRODUCTION

HE recently developed converter

controllers are static synchronous
(STATCOM), static synchronous series compensat&S(),
unified power flow controller (UPFC) and interlipewer flow
controller (IPFC). All these FACTS controllers emyplthe
voltage sourced converter as basic building blooc#t plays
vital role in power system stability analysis, espby in
transient stability analysis because of fast atidlie control
over the basic transmission system parameters,asigbltage
magnitude, phase angle and line impedance [1].
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control modes on small-signal and transient stigbdf power
system and it is concluded that the use of SSSkeiconstant
impedance emulation mode is the most beneficiatesy to
improve both the small-signal and transient stgbili

based FACTS The optimal location of shunt FACTS controllers for
compensatdransient stability improvement employing genetigoathm

has been presented [13]. The transient stabilitysitained
optimal power flow (TSOPF) is a big challenge ie field of
power system operation because of
complexity. The different methods to find the smnt for
TSOPF problem has been discussed [14]-[18]. Cartfidy
of the former literature reveals that the FACTS toaliers
used for transient stability analysis is associatétth single
transmission line. But, in this paper a multi-iIFKACTS
controller which is interline power flow controlléiPFC) has
been used for transient stability analysis of ramiéichine
power system network. Determination of suitableat@mn for
the FACTS controllers is a typical problem. In theper, the
best location for the test system is obtained based-index.
Generator rotor angle, rotor speed and fault algatime have
been used to assess transient stability margirowEp system

system using

its computational
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network. The system loads are converted to constafise (n=jk ) is the series coupling transformer impedance.

admittances. The numerical results on the two sgstems
have demonstrated the feasibility and effectiveinétlse IPFC
model for transient stability analysis.

The rest of the paper is organized as follows: iSecH
derives power injection model of IPFC. Sectiond#scribes
the suitable location of IPFC. Section IV gives m@alesolution
procedure. Section V demonstrates the effectivea&$BFC
model for transient stability analysis through nuiced
examples and finally, conclusions are given inisec¥I.

Il. MATHEMATICAL MODEL OF IPFC

A. Operating Principle of IPFC

In its general form the inter line power flow cariter
employs a number of dc-to-ac converters each piryyiseries
compensation for a different line. In other wortlse IPFC
comprises a number of Static Synchronous
Compensators (SSSC). The simplest IPFC consistaback-
to-back dc-to-ac converters, which are connectesgiies with
two transmission lines through series coupling sfammers
and the dc terminals of the converters are condetcigether
via a common dc link as shown in Fig.1.With this@ in
addition to providing series reactive compensati@my
converter can be controlled to supply real powerthe
common dc link from its own transmission line.

i E— 1V
(DTF\
[vac 1| £ [vacq]
ol
]V

Fig.1 Schematic diagram of two converter IPFC

B. Mathematical Model of IPFC

In this section, a mathematical model for IPFC \uhiall
be referred to as power injection model is derivigds model
is helpful in understanding the impact of the IPB@ the
power system in the steady state. Furthermord PRE model
can easily be incorporated in the power flow modkually,
in the steady state analysis of power systemsy 8@ may be
represented as a synchronous voltage source imge@n
almost sinusoidal voltage with controllable magdéuand
angle. Based on this, the equivalent circuit ofGR& shown in
Fig.2[19]-[20].

In Fig.2, V;,V;and V, are the complex bus voltages at the

bused, j andk respectively, defined a¥,, =V, 8, (m=i,

jandk) . Vsg, is the complex controllable series injected

voltage source, defined ase,, =Vse, &5, (n=jk) and
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Series

The injection model is obtained by replacing thdtage
source ¥/sg,)) as current sourcelge ) in parallel with the

transmission line. For the sake of simplicity, tlesistance of
the transmission lines and the series couplingsfoemers are
neglected. Therefore, the current source can bessed as

Ise,, = —jbse,Vse, @
Fee .. 458,
I i i
R
=,
Re (Voe, 1% + Voo 5 )= 0
{
= ZSE:‘;;

Fig. 2 Equivalent circuit of two converter IPFC

Now, the current sourcelg$e,) can be modeled as

injection powers at the busésj andk. The complex power
injected ai'" bus is

Shii = zvi (_ Isein)D ()
n=j,k
Substitute (1) in (2)
Shii = zvi(jbseinvsein)D €)

n=j,k

After simplification, the active power and reactiymwer
injections ai™ bus are

P

inj,i

=Re(S,,) = > (VVse bse, sin@, - &,) (4

n=jk

Qinj,i = Im(Snj,i) == Z(\AVSan%m COSGi - @n) (5)

n=j,k

The complex power injected af' bus g=j,k) is

Sinj n = Vn (Isein )D (6)
Substitute (1) in (6)
Sinj ,n = Vn (_ Jbse invsein )D (7)

After simplification, the active power and reactiywmwer
injections an™ bus are

P

inj,n

= Re(Smj’n) =-V,Vsg, bse, sin@, —-6s«,) (©)
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Qinj,n = Im(slnj,n) :VnVSansem COSGn _956|n) (9)
Based on (4), (5), (8), and (9), power injectiondloof IPFC
can be seen as three dependent power injectiobgsesi, |
andk as shown in Fig.3.

Zse'i?-
1 | V
v e
F—| Fotog F Boog
F o +0
Infd it Z.S‘é‘ik
| p— I
P&.,l.* + Qan,l.*

Fig. 3 Power injection model of two converter IPFC

As IPFC neither absorbs nor injects active poweth wi
respect to the ac system, the active power exchbatyeeen
the converters via the dc link is zero, i.e.

O O] —
Refvse, 17 +Vee,15)=0 (L0)
Where the superscript * denotes the conjugate cdmplex
number. If the resistances of series transformersiaglected,

(10) can be written as
2 Rim=0

nH,jk

11)

The transient and voltage stability analysis plags
important role for system security and reliabili§ne of the
major recent research areas is the use of FACTS8dilens
for the co-ordination between transient and voltaggbility
analysis. So, in this paper, the voltage stahitilex (L-index)
has been used as the basis for selection of seitatdtions of
IPFC. If n is the total number of buseg,is the number of

LOCATION OFIPFC

where |5, 1, and Vg,V represent complex current

andvoltage vectors for generator and load buses.
[YGG],[YGL],[YLL] and [YLG] are corresponding portions of the

networkY-bus matrix. Eq. (13) can be rewritten as

e S

where [FLG] =—[Y,_,_]_1[Y,_G] and F;; are the complex

ZLL
KGL

FLG
YGG

@4

elements of[FLG] matrix.

Among the various indices for voltage stability aradtage
collapse prediction, the L-index gives a scalar bernto each
load bus and fairly consistent results. The adgentaf this
method is the simplicity of the numerical calcwdati and
expressiveness of the results. The L-indices feremiload
conditions are computed for all load buses andntagimum
of the L- indices gives the proximity of the systémnvoltage
collapse. If the L-indices for load buses are cltzs®(zero),
indicating that the system has maximum stabilityrgimaand
close to 1(unity), indicating that the system appi®s to
voltage collapse.

IV. SOLUTION METHODOLOGY

For clear reference, the overall solution procedioe
transient stability analysis of multi-machine powsystem
network with IPFC is summarized as follows.

Step 1: Input bus data, line data, generator datmgjent
reactance & inertia constant) and IPFC data (IP&@rpeters
and its location).

Step 2: Form the bus admittance matrix by inspadatiethod.
Step 3: Obtain power flow solution by Newton-Raphso
method.

Step 4: Using power flow solution obtained in sBegompute
the internal machine voltages and also replacdoallis by
constant shunt admittances.

generator buses ang-g+1 to n are the load buses then the L-Step 5: Form the pre-fault, fault-on and post-faettuced bus

indices for given load conditions are computed gighe load
flow results for all the load buses with the foliogy equation
[21]-[22].

12

All the terms with in the sigma on the right-hagide of (12)
are the complex quantities. The values Eﬁ are obtained

admittance matrices.

Step 6: Evaluate the electrical power output ofhemachine
under fault and post-fault conditions.

Step 7: Express multi machine equations in statialie form

and also find its solution during fault and postlfaonditions.

Step 8: Plot the rotor angle difference and speféerence of
each machine with respect to slack bus for differamlt

clearing times.

Step 9: Repeat steps 2 to 8 with IPFC.

Step 10: Analyze whether system is stable or uletzdsed on

from the networkY-bus matrix. For the given operatingyq rotor angle difference curves with out and REC. The

condition,
{ :| |:YGG YGL
YLG YLL

ls | _

| v

I

111

rotor angle difference does not increase indefipitend then
the system is found to be stable. Otherwise,unistable.
Step 11: Repeat the evaluation process for diffefanlt
clearing times and predict critical fault clearitigne with out
and with IPFC.
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V.RESULTS AND DISCUSSIONS
In this section, numerical results are carried onttwo

do not increase, the system is stable and if anth@fangle
differences increase indefinitely, the system isstaible.

standard test systems, 6-bus andll-bus systems tf23] Typically, the fault should be cleared as earlypassible so

demonstrate the effectiveness and performance € IRor
transient stability analysis of multi-machine powgystem
network. In 6-bus test system, bus 1 is considaseslack bus,
while bus 2 and 3 as generator buses and othes lansdoad
buses. Similarly, in 11-bus system, bus 1 is caneid as slack
bus, while bus 10 and 11 as generator buses awd btises
are load buses. For the test systems, the converdelerance
is 1e-5 p.u. System base MVA is 100. At first, fhre-fault
power flow solution for the two test systems obgdinusing
standard NR method. The obtained results are cadpaith
the solution given in example 11.7 [23] and obsérkat the
results are exactly matched. Next, the pre-faulvgroflow
solution for the two test systems obtained withCPFhe pre-
fault power flow solutions for two test systems heitit and
with IPFC are given in Table 1 and Table 2 respebti The
pre-fault power flow results are required for tians stability
analysis. Further, from Table 1 and Table 2, @tléar that the
voltages at slack bus and generator buses are kmatntieere is

that damage on the system can be avoided to adtgat. In
this paper, the fault clearing time is increaseatgally to find
critical clearing time.

The swing curves and rotor speed difference cuoiate
two test systems for different fault clearing tinege shown in
Fig.4to Fig.11. For 6-bus system, it is assumed thditreet
phase fault occurs on line 5-6 near bus 6. Theatian of
generator-2 rotor angle difference without and WitC for
different fault clearing times is shown in Fig.4om Fig. 4(a),
it is observed that the variation of generator-foraangle
difference do not increase indefinitely without amith IPFC

for fault clearing time (t) =0 .4 sec, therefore the system is

found to be stable. From Fig. 4(b), it is seen thatvariation
of generator-2 rotor angle difference increasesfindely
without IPFC, therefore the system is found to Ibstable
when the fault is cleared in 0.5 sec. But, the atanh of
generator-2 rotor angle difference do not increasasfinitely
with IPFC, therefore the system is found to be lstdibr the

a significant change in load bus voltages with IPFCame fault clearing time. Therefore, it can be taed that

Especially, the voltage at bus-6 of 6-bus systerd #re
voltage at bus-9 of 11-bus system increased to hwhré-C
converters are connected.

The suitable location of IPFC is obtained based -amdex
criterion. In this, the L-indices are computed #&dirload buses
of test system and ranking is given. The maximurh-ofdex
gives the proximity of the system to voltage cadlapand
ranked as 1(one). So, IPFC placed near to firkegrus to
avoid voltage collapse. The L-indices for the twettsystems
are given in Table 3 and Table 4 respectively. Bdyus
system, the L-index is more for bus 6. Therefor@ee o
converter of IPFC is embedded in a line betweerbtises 1-6

the fault clearing time is increased because ofCIRif the
system, which indicates the improvement of transstability
margin of the system. From Fig. 4(c), it is alssatved that
the variation of generator-2 rotor angle differerde not
increase indefinitely without IPFC, therefore thgstem is
found to be critically stable when the fault isasked in 0.45
sec which is near to unstable point. Further, ih dae
concluded that the critical clearing timeg. jtfor 6-bus system
without IPFC is between 0.45 to 0.5 sec .But theist
increased with IPFC which is greater than 0.5 SEge
variation of generator-2 rotor speed differencehauit and
with IPFC for different fault clearing times is sk in Fig.5

which is considered as'line and the other converter of IPFcand it is with in the limits for:£0.4 & t:=0.45 sec without and

is placed in a line between the buses 4-6 whidoisidered

with IPFC as shown in Fig.5 (a) and 5(c) respebtivBut,

as 29 line and bus 6 is selected as common bus for twgtor speed difference increases indefinitely withi®FC and

converters. Similarly, for 11-bus system, the Leards more
for bus 9. Therefore, one converter of IPFC is efdee in a
line between the buses 4-9 which is considered™dmd and
the other converter of IPFC is placed in a linewieen the
buses 8-9 which is considered &%lihe and bus 9 is selected
as common bus for two converters. The IPFC locadiod its
parameters for the two test systems are given ibleT&.
Finally, the system is examined stable or unstditden the
swing curves.

A solid three-phase fault is assumed at a buséanptiwer
system network. A fault in a power system can libeeiof
self-clearing type or it is cleared by line isodetti In this
manuscript, it is considered that the fault is @daby line
isolation. Usually, the slack bus is selected a&s rfference
and the phase angle difference of all other geoeratith
respect to the reference machine are plotted. @kyethe
solution is carried out for two swings to show tttee second
swing is not greater than the first one. If thelamdjfferences
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it is within the limits with IPFC when the fault deared at
t.=0.5 as shown in Fig.5 (b). For the sake of corapless, the
variation of generator-3 rotor angle difference aspked
difference without and with IPFC for the same fatl#aring
times are shown in Fig.6 and Fig.7 respectively.

In addition, the same analysis has been carriedoout1-
bus system and it is assumed that a three-phaetaurs on
line 3-4 near bus 4. The variation of generatordidr angle
difference and speed difference without and witlrCPfor
different fault clearing times is shown in Fig.8dafig.9
respectively. For 11-bus system also, Fig.8 (byshthat the
IPFC improves the system stability, which was o#hes
unstable when the fault is cleared in 0.75 sec.tRersake of
completeness, the variation of generator-11 rotoglea
difference and speed difference without and witlfrCPfor
same fault clearing times is shown in Fig.10 and.®Hi
respectively. Table 6 summarizes the graphicalltesd 11-
bus system along with 6-bus system.
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TABLE |

THE PRE FUALT POWER FLOW RESULTS OB-BUS SYSTEM WITH OUT AND WITH IPFC

Magnitude of

Angle of Voltages

Active Power

Reactive Power

Voltages (p.u) (deg.) Generation (MW) Generation (MVAR)
Bus o Without With Without With Without With Without With
IPFC IPFC IPFC IPFC IPFC IPFC IPFC IPFC
1 1.060 1.060 0.000 0.000 105.287 103.584 107.335 07.387
2 1.040 1.040 1.470 1.399 150.000 150.000 99.771 2.188
3 1.030 1.030 0.800 0.986 100.000 100.000 35.670 .29P9
4 1.008 1.007 -1.401 -1.475 0.000 0.000 0.000 0.000
5 1.016 1.019 -1.499 -1.308 0.000 0.000 0.000 0.000
6 0.941 0.958 -5.607 -5.068 0.000 0.000 0.000 0.000
TABLE I |

THE PRE FUALT POWER FLOW RESULTS OEL-BUS SYSTEM WITH OUT AND WITH IPFC

Magnitude of Voltages

Angle of Voltages

Active Power

Reactive Power

(p.u) (deg.) Generation (MW) Generation (MVAR)
Bus No. Without With Without With Without With Without With
IPFC IPFC IPFC IPFC IPFC IPFC IPFC IPFC
1 1.040 1.040 0.000 0.000 246.646 244,903 206.451 06.520
2 1.028 1.028 -0.793 -0.787 0.000 0.000 0.000 0®.0
3 0.997 0.997 -1.970 -1.938 0.000 0.000 0.000 0.000
4 1.024 1.024 -0.608 -0.530 0.000 0.000 0.000 0.000
5 1.017 1.017 -1.318 -1.317 0.000 0.000 0.000 0.000
6 0.993 0.993 -2.277 -2.254 0.000 0.000 0.000 0.000
7 1.021 1.021 -0.348 -0.358 0.000 0.000 0.000 0.000
8 0.985 0.984 -2.414 -2.434 0.000 0.000 0.000 0.000
9 0.981 1.014 -2.798 -1.738 0.000 0.000 0.000 0.000
10 1.035 1.035 0.257 0.335 200.000 200.000 141.49938.056
11 1.030 1.030 0.524 0.514 160.000 160.000 95.095 5.293
TABLE Il TABLE IV
L-INDICES OF6-BUS SYSTEM L-INDICES OF11-BUS SYSTEM
Bus No. L-Index Rank Bus No. L-Index Rank
6 0.164 1 9 0.079 1
4 0.059 2 8 0.071 2
5 0.046 3 0 0.063 3
3 0.056 4
5 0.033 5
4 0.019 6
2 0.018 7
7 0.017 8
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TABLE V
IPFCLOCATION AND PARAMETERS

IPFC Location

IPFC Parameters

Test 5
system us Lines Vse (p.u) 6se (deg)
6 - bus 6 1-6 & 4-6 0.03 -150
11- bus 9 4-9 & 8-9 0.04 -150
TABLE VI

STATUS OF TEST SYSTEMS WITH OUT AND WITHPFC FOR DIFFERENT FAULT CLEARING TIMES

Critical clearing time , .t

: Fault Status of system
Test Faulted Line clearing (sec.)
removed to . . ] . .
system bus clear fault time, ¢ without with without with
(sec.) IPFC IPFC IPFC IPFC
" 0.4 stable stable
a .
2 6 5-6 045  criticaly o obe  045<t,<05 =05
& stable
0.5 unstable stable
" 0.65 stable stable
> L.
o} <
. 4 3_4 0.7 critically stable 0.7 <t,.< 0.75 >0.75
= stable
0.75 unstable stable
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