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Abstract—This paper discusses the application of trajectory
sensitivity analysis (TSA) of power systems containing FACTS
compensators. Thyristor controlled series compensator (TCSC)
and static synchronous compensator (STATCOM) are the devices
considered. The TCSC is modeled by a variable capacitor, the
value of which changes with the firing angle. The STATCOM is
modeled by a voltage source connected to the system through a
transformer. The effect of their individual and simultaneous use
on the system transient stability is studied by applying TSA. Two
different test systems are considered. It is shown that TSA can be
used to determine the best possible locations of the two devices for
transient stability improvement as well as to predict the critical
clearing time.

Index Terms—Optimal location, static synchronous compen-
sator (STATCOM), thyristor controlled series compensator
(TCSC), trajectory sensitivity analysis, transient stability margin.

1. INTRODUCTION

HE ELECTRICAL energy industry is presently under-

going restructuring and deregulation in different parts of
the world. This is expected to bring in more competition be-
tween utilities. So the improvement of power system operation
efficiency is a requirement from the operational point of view.
The available system will be pushed to its limits, and hence,
maintaining system reliability will be of increasing importance.
FACTS devices help in increasing the operational efficiency of
power systems without affecting the reliability of supply. Series
compensation devices like thyristor controlled series com-
pensator (TCSC) and shunt compensation devices like static
synchronous compensator (STATCOM) help in increasing the
transient stability margin of power systems and thus provide
means to operate the system near their limits. However, for
large power systems, more than one compensator may be re-
quired to achieve the targeted performance. Therefore, detailed
prior knowledge about the effect of simultaneous application of
more than one FACTS device in different locations of a system
is required.

Assessment of transient stability condition of the system is
essential for understanding the effect of application of FACTS
devices. The transient energy function (TEF) method is the
standard tool used for this purpose. Analytical sensitivity of
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transient energy margin has been used to compute the stability
limits of power systems in [1]. The effectiveness of individual
FACTS compensators on transient stability has been studied
using structure preserving energy margin sensitivity also in [2].
However, the TEF-based methods may become too complex
when a detailed model, including FACTS device, is considered,
and a number of parameters have to be taken into account. The
computation of controlling unstable equilibrium point (UEP)
may pose increased computational problems.

Trajectory sensitivity (TS) has been proposed as an alterna-
tive to the TEF-based methods in [3]. Trajectory sensitivities
can be computed numerically, which is a big advantage if dy-
namic models of devices are considered. Trajectory sensitivity
in finding critical values of parameters, dynamic rescheduling
of generation, as well as other applications have been reported
in the literature [4]-[6]. A method to reduce the number of TS
calculations is discussed in [7].

Mathematical modeling and analysis of static compen-
sator (STATCOM) is presented in [8]. It discusses the use of
STATCOM in improvement of transient stability and power
transfer. The TCSC can also be placed in one of the lines of
a power system with suitable control scheme to improve the
transient stability condition of the system [9].

In this paper, TSA has been used to study the effects of
FACTS controllers on the transient stability of a power system.
Sensitivity with respect to fault clearing time has been con-
sidered. At first, a series compensator (TCSC) and a shunt
compensator (STATCOM) are placed individually, and the
post-fault stability condition is studied. The effects of variation
in the locations of fault and FACTS devices as well as changes
in the values of FACTS device parameters are studied. The
TCSC is represented by a fundamental frequency lumped reac-
tance model, the value of the reactance varying with the change
in the firing angle. The STATCOM is represented by a voltage
source, which is connected to the system through a coupling
transformer. The voltage of the source is in phase with the ac
system voltage at the point of connection, and the magnitude
of the voltage is controllable. The current from the source is
limited to a maximum value by adjusting the voltage. In the
next step, two FACTS devices are placed simultaneously at
two different locations of the system. The effects of individual
shunt and series compensation and simultaneous compensation
are compared. Effects of compensation in a stressed system are
also studied. The systems under consideration are the three-ma-
chine, nine-bus WSCC system [10] and the IEEE 16-machine
68-bus system [11]. System load is considered as constant PQ.
The method can be easily extended to handle other load models,
like constant impedance, etc.

0885-8950/$25.00 © 2007 IEEE
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II. TRAJECTORY SENSITIVITY ANALYSIS
OF MULTIMACHINE POWER SYSTEM

A. Trajectory Sensitivity Analysis

Suppose a multimachine power system is represented by the
set of differential and algebraic equations given as

j: = f(:l:'/y? A)7
0=g(z,y,\),

where z is the state vector, ¥ is a vector of algebraic variables,
and A is a vector of system parameters. Then the sensitivities of
state trajectories with respect to system parameters can be found
by perturbing A from the nominal value of A o. The equations
for TS can be found as [3]

= [ [ [ -
dg dg dg

o= [ e G [5] v0=0 @

where w; = Jz/0\ and wy = Oy/O\ are the sensitivities.
Solving (1) and (2) simultaneously, we get x, y and the sensitiv-
ities wy and ws.

However, the TS can also be found in a simpler way by using
a numerical method. Let us choose one scalar parameter A and
compute the sensitivities with respect to it. Two values of X are
chosen (say, A; and A2), and the corresponding state vectors x1
and x5, respectively, are computed. Now the sensitivity at A; is
defined as

ZE(to) =X
y(to) = yo (1)

v Ar
Ao — A1 AN

Sens = 3)
By taking A\ small, the numerical sensitivity is very close to
the analytically calculated trajectory sensitivity value.

B. Multimachine Power System Model

Consider an n-bus, m-machine system with the machines
represented by classical model (i.e., a voltage of constant mag-
nitude behind the transient reactance of the machine). The buses
are numbered 1 to n, and the internal nodes of the machines are
represented by (n + 1) to (n + m). The swing equations are
givenas [12]fore =n+1,...,n4+m

‘ifti = w,Aw,, @)
om, P29 _ p N Vil - V|G 6; — 0
i— = P — ;' i - [Vil[Gij cos(6; — 0;)
+ Bij sin(ﬂi - 91)] — KDq- Awri 5)

where Aw,. is the per unit speed deviation, H is the inertia con-
stant, w, is the synchronous speed, m is the number of machines,
P, the mechanical power input in per unit, V;(i = 1---n) are
the bus voltages in per unit, and 6;(¢ = 1. ..n) are the phase an-
gles inradians. Here 0;(i = n+1...n+m) are the §;’s, the an-
gular positions of the rotors and V;(i = n+1---n+m) are the
constant magnitudes of internal voltages of the machines. The
dynamics of the network and the stator windings are neglected,
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and the network is represented by a set of algebraic equations
fore =1,...,n

n+m
Pr, = Y [VillV}|[Gij cos(8; — 6;) + Byjsin(d; — ;)]
Jj=1

(0)
n+m

Q. = Y VillVj|[Gijsin(6; — 6;) — Byj cos(6; — 6)]
Jj=1

@)

where G;; and B;; are the network transfer conductance and ad-
mittance, respectively. These are obtained from the augmented
Ypus matrix where the admittance corresponding to the tran-
sient reactance of the machines are included along with normal
Ypus. Pr; and Qp; are the real and reactive powers loads, re-
spectively, at the sth bus [10], [13].

C. Quantification of TS and Its Implication

The state variables for the power system (described in the
previous subsection) are the generator rotor angle () and rotor
speed deviation (Aw,.). Sensitivity of these state variables with
respect to any parameter A can be computed as in (3). For an-
gular stability study, relative rotor angles are considered instead
of individual rotor angles. Generally one of the generators with
large inertia (say, the jth one here) is considered as the refer-
ence, and the relative rotor angle of the ¢th machine is found as
0i; = 6 4 - 05 [10], [14]. The sensitivity of ¢ ;; with respect to
A is computed as

06;;  96; 90
2 N)) N’
However, individual speed deviation is considered here (and not
relative speed deviation) because of the nonzero damping.
The center of inertia (COI) can also be used as reference in-

stead of one of the machines. The COI angle and speed are given
by

®

1 m
bcor = 3= > Midi ©)
i=1
1 m
Wreor = FT Z Miwr, (10)
i=1
where
My =3 M (1
i=1
and
2H,;
M; = . (12)
Ws
The COI referenced rotor angles and speeds are given by
bi = 6; — boor (13)
Wy, = Wy, — Wraor- (14)

Equations (4) and (5) can be modified using (13) and (14). Then
proceeding as before, the rotor angles and speeds in the COI
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reference frame can be obtained. However, relative rotor angle
formulation involves lesser analytical work.

Trajectory sensitivities give us information about the effect of
change of parameter on individual state variables and hence on
the generators (to which the particular state variable correspond)
of the system. However, to know the overall system condition,
we need to sum up all these information and develop a suitable
metric. To achieve this goal, the norm of these sensitivities of 6;;
and Aw, are calculated. Other metrics can also be developed
including the TEF itself without computing UEP as reported
in [4]. The sensitivity norm for an /m machine system is given
by (15). It was observed that the contribution of the frequency
deviations to the norm is very negligible. However, it is retained
here to reflect the general theory of TS. Then a new term ) (ETA)
is introduced [4], which is defined as in

& 96;\° (04w,
s0=\|3 (m) +( = ) (15)
n = 1/max(Sy(t)). (16)

As the system moves toward instability, the oscillation in TS
will be more, resulting in larger values of S (t). This will result
in the smaller values of 7. Ideally, 77 should be zero at the point
of instability. Therefore, the value of 7 gives us an indication of
the distance from instability. In this paper, TS with respect to
fault clearing time and the corresponding 7 has been used for
assessing the relative stability margins of the system.

III. EFFECTS OF SERIES COMPENSATION
ON TRANSIENT STABILITY

The study systems considered are the WSCC three-machine
nine-bus system shown in Fig. 1 [10] and the IEEE 16-machine
68-bus system [11] shown in Fig. 2.

A. Variation of n With Fault Clearing Time

Let us first investigate the effect of variation of fault clearing
time (ts) on TS and 7 in the uncompensated system. A
three-phase fault is simulated in one of the lines of the nine-bus
system. The simulation is done in three phases. To start with,
the pre-fault system is run for a small time. Then a symmetrical
fault is applied at one end of a line. Simulation of the faulted
condition continues until the line is disconnected from the
buses at both of the ends of the faulted line after a time ¢
s. Then the post-fault system is simulated for a longer time
(say, 10 s) to observe the nature of the transients. We start
with . = 0.1 s (which is six cycles for a 60-Hz system) and
compute the TS and 7. Then the %} is increased in steps to
observe the change in TS in the post-fault phase as represented
by 7. The results are given in Table I. As expected, an increase
in t.) reduces the value of 7, indicating a reduction in transient
stability margin. Also it can be seen that 7 is minimum for
a fault in line 7-8 (at any particular value of ), indicating
proximity to instability. On the other hand, » is much higher
for fault in line 4-6, 5-7, or 6-9 (at any particular value of
te1), indicating a more stable system. This can be verified from
the results of PSCAD/EMTDC simulation. Plots of relative
machine angles delta-31 (63 — 61) are shown in Fig. 3(a) for
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Fig. 1.

Single line diagram of the WSCC nine-bus system.

Fig. 2. Single line diagram of the 16-machine 68-bus system.

TABLE I
VARIATION OF 77 WITH FAULT CLEARING TIME

9-bus system 68-bus system

Fault Fault clearing time Fault Fault clearing time
applied 0.10s 0.15s applied 0.05s 0.10s

in line n n in line n n
6-4 0.2292 0.2018 16-15 0.0567 0.0103
6-9 0.2269 0.2004 26-25 0.0832 0.0167
5-7 0.2201 0.1951 24-23 0.0703 0.0297
8-9 0.1625 0.0965 3-2 0.0797 0.0404
8-7 0.1269 0.0434 5-6 0.0952 | 0.0620
5-4 0.2261%* 0.1994* 11-10 0.1019 0.0771
9-8 0.1218 0.1092
1-47 0.1606 0.1314
33-34 0.1704 0.1341
43-44 0.1443 0.1412

* For fault in line 5-4, there is some convergence problem with constant PQ
load. Hence, load is considered to be constant impedance in this case

faults (f; = 0.15s) in lines 7-8 and 6-9. Larger oscillation
in case of fault in 7-8 also indicates proximity to instability
and supports the corresponding lower value of 1. Therefore, it
can be said that 7 gives a fair idea about the transient stability
margin of the system.

The same study is carried out in the 68-bus system. The ini-
tial £.1 is 0.05 s here, and it is increased in steps as before. These
results are also given in Table I. The value of 7 is found to vary
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Fig. 3. (a) Response of relative rotor angle delta3-1 for fault in line 7-8 and
6-9. (b) Relative machine angles Delta 4-16 for fault in 16-15 and 33-34.

widely for fault in different lines, indicating different stability
margins. For example, 7 is very low (0.0103) for a fault in line
16-15. Also for faults in lines 26-25, 24-23, and 3-2, the values
of n are 0.0167, 0.297, and 0.0404, respectively. These indicate
that the system comes very close to instability for fault in these
lines. However, for fault in line 1-47, 33-34, or 43-44, the 7
values are much higher (0.1314, 0.1341, and 0.1412, respec-
tively), indicating comparatively stable system. These results
can be verified from Fig. 3(b), which shows the post-fault ex-
cursions of relative rotor angles delta4-16 for fault in line 16-15
and line 33-34. It can be seen that the oscillation in relative rotor
angle is much more in case of fault in line 16-15, indicating
a less stable system. For further verification, the relative rotor
angles of all the machines are plotted in the same figure. Re-
sponses of all relative rotor angles for a fault in line 16-15 are
shown in Fig. 4(a), and those for a fault in line 33-34 are shown
in Fig. 4(b). It is clear from the figures that the oscillations are
much more in the first case.

As described in Section II-C rotor angles referred to COI
frame can also be used instead of referring them to the rotor
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Variation of relative rotor angles: Fault in line 16-15

Angle(in rad)

Variation of relative rotor angles: Fault in line 33-34

Angle(in rad)

Fig. 4. Relative rotor angles of all the machines for fault in (a) line 16-15 and
(b) line 33-34.

TABLE II
VARIATION OF 17 WITH FAULT CLEARING TIME-COI REFERENCE

9-bus system 68-bus system
Fault Clearing time Fault Clearing time
applied 0.15s applied 0.10s
in line 7 in line n
6-4 0.2959 16-15 0.0123
8-9 0.1168 3-2 0.0403
8-7 0.0488 33-34 0.1396

angle of one reference machine. This is also done here, and the
n values for a few cases are given in Table II. It can be seen
that the results are similar to the corresponding results shown in
Table I, e.g., out of the three fault locations in 68-bus system, n
is smallest for a fault in line 16-15 and largest for fault in 33-34.
These are in accordance with Table 1. Similarly, in case of the
nine-bus system, the highest and lowest 7 (out of the three cases
shown) are for fault in lines 6-4 and 87, respectively. This also
matches with Table I.

These can be verified by plots of the rotor angles referred to
COI frame. For comparison with Fig. 3(b), Delta 4 is plotted
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Deltad-16 vs Time

. Dash-dot line-=Fault in line 16-15|
»  Solid line—Fault in line 33-34

(a)

Variation of relative rotor angles: Fault in line 33-34

(b)

Fig.5. (a)Delta4-16in COl reference frame for faultin lines 16-15 and 33-34.
(b) Relative rotor angles of all the machines for fault in line 33-34.

in Fig. 5(a) for the same two cases, i.e., fault in line 16-15 and
line 33-34. It is to be noted that the plots in the two figures are
different in terms of shape and magnitude because of the use
of different reference frames in the calculation of the relative
rotor angles. However, these figures are shown here to verify the
fact that both of them carry the same information about relative
stability of the system on the occurrence of fault at two different
locations. Therefore, the comparison between the oscillations of
the relative rotor angles in the two cases (fault in line 16-15 and
33-34) is the relevant factor here. It can clearly be observed in
both the figures that the relative rotor angle oscillates much more
in case of a fault in line 16-15 than in case of a fault in 33-34.
This implies that the former is more prone to instability than the
latter. Therefore, in spite of different shape and magnitude, both
of the figures tell us the same information about relative stability
condition. Plots of the rotor angles of all the machines in COI
reference frame are shown in Fig 5(b) for the case of faultin line
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Fig. 6. Variation of 7 with clearing time and estimation of ¢.,.: Fault in line 6-9.

TABLE III
ESTIMATION OF t., USING 1

System Fault in line Estimated /.., Actual 7.,
6-9 0.5446 0.5450
9-bus system 6-4 0.6090 0.6100
5-7 0.4444 0.4450
68-bus system 11-10 0.2256 0.2250

33-34. It can be observed that the plots are very much similar
to the case with one machine taken as reference [see Fig. 4(b)].

TSA and 7 can also be used to estimate the critical clearing
time (t..) as in [4]. Fig. 6(a) shows the variation of 7 with
clearing time for a fault in line 6-9 of the nine-bus system. Sim-
ulation is done with system load as constant PQ, and it is con-
verted to constant impedance when problems with convergence
are encountered (e.g., at larger clearing time). As discussed be-
fore, n decreases with increase of clearing time. At the point of
instability, 7 is expected to be zero. The corresponding clearing
time is ;. It is apparent from the figure that the plot is almost
linear near t.,. Therefore, if we take two points in this linear
zone and extrapolate the line connecting them to intersect n = 0
line, we get the estimated value of £.., as is done in Fig. 6(b).
Power system operators have a fair idea about the approximate
range of t.,. With that knowledge, one can easily find an esti-
mate of ¢, using the above method.

The estimated ¢, and the corresponding actual values found
from simulation for a few cases are given in Table III. It is clear
that the estimated and actual values match quite closely.

B. Series Compensation: Modeling of TCSC

Series compensation is provided here by putting a TCSC in
one of the lines of the power system. The TCSC model is given
in Fig. 7. The TCSC capacitor voltage (vg), inductor current
(ir) relationship is also shown in this figure where « is the
firing angle of the thyristors, measured from the zero crossing
of the capacitor voltage. The overall reactance X ¢ of the TCSC
is given in terms of the firing angle a as [15]

Xe = 1(Xpe + B2) — Bafs — Xre (17
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Fig. 7. TCSC circuit and its equivalent and voltage-current relationship.

where

2(mr — @) +sin2(r — a) P XrcXp
» M2

61 ™ :ch—Xp

| XFc
B3 = Xp
Ba = Pstan[fs(m — a)] — tan(m — @)

4/32 cos® (T — «)
fs=—""5—""-
7I'Xp

Here C is the fundamental frequency capacitance of the TCSC
and is equal to 1/(ws X¢). It is to be noted that in this paper, the
TCSC is operated only in the capacitive mode. The capacitive
reactance X g of the TCSC is chosen to be half of the reactance
of the line in which the TCSC is placed, and the TCR reactance
X p is chosen to be one third of Xz The net reactance of the
line is calculated as the difference between the line reactance
and the TCSC reactance.

C. Effect of Compensation With TCSC

The TCSC is now placed in different lines of the system, one
at a time. The firing angle of the TCSC is chosen between 140°
and 180° so that the TCSC is in the capacitive mode. The 7
value changes for different locations and firing angles of the
TCSC, indicating changes in the transient stability condition.
The variation of n for different locations of fault and TCSC
in the nine-bus system with firing angles of 160° and 145° are
shown in Table IV. A firing angle of 145° is very close to reso-
nance, and a firing angle of 160° gives a stable TCSC operation.
Therefore, study at these two operating conditions provides an
overall trend of the system behavior. The values of 1 for the
uncompensated system (termed as 7g) are also given in the first
column of the table for comparison. In all these cases, ., is taken
to be 0.15 s.

Next, the effect of TCSC placement is studied in the 68-bus
system as well. Five of the cases given in Table I are chosen
for study, which are fault in line 3-2, 26-25, 1-47, 11-10, and
33-34. TCSC is placed in several locations for each of these
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TABLE 1V
VARIATION OF 7 WITH COMPENSATION BY TCSC, NINE-BUS SYSTEM

Fault in With TCSC connected between buses

line, « 6-4 57 6-9 8-7 8-9

Mo

6-4, 160° -- 0.2411 | 02353 | 0.2039 | 0.2017
0.2018 | 145° - 0.2665 | 03074 | 0.2049 | 0.2012

5-7, 160° | 0.2058 -- 0.2302 | 0.1963 | 0.1968
0.1951 | 145° | 0.2113 -- 0.2506 | 0.1964 | 0.1976

6-9, 160° | 0.1514 | 0.2409 - 0.2023 | 0.2005
0.2004 | 145° | 0.0915 | 0.2666 -- 0.2033 | 0.2001

8-7, 160° | 0.0518 | 0.0551 | 0.0471 - 0.0365
0.0434 [ 145° | 0.0548 | 0.0542 | 0.0449 - 0.0341

8-9, 160° | 0.0947 | 0.1214 | 0.1019 | 0.0735 -
0.0965 | 145° | 0.0915 | 0.1242 | 0.1007 | 0.0647 -

TABLE V

VARIATION OF 77 WITH COMPENSATION BY TCSC, 68-BUS SYSTEM

Fault in 3-2 Fault in 26-25 Fault in 11-10
179=0.0404 1p=0.0167 10p=0.0771
TCSC in n TCSC n TCSC n

line In line In line
3-4 0.0314 28-29 0.0260 10-13 0.0759
3-18 0.0337 26-27 0.0312 13-14 0.0715
18-17 0.0369 26-28 0.0263 6-11 0.0672
2-25 0.0411 26-29 0.0352 5-6 0.0763
1-27 0.0451 17-27 0.0322 26-29 0.0767
1-2 0.0495 1-2 0.0157 1-2 0.0847
8-9 0.0664 8-9 0.0160 8-9 0.0933
50-51 0.0607 50-51 0.0165 50-51 0.0888
50-52 0.0688 50-52 0.0164 50-52 0.0886
49-52 0.0628 49-52 0.0162 49-52 0.0885

Fault in 33-34 Fault in 1-47
775=0.1341 17,=0.1314
TCSC in n TCSC n
line In line

32-33 0.1178 1-30 0.1141

33-38 0.1239 1-31 0.1279

34-36 0.1290 40-48 0.1272

30-32 0.1399 47-48 0.1309

34-35 0.1351 46-49 0.1422

1-2 0.1292 1-2 0.1094

8-9 0.1236 8-9 0.1219

50-51 0.1451 50-51 0.1621

50-52 0.1453 50-52 0.1631

49-52 0.1457 49-52 0.1661

five cases with « set at 160°, and the changes in 7) are observed.
The results are given in Table V. The 7y values are also given
for comparison. The ¢ is assumed as 0.1 s in all the cases.

The following observations can be made from the results

given in Tables IV and V.

1) The best possible location of TCSC varies with fault lo-
cation: In the nine-bus system, for a fault in line 5-7, the
transient stability of the system improves the most when
the TCSC is placed in line 6-9. Therefore, it is termed as
the best possible location. However, this best possible lo-
cation changes to line 5-7 when the fault takes place in one
of the lines 8-9, or 6-9. When the fault is in 6-4 or 8-7, the
best possible location is dependent on the value of .

2) Improvement in stability margin due to TCSC varies: The
system stability conditions are poor for faults in lines 7-8
or 8-9. Compensation with TCSC does not improve the
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Delta3-1 vs Time
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Fig. 8. Response of delta3-1 for fault in line 6-9 with TCSC in line 6-4 and 5-7.

condition by a large margin, but for fault in other lines, the
effect of TCSC is considerable.

3) Assessment of stability margin for different TCSC loca-
tions is necessary: TCSC causes improvement of stability
in most of the cases. However, it is to be noted that there are
cases when system stability may even deteriorate with the
placement of TCSC in some of the lines. For example, for a
fault in line 6-9, the value of 7 in uncompensated system is
0.2004. It falls to 0.0915 when a TCSC is placed in line 6-4
and the firing angle is set at 145°. Therefore, it is important
to judge the system stability condition with different TCSC
locations and firing angles for operating in the stable oper-
ating range.

4) Trends are similar in the 68-bus system also: The effect of
TCSC on system stability margin varies depending on the
locations of fault and TCSC in the 68-bus system also. It
can be seen from the results that with fault in line 3-2, the
placement of TCSC in line 50-52 improves the system sta-
bility as indicated by the increase in 7 value from 0.0404
(base case) to 0.0688. On the other hand, placement of the
TCSC in line 3-4 drags the system more near to instability
as indicated by the fall in the value of 7 to 0.0314. Simi-
larly, for a fault in lines 26-25, 11-10, 33-34, and 1-47, the
system stability condition improves most with the TCSC
in lines 26-29, 8-9, and 49-52, respectively, out of the ten
lines considered in each case.

5) Distance of TCSC from fault is not the deciding factor:
Another important point is that placing the TCSC in lines

adjacent to the faulty line is not necessarily beneficial. For
example, in case of a faultin line 11-10, the stability margin
deteriorates with the TCSC in 6-11, one of the adjacent
lines, whereas it improves with the TCSC in 8-9, which
is not in the vicinity of the faulty line. Similar is the case
for fault in line 3-2, where 3-4 is an adjacent line, whereas
50-52 is far away.

The simulation results to verify the changes in system sta-
bility condition with placement of TCSC are shown in Figs. 8
and 9. A fault of duration 0.15 s is simulated in line 6-9 of
the nine-bus system. The responses of relative machine angle
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Fig. 9. Plot of delta7-16 for TCSC in line 6-11 and 8-9 with fault in line 11-10.
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Fig. 10. Representation of STATCOM.

delta3-1 are shown in Fig. 8 for two cases: 1) the TCSC placed
in line 4-6 and 2) TCSC placed in line 5-7. The firing angle of
TCSC is 160° in both of the cases. It is clear that the maximum
peak of the response is much lower in case of TCSC in line 5-7,
which indicates a higher transient stability margin. This is in ac-
cordance with the higher value of 7 for the TCSC in line 5-7 than
in line 4-6 in the corresponding cases in Table I'V. Similarly for
a fault in line 11-10 of the 68-bus system (with £, = 0.1s), the
plots of delta7-16 are shown in Fig. 9 for 1) TCSC placed in line
6-11 and 2) line 8-9. It is clear from the figure that the oscilla-
tions reduce when the TCSC is placed in line 8-9, indicating a
more stable system. The stability margin increases further when
the firing angle of the TCSC is changed to 145° as indicated by
an increase in the value of 7 to 0.0993.

IV. EFFECTS OF SHUNT COMPENSATION ON
TRANSIENT STABILITY OF THE SYSTEM

Next, the effect of shunt compensation is studied. Shunt com-
pensation is provided by connecting a STATCOM at the mid-
point of one of the lines of the system.

A. Modeling of STATCOM

The STATCOM is modeled by a voltage source connected to
the power system through a coupling transformer. The voltage
of the source is the output of a voltage-sourced converter (VSC)
realizing the STATCOM. As shown in Fig. 10, the connection
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is assumed at the midpoint of the transmission line. The phase
angle of the source voltage is the same as that of the midpoint
voltage. This ensures that there is exchange of only reactive
power and no real power between the STATCOM and the ac
system [16], [17]. The expressions for the current flowing from
the STATCOM to the system and the reactive power injection
are given as

(‘/sc - Vm>10m

JXi

(Vsc/Vim — 1)
X

I= (18)

Q="Vy (19)
where V. is the magnitude of the voltage of the voltage-sourced
converter and V,,, is the magnitude of the voltage at the midpoint
of the line, 6,, is the phase angle of the mid-point voltage, and
X, is the leakage reactance of the coupling transformer. The
value of V. determines the direction (and hence nature) of the
reactive power flow. If it is higher than the magnitude of the
line midpoint voltage (V;,,), then reactive power is injected to
the ac system, whereas if the line midpoint voltage magnitude
is higher, then reactive power will be drawn from the ac system.
In this paper, only the reactive power injection mode of oper-
ation (i.e., V. Vy,) is considered. The leakage reactance of the
coupling transformer is taken to be 0.1 p.u.

A constant value of source voltage magnitude may result in
a very high value of current drawn from the STATCOM (1),
especially during fault conditions. To avoid this, a maximum
limit, denoted by Ip,,x, is set for the STATCOM current. In
a practical system, this current limit is decided by the rating
of the STATCOM. Once the current reaches the limit /..,
STATCOM behaves like a constant current source. To incorpo-
rate this feature in the simulation, V. is kept constant at the
pre-specified value (denoted by Vi.0) when I, < I .x. How-
ever, whenever the value of I, exceeds [,,.x, the value of V.
is adjusted such that /. becomes equal to /.-

B. Effect of Compensation With STATCOM

Similar to the previous case, a three-phase fault is simulated
in one of the lines with ¢, = 0.15 s for the nine-bus system
and t.; = 0.1 s for the 68-bus system. The STATCOM is con-
nected to the midpoint of one of the lines. To ensure the reactive
power injection mode of operation, the magnitude of the voltage
of the STATCOM (V%..) is set at a value higher than the mag-
nitudes of the pre-fault line midpoint voltage. The magnitudes
of pre-fault midpoint voltages of different lines of the nine-bus
system are found to range between 1.009 and 1.025 p.u. There-
fore, the specified STATCOM voltage magnitude, Vo, is taken
to be 1.05 p.u. or more. The value of I, is set at 0.8 p.u. when
the Vi¢o is 1.05. Similarly for Vs.p = 1.10 p.u., Iy is set at
1.0 p.u. This value of I,,,x is chosen such that the STATCOM
current does not hit the limit in steady state. The variation in
1 and hence the transient stability condition is studied with the
STATCOM placed in different lines. The effect of changes in
the amounts of compensation on the system stability is also ob-
served by changing the value of I,,,x. The results are given in
Table VI. The values of 79 are given for comparison.

Similarly, the results for the 68-bus system are given in
Table VII. The same five cases studied in Section III-C (fault in
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TABLE VI
VARIATION OF 17 FOR COMPENSATION WITH STATCOM, NINE-BUS SYSTEM

Fault in L With STATCOM connected between buses
line, 6-4 5-7 6-9 8-7 8-9
base
6-4, 0.80 - 0.2330 | 0.2299 | 0.2480 | 0.2527
0.2018 1.00 - 0.2409 | 0.2392 | 0.2597 | 0.2656
5-7, 0.80 0.2060 - 0.2279 | 0.2386 | 0.2399
0.1951 1.00 0.2081 - 0.2350 | 0.2495 | 0.2507
6-9, 0.80 0.2012 | 0.2324 -- 0.2467 | 0.2507
0.2004 1.00 0.2010 | 0.2403 - 0.2585 | 0.2635
8-7, 0.80 0.0953 | 0.0754 | 0.1327 - 0.1286
0.0434 1.00 0.1008 | 0.0778 | 0.1446 - 0.1338
8-9, 0.80 0.1430 | 0.1476 | 0.1442 | 0.1452 -
0.0965 1.00 0.1432 | 0.1486 | 0.1452 | 0.1453 -
TABLE VII

VARIATION OF 77 WITH COMPENSATION BY STATCOM, 68-BUS SYSTEM

Fault in 3-2, Fault in 26-25, Fault in 11-10,
1,0=1.50 1,0=1.00 Lax=1.50
175=0.0404 10=0.0167 71y=0.0771
Statcom n Statcom n Statcom n
in line in line in line
16-17 0.0506 28-29 0.0550 14-15 0.0907
15-16 0.0511 26-29 0.0513 13-14 0.0902
17-18 0.0501 26-28 0.0502 15-16 0.0900
16-21 0.0506 26-27 0.0423 10-13 0.0890
3-4 0.0499 17-27 0.0351 16-24 0.0893
1-2 0.0454 34-35 0.0155 6-11 0.0901
Fault in 33-34, 1,,,,,=1.40 Fault in 1-47, 1,,,,=1.00
7’]():0. 1341 7’]():0.13]4
Statcom n Statcom n
in line in line
30-32 0.1484 30-32 0.1408
30-31 0.1472 1-30 0.1399
34-36 0.1433 1-31 0.1403
31-38 0.1471 1-27 0.1366
32-33 0.1458 1-2 0.1374
33-38 0.1462 30-31 0.1410

3-2, 26-25, 11-10, 33-34, and 1-47) are considered here also.
STATCOM is placed in several locations with V.o = 1.10 for
each of the five cases, and the changes in 7 are observed. The
corresponding values of [, are shown in the table.

The observations from the tables are listed below.

1) Best possible location of the STATCOM varies: The best
possible location for STATCOM placement is found to
vary with the changes in fault location. For example,
placing the STATCOM in line 8-9 of the nine-bus system
results in the maximum value of 77 when the fault is in line
6-4, 5-7, or 6-9. However, for a fault in line 8-7, the best
possible location is line 6-9.

2) STATCOM may also cause deterioration of stability: Ar-
bitrary placement of the STATCOM is not always bene-
ficial, e.g., stability margin increases with placement of
STATCOM in line 28-29 of the 68-bus system for a fault
in line 26-25, whereas stability condition deteriorates with
placement of STATCOM in line 34-35 for a fault in 26-25
as indicated by the decrease in 7.

3) Increase in I,,,x does not ensure improvement in stability
in all cases: Increase in I, improves the stability condi-
tion in most of the cases. However, in some cases, it has a
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Delta3-1 vs Time
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TABLE VIII

COMPARISON OF EFFECTS OF INDIVIDUAL FACTS DEVICES AND THEIR
AND [« = 1.10

COMBINATION ON 77, FIRING ANGLE = 145°

Without

Fault Compensation Compensation Comb-
in Comp by TCSC only by STATCOM ined
line In line n In line n effect
6-4 0.2018 6-9 0.3074 8-9 0.2656 | 0.5698
6-9 0.2004 5-7 0.2666 8-9 0.2635 | 0.3673

Angle(in rad)
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Fig. 11. Response of relative rotor angle delta 3-1 to a fault in line 6-9 with
STATCOM in line 4-6 and 8-9.
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Fig. 12. Response of relative machine angles Delta 9-16 for fault in line 26-25,
without STATCOM, and with STATCOM in line 28-29.

reverse effect. For example, for a fault in line 6-9 and the

STATCOM placed at 6-4, ) decreases as the value of I,

is increased from 0.8 to 1.0 p.u.

Fig. 11 shows the responses of relative rotor angle delta-31 to
a fault in line 6-9 of the nine-bus system (with ¢,; = 0.15 s) for
two different locations of the STATCOM, line 4-6 and line 8-9
(Imax = 1.0 in both cases). The oscillation of the response is
much more in case of the compensator in line 6-4, indicating a
poor stability condition. It can be checked from Table VI that
the corresponding value of 7 is also less. Similarly, Fig. 12
shows the response of relative machine angle delta9-16 for a
fault in line 26-25 of the 68-bus system for 1) system without
STATCOM and 2) STATCOM located in 28-29. Larger oscilla-
tion in the former case supports the result of Table VII.
The discussion in Sections IIT and I'V can be summarized with

the following words.

y/ Tt is found that the best possible location of the FACTS

devices (in terms of transient stability improvement) is not

fixed for a particular system; rather it varies depending on

the location of the fault.

/ However, the system operators and planners generally
do have information regarding fault prone lines, and there-
fore, this TSA-based method can be used in such cases to
find out the best possible location for the FACTS device.
Also this method itself can help in identifying the locations
where a fault will cause maximum damage to the system.
v/ Though the FACTS devices cause improvement of
system stability margin in the majority of the cases, it may
effect deterioration for some combinations of fault and
FACTS device locations.
v/ The increase of compensation by change of a of the
TCSC or I,,,,x of the STATCOM may cause improvement
or deterioration in stability, depending upon the locations
of compensators. TSA can help in this assessment.
It is quite clear that before compensating a power system with
FACTS devices to improve transient stability, we need to as-
sess the system stability conditions for different locations of the
fault and the compensator and also with different amounts of
compensation. The above studies show that TS and 7 can help
in making that assessment.

V. SIMULTANEOUS APPLICATION OF SERIES
AND SHUNT COMPENSATION

The TCSC and STATCOM are now placed in an ac system si-
multaneously at different places. The effect of placement of the
two compensators at various locations on the transient stability
of the system is studied. A comparison of the individual effects
of the TCSC and the STATCOM with those for the two devices
applied simultaneously is carried out.

A. Comparison of Individual and Combined Effects

If both TCSC and STATCOM cause improvement in stability
individually when placed in some locations, then their simulta-
neous placement in those particular locations results in larger
improvement of stability in comparison to their individual ef-
fects. Examples of this are shown in Table VIII. For a fault in
line 6-4, putting a TCSC alone in line 6-9 with « = 145° im-
proves stability condition (7 increases from the base value of
0.2018 to 0.3074) and putting the STATCOM alone in line 8-9
with I},,x = 1.0 also improves stability (7 increases to 0.2656).
When the two devices are placed simultaneously in these two
locations, the stability condition of the system improves further
(n increases to 0.5698). Similar is the case of fault in line 6-9.
Here TCSC in 5-7 and STATCOM in 8-9 cause improvement in
stability individually. On simultaneous placement of the two de-
vices at these particular locations, the improvement of stability
is more than the individual effects. This is verified by the plots
of relative rotor angle delta 2-1 (see Fig. 13) for the three cases
mentioned above. We can see that the oscillations are much less
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Fig. 13. Relative rotor angle delta 2-1 with a fault in line 6-4 for system with
TCSC alone (in 6-9), STATCOM alone (in 8-9), and the two together.

TABLE IX
COMPARISON OF BEST LOCATIONS FOR INDIVIDUAL AND
SIMULTANEOUS PLACEMENT OF FACTS DEVICES

System Fault Best location for Best location for
Oand in individual placement simultaneous placement
J line of compensator of compensator
max TCSC | STATCOM | TCSC STATCOM
9-bus, 6-9 5-7 8-9 5-7 8-9
160°, 1.00 5-7 6-9 8-9 6-9 8-7
6-4 5-7 8-9 6-9 8-9
68-bus, 26-25 26-29 28-29 26-29 28-29
160°,1.50 | 11-10 8-9 14-15 8-9 13-14

for the case of simultaneous compensation, which indicate a
more stable system.

However, the best possible location of the compensators for
simultaneous placement may be different from those for indi-
vidual placement. A comparison of best locations of compen-
sators for individual and simultaneous placement is shown in
Table IX. The fault clearing time is taken as 0.15 s for the
nine-bus and 0.10 s for the 68-bus system. The firing angle of
TCSC («) and STATCOM current magnitude limit (/y,,x) are
mentioned in the first column. It can be seen from the table that
for a fault in line 6-9 in the nine-bus system (with « = 160° and
Imax = 1.0), the individual best locations are the same as the
best locations for simultaneous placement of the devices (line
5-7 for TCSC and line 8-9 for STATCOM). However, for a fault
in line 5-7, the best locations for individual (line 6-9 for TCSC
and line 8-9 for STATCOM) and simultaneous placement (line
6-9 for TCSC and line 8-7 for STATCOM) are different. Sim-
ilarly, in the 68-bus system, also the best locations differ for a
fault in line 11-10. The best location for TCSC and STATCOM
are lines 8-9 and 14-15, respectively, for individual placement.
However, when the devices are placed simultaneously, the best
location combination is 8-9 for TCSC and 13-14 for STATCOM.

B. Effect of Change in Operating Condition:
Overloaded System

The study up to this point is carried out with the system loads
at their nominal values. Let us investigate the effects of compen-
sation by TCSC and STATCOM in a stressed system. Overload
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TABLE X
COMPARISON OF BEST LOCATIONS OF TCSC AND STATCOM
IN SYSTEM WITH NOMINAL LOAD AND OVERLOAD
Fault Loading TCSC STATCOM
in line Condition In line In line
8-7 Nominal 5-7 6-9
Overload at bus 6 5-7 6-9
Overload at bus 8 5-7 8-9
TABLE XI
COMPARISON OF EFFECTS OF COMPENSATION ON 7 IN SYSTEMS
WITH NOMINAL LOAD AND OVERLOAD; FAULT IN LINE 8-9°
TCSC | Loading STATCOM in line
in line Condi- 4-5 6-4 5-7 6-9 8-7
tion
5-7 nominal 0.1473 0.1483 -- 0.1564 | 0.1492
overload | 0.1401 0.1410 - 0.1485 | 0.1418
4-5 nominal -- 0.1438 0.1491 0.1518 | 0.1461
overload -- 0.1255 0.1399 0.1339 | 0.1308

may be a possible reason of stress on the system. Therefore,
studies similar to that described in Sections III, IV, and V-A
are carried out for the system with increased load in one load
bus at a time. All of the three generators share this extra load in
the ratio of their generation at nominal load. Tables X and XI
show a comparison of effects of compensation by FACTS de-
vices on the nine-bus system at nominal loading condition and
overloaded condition. The load is increased by 20% in one of
the three load buses (bus 5, 6, and 8) at a time, and compensa-
tion is provided by a TCSC and a STATCOM simultaneously
at two different locations. A comparison of best possible loca-
tions of the FACTS devices (in terms of improvement of stability
margin) in nominally loaded and overloaded system is shown
in Table X. The value of « is 145° and I,,.« is 1.0. Table XI
shows the variation of 7 for different locations of TCSC and
STATCOM when there is a fault in line 8-9. The value of « is
160° and I,y is 1.0. Twenty percent overloading is considered
at bus 6. The value of ¢ is taken as 0.15 s.

The most important point to be noted from the results is that
the best possible locations for compensator placement (in terms
of improvement of transient stability) may be different in an
overloaded system from those in the nominally loaded system
for some of the cases. For example, for a fault in line 8-7 (with
«145° and I,,.x = 1.0), the best locations in the overloaded
system are the same as the best locations for nominally loaded
system (line 5-7 for TCSC and line 6-9 for STATCOM) when
the overloading is done at bus 6. However, for overloading at bus
8, the best locations for overloaded system (line 5-7 for TCSC
and line 8-9 for STATCOM) are different from those of the nom-
inally loaded system. Again, from Table XI, it can be seen that
for a fault in line 8-9 and the TCSC placed in line 5-7, the best
possible location of the STATCOM is line 6-9 for both nomi-
nally loaded and overloaded system. However, for a fault in the
same line and TCSC in line 4-5, the best possible location of
STATCOM changes from line 6-9 in nominally loaded system
to line 5-7 in overloaded system.

A summary of the observations of this section is presented
below.

e It is found that in some cases, the best-suited placement

locations of the compensators for simultaneous use of the
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devices are different from the suitable locations for their
individual use.

* The effects of FACTS devices on a stressed system may
vary from those in a nominally loaded system.

» Therefore, separate assessments of transient stability are to
be done for combined application of two FACTS devices in
different operating conditions. TS and 7 can help in making
that assessment.

VI. CONCLUSION

This paper presents the trajectory sensitivity analysis of a
power system compensated by series and shunt FACTS devices
like TCSC and STATCOM. TSA is used here to assess the tran-
sient stability condition of the system. The inverse of the max-
imum value of the norm of the sensitivities of all the states (7)) is
used as a measure of transient stability margin. This obviates the
need for doing repeated simulations up to ¢.,. At any operating
condition, an idea about the system’s distance from instability
can be obtained by computing 7. Thus, the number of simula-
tions to be done reduces considerably. The value of £, can also
be estimated using this method. One of the generators has been
taken here as the reference. It has been shown that COI can also
be used as reference, and the results in these two cases provide
similar information.

A comparative study of variation of transient stability con-
dition on application of TCSC and STATCOM individually
vis-a-vis the effect of their simultaneous application has been
made. The best possible locations of the FACTS devices are
found to vary with the location of the fault and the operating
criteria of the devices. TS and 7 can be used to identify these
locations. In some cases, the FACTS device may have some
adverse effect on system stability. Also an increase in com-
pensation by the FACTS devices does not ensure an enhanced
stability margin. Therefore, evaluation of the system stability
condition is required for better and safer system operation. This
evaluation can be done using TS. The best possible location
for stability improvement for simultaneous placement of the
devices may differ from the best locations for individual place-
ment. Therefore, separate stability assessment is needed for the
simultaneous operation of the compensators. Also the best pos-
sible locations of the devices change in a stressed system. All
these underline the importance of a tool for transient stability
assessment like trajectory sensitivity.
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