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Abstract—Postfault rotor angle oscillations lead to power
swings. Both unstable and stable swings can induce distance relay
tripping. For unstable swings, a new computational procedure to
locate all of the electrical centers is developed. It simplifies the
work associated with visual screening of all the R-X plots. For
stable swings, a generic three-tier hierarchy of stability-related
norms defined by branch norm, fault norm, and system norm is
proposed. Ranking by branch norm leads to ranking of power
swings. Ranking by fault norm leads to ranking of faults or contin-
gencies. Magnitude and rate of change of system norm can be used
to detect an out-of-step condition. Results on a ten-machine system
and a utility system with detailed models are also presented.

Index Terms—Power system simulation, power system transient
stability, power transmission protection, ranking.

I. INTRODUCTION: POWER SWINGS AND RELAYING
DECISION UNCERTAINTY

OWER system protection at the transmission system level

is based on distance relaying. The apparent impedance seen
by a distance relay R (i.e., relay impedance) on a transmission
line connecting nodes ¢ and j, and having flow P;; + jQ,; is
given by

P Qij

Ir = 2 5> +J53 2
P +Q5 TP+ Q5

Vi|? (1)

where all quantities refer to positive sequence values. Thus, the
quadrant of Zr depends only on the direction of P and () flows.
When P;; + jQ;; is large and/or |V} is small, then Zy is small
and the relay may trip.

Following a disturbance, the power swing observed by a dis-
tance relay refers to the relay impedance trajectory mapped on
the R-X plane. Distance relays can trip on a power swing. Tra-
ditionally, if a swing trajectory enters zone-1, then it is consid-
ered to be severe enough to cause system instability [1]. The
distance relay will also trip if the swing stays inside the backup
zone for a time more than the corresponding time dial setting
(TDS). In a stressed system, this can trigger cascade tripping.
Tripping on a stable swing compromises security of the power
system. Power swing blocking can either be applied selectively
or to all of the distance relays. Blocking reduces dependability
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for three-phase faults during swings [2]. Traditionally, timers
control swing detection and blocking logic. As stated in [3], “the
setting of these timers is critical and depends on the speed of
movement of the trajectory in the Z plane for various types of
disturbances, whether the system has restoring forces or is being
torn apart by the disturbances.”

A straightforward way to find if a relay will trip after a distur-
bance is to incorporate the tripping logic in the transient stability
program. However, it fails to give information on the criticality
of a relay setting to the swing. Thus, conflict of dependability
versus security [4] is not properly resolved. The bottleneck is
the large simulation space defined by number of relays times
the number of faults. This necessitates development of ranking
schemes.

Some work based upon Lyapunov stability criterion has been
reported in [5] to rank relays according to severity of the swings.
Reference [6] uses relay margin as a measure of how close a
relay is from issuing a trip command. For relays, which see
swings within their relay characteristics, relay margin (RM) is
used. It is the ratio of the time of longest consecutive stay of
a swing in the zone to its TDS. For relays that do not see the
swing, the relay space margin (RSM) is used. It is defined as
the smallest distance between the relay characteristic and the
swing trajectory in the R-X plane. To identify the most vulner-
able relay, RM or RSM is used as a performance parameter. The
most vulnerable relay corresponds to the one with the minimum
ratio where the search space extends over all of the relays and
time instants of simulation. Though not stated explicitly, work
reported in [7] computes the relay margin by extensive simula-
tions and modifies zone 2 or 3 setting to curtail relay operation
on a stable swing.

A distance relay can also trip on load. In relaying parlance,
this behavior is known as “load encroachment.” Usually, loads
have a large power factor. Hence, the relay characteristic is mod-
ified to avoid this region [8]. A line-tripping contingency can
also lead to load encroachment. It can be detected by computing
the relay impedance from a load flow analysis [7].

This paper investigates the following problems related to the
performance of distance relaying under power swings.

A. Detection of Electrical Center

The natural separation of a system begins at the electrical cen-
ters. Therefore, locating all of the electrical center(s) in a system
becomes an important issue. In this paper, a systematic approach
to locate all electrical centers in a transmission network is pro-
posed. These may not be the best locations to island the system
and, hence, may require a blocking scheme.
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B. Relay Ranking Problem

If the postfault system is stable, then the question that arises
is “are there any relays that can trip on a swing?” In this paper,
a scheme is proposed to rank the distance relays in order of
their vulnerability to tripping on swings. For this purpose, a new
measure known as branch norm is introduced.

C. Fault or Contingency Ranking Problem

In a power system, there are infinite locations and ways by
which a fault can occur. Therefore, the next problem is the iden-
tification of credible faults that result in either instability or low
stability margin. For this purpose, a new measure known as fault
norm is introduced.

D. Out-of-Step Detection Problem

From the protection system perspective, it is required to clas-
sify an ongoing swing as either stable or unstable. If the post-
fault system is unstable, then islanding is required. This classi-
fication has to be completed before the angular separation oc-
curs. Because of the predictive nature of the problem, it becomes
challenging. Distance relays only monitor local transmission
line information and not the rotor angle oscillations. Therefore,
they do not have adequate information to classify with certainty
whether a swing is stable or unstable. With the developments
in wide-area measurements (WAMs) [9], rotor angle oscilla-
tions can be monitored. This calls for development of new al-
gorithms that can exploit the WAM potential. In this paper, to
predict closeness to the out-of-step condition, a measure known
as system norm is introduced. Magnitude of the system norm
and its rate of change with respect to a system parameter pro-
vide information about the closeness to instability.

In this paper, angle stability-related norms are introduced
through the trajectory sensitivity computation framework [10],
[11]. They can handle any degree of complexity in terms of the
modeling, such as differential-algebraic equations or hybrid
systems. Alternative measures can be the circuit breaker critical
clearing time (tcritical) OF the minimum magnitude of the swing
impedance (Znin) seen by a relay. All stability norms measure
angle stability information. Therefore, they can be correlated.
These relationships are investigated.

The paper is organized as follows. Section II develops the pro-
cedure for locating all electrical centers in a system. Section III
introduces branch impedance trajectory sensitivity (BITS) as a
measure for angle stability margin assessment. A three-tier hier-
archy of norms is proposed in Section I'V. Results are presented
in Section V. Section VI includes conclusions and discussion.

II. LOCATION OF ELECTRICAL CENTER(S)

For power systems that behave as a two-area system under
instability, distance relay operation under the out-of-step condi-
tion can be explained by considering the equivalent generators
connected by a tie line. When the two generators fall out-of-step,
they create a voltage zero point on the connecting line. This is
known as the electrical center. A distance relay perceives it as a
solid three-phase short circuit and trips the line [12].

Relays near an electrical center are highly sensitive to power
swings. The natural splitting of the system due to operation
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Fig. 1. (a) Case of no detection. (b) Case of wrong detection.

of distance relays begins at the electrical center. Location of
electrical center depends upon the fault location, its type, and
network configuration, loads, generation, etc. Due to the high
impedance of the synchronous machine and/ or unit transformer,
an electrical center may also be located within a generator. Such
a situation falls within the purview of generator out-of-step re-
laying. If an electrical center exists on a transmission line, then
the corresponding power swing plotted in the R-X plane cuts
the transmission line impedance [13]. At an electrical center

1) Ratio of the magnitude of relay impedance (Zgr) to line
impedance (Zg,) is less than unity. This criterion will be
referred as magnitude criterion.

2) The relay impedance angle (AR) is equal to the transmis-
sion line impedance angle (#;). This criterion will be re-
ferred as angle criterion.

The transient stability program only simulates snapshots of
the power system. Therefore, achieving the equality (g = 6;)
is unlikely. In a program, a swing cutting the line impedance
can be confirmed by checking that the sign of (g — 6;) reverses
for two consecutive snapshots. Surprisingly, with this criterion,
simulations bring out cases of nondetection and wrong detection
of electrical center near the extremity of the line.

[lustrative examples observed on a test system are shown in
Fig. 1(a) and (b). Swings as seen by the relays at the ends of the
line have been overlapped in one figure. In Fig. 1(a), it is ob-
served that the electrical center is located near the remote end
of the transmission line. When the swing moves from A to B, the
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cutting criterion is satisfied but magnitude criterion fails to hold
at B. Therefore, the electrical center is not identified. Hence, we
conclude that in a discrete simulation, the magnitude constraint
should be discarded. In Fig. 1(b), when the swing moves from
A to B, both the magnitude and cutting criteria are satisfied. But
this is a wrong detection because the swing movement is from
the fourth to the third quadrant while the transmission line is lo-
cated in the first quadrant. Consequently, line segments OL and
AB do not intersect. Hence, the appropriate procedure would
be to evaluate the exact point of intersection of the lines AB
and OL and then check if the point is in the first quadrant. This
will correctly identify the electrical center. The complete algo-
rithm is detailed later. Results obtained from an Indian utility
system are presented in Section V-B. This procedure can be in-
tegrated in a transient stability program. Electrical centers are
associated with unstable swings. For stable swings, the angle
stability margin assessment is required. It is discussed in the
next section.

III. BITS AND ANGLE STABILITY MEASURE

To evaluate the angle stability information with respect to a
typical distance relaying parameter (e.g., branch reactance), we
use trajectory sensitivity of the rotor angles to the branch imped-
ances. This will be referred to as branch impedance trajectory
sensitivity (BITS). This leads to the development of BITS-based
norms. They provide a measure of rotor angle oscillation when
a system parameter varies by a small amount.

Algorithm to Locate Electrical Center on a
Transmission Line

At the snapshot “t,” let Zi(R¢,Xt) and Zi_1
denote the relay impedance of the current
point and the previous point, respec-
tively, where “t” begins from the second
instant of the postfault trajectory.

1. To check whether 7Z; and Zi_; are on
opposite sides of the line (OL) de-

fined by the transmission line impedance
Zr(RL +jXL), Zy and Zi_; are projected on to
the axis perpendicular to the transmission
line impedance. Let « and (3 be the pro-
jections. Then

a=—-Xp*Ri+Rp*X; and = —Xp*Ri_1+Rp*xX;_1.

2. If a and ( have opposite signs, then
and only then the points 7Z; and Zi;_; are on
the opposite sides. If either of them is
zero, then the corresponding point (Rg,Xg)
actually lies on the line OL. For the case
when sign(a) # sign(f), coordinates of inter-
section E(Rg,Xg) are found as follows:

Xi — Xim1

Let mrR=——"—" m
*T R - R

Then (1) Rg=c/(mp—mg) and (2) Xg=my*Rg
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Fig. 2. Nominal and perturbed system 6 response (P, = 1.0 p.u.).

3. If 0 < Rg < Rp and 0 < Xg < X1, then the
electrical center exists on the primary
transmission line of the relay.

A. Definition: Branch Impedance Trajectory Sensitivity

BITS of a branch [ at a time instant t for a pair of machines
(i,7) denoted by S, (t) is defined as follows:
. 06 - (t)
SP(t) = —=
OB
where the rotor angles are with respect to a common reference.
In an offline transient stability simulation, the common refer-
ence is the rotor angle of the reference generator. In WAM ap-
plication, synchronized phasor measuring units (PMUs) will en-
able computation of §;;. Clearly

S/ (t) +SJ'(t) = 0.

(@)

Therefore, at least one of the sensitivities is non-negative. The
application of BITS for a single-machine infinite bus system
(SMIB) is shown below.

B. Motivational Example Using SMIB System

In a SMIB system, a self-clearing three-phase fault at the ter-
minal of the machine is simulated. It is cleared after 0.1 s. The
objective is to study the sensitivity of the rotor angle trajectory to
small perturbations in the line reactance under different loading
conditions.

Mechanical input power is considered to be a constant. With
Py = 1.0 pu, M = 0.0159 pu, D = 0.01 pu, line reactance
x" = 0.5 p.u., and fault clearing time tcjea; = 0.1 s, the rotor
angle response to the fault for the nominal value of x* (xf =
0.5 p.u.) and x" perturbed by 1% (x* = 0.505 p.u.) is shown in
Fig. 2. BITS versus time is plotted in Fig. 3. The resultant swing
in the P-¢ plane is shown in Fig. 4. Note that one cannot distin-
guish between the two steady-state P-§ characteristics because
a 1% increase in the reactance will approximately translate into
a 1% reduction in the maximum steady-state power transfer ca-
pacity. As seen in Fig. 4, on the P-4 plane, both the systems
(unperturbed and perturbed) have almost identical response viz.,
A-B-C-D-E-D-A-F-A. Hence, the trajectory sensitivity is small
(Fig. 3). The peak value is 15, which implies that a 1% increase
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Fig. 4. Power swings in P-6 plane P,,, = 1.0 p.u.

in the line reactance causes 4.29° increase in the rotor angle.
Therefore, the following conclusion can be drawn for an un-
stressed system.

Unstressed System: With a large stability margin (i.e.,
a large decelerating area), the response of the marginally
perturbed system closely follows the unperturbed response. In
other words, trajectory sensitivity S(t) obtained by linearizing
the response around 6(t, z:f)) is small

3)

8(t,xp + Ax') = 6(t,xp) + S(t) * Ax".
Stated more formally, if the system defined by (3) is stable,
then (a) max |S(t)] < M where M is a finite nonnegative
number and (b) lim 6 (¢,2%) = 6 (¢, ). Part (a) follows from
the bounded input b(o)unded output criteria of stability. Conse-
quently, |6 (¢,2") — 6 (¢, z3) ||< M Az*. In the limit Az" — 0
and, hence, part (b) follows:

Remark 1: For a stable response in the limit x* — xg, the
perturbed response §(t,x") will be in phase with the unper-
turbed response 6(t,xp). Hence, in the limx" — x{), the tra-
jectory sensitivity S(t) response will be collinear with the angle
response 6(t, xg). Consequently, the peaks and troughs of S(t)

1027

nominal

- perturbed

1
008 /
/
0.6 /
04}
u
F
0.2
//
ol LBl ¢ . A\
0 0.5 1 1.5 2 25 3 35
8 (rad)
Fig. 5. Power swings in P-6 plane for Py, = 1.135 p.u.

300

200

100+

()

=100}

-200+
Analytical \

Numerical

-300+

-400 . . .
05 1 15 25
(s)

Fig. 6. Rotor angle trajectory sensitivity Py, = 1.135 p.u.

will coincide with the peaks and troughs of §(t,x¢). We now
investigate the behavior of a stressed system.

Stressed System: When the initial conditions are changed
from Pp; = 1.0 p.u. to Pyy = 1.135 p.u., the response of
the system (A-B-C-D-E-D-A-F) with reactance at the nominal
value will be stable (Fig. 5). Now, the stability margin is low
and the trajectory sensitivity is high. The peak value is 400 in
Fig. 6, which is 26 times of unstressed system (Fig. 3). When
a transient stability simulation is performed with 1% perturba-
tion in the reactance value (x.,, = 0.505 p.u.), the system be-
comes unstable (Fig. 5) with trajectory A-B-C-D-E-U. When
the trajectory sensitivity is computed with x* = 0.505 p.u.,
it increases monotonically to infinity. Thus, when the system
is operating close to the transient stability limit, a small posi-
tive perturbation in  induces transient instability. As machines
go out of step, the trajectories of the unperturbed and perturbed
system diverge. This leads to high BITS. Therefore, BITS can

be used as a measure for system stability.

Trajectory sensitivities can be computed by modeling ad-
ditional differential equations in a transient stability program
[10]. These results agree with finite difference approximation
of derivatives as shown in Figs. 3 and 6. Finite difference
approximation does not require extra programming. As BITS
can measure stability margin, it can be used for ranking. The

next section develops this approach.
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IV. NORMS: A MEASURE FOR ANGLE STABILITY

In a multimachine system, given a fault, the search space for
computing the BITS is ny X n; X Cflg where n¢, n;, and n, are
the number of snapshots, lines, and generators in the network,
respectively. This is a very large number. To compress informa-
tion, norms can be used. Norms facilitate ranking by assigning
a single non-negative scalar to the behavior under investigation.
For a fault “f,” line “I” and time ¢, following norm, was intro-
duced in [14] to compute the tcritical

ng—1 v 2 g Ow; 2
N, (f.1,t) = : - 4
(FL0) =4[ D (w) +Z(a$> )
=1 1=1
where w; and a; = 0; — 0,4 are evaluated at time “t.”” This
norm compresses the information associated with multiple ma-
chine pairs. The following norms are now proposed to further
compress the information in time dimension.
Branch Norm & Relay Ranking Problem: For a fault “f” the
following functions associate a non-negative scalar with line
Kél"’

Neo (f,1) = max Ny, (£, 1) 5)

No (f,0) = (| D INu(f,1,1)2 ©6)
=1

S (f,1) = maxmax S} (t) . (7
1] t

These will be referred to as branch norms. Norm defined by
(5) samples the peak N, (f,,t) over the time spant = 0. .. n;.
The N, norm emphasizes only peak behavior while N, norm
lays stress on the rms behavior of BITS given by (6). The norm
defined by (7) samples the peak BITS over all machine pairs.

For a fault, branches (lines, transformers) can be ranked in
the descending order of the branch norm. This will solve the
relay-ranking problem. Therefore, in a distance relay coordina-
tion program, performance evaluation on power swings can be
restricted to only those relays that protect the first few ranked
lines. The following norms further reduce the dimension asso-
ciated with the number of transmission lines.

Fault Norm & Fault Ranking Problem: For a fault “f,” the
following functions associate a non-negative scalar viz. max-
imum of all branch norms with a fault

®)
€))

N3 (f) can be defined in a similar way. S (f) samples the peak
rotor angle BITS for a given fault in the ny X n; X ng space.
Henceforth, these will be referred to as fault norms.

For a system, faults can be ranked in the descending order
of fault norm. This will solve the fault or contingency ranking
problem. The rank-1 fault corresponds to the worst contingency.
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Therefore, noncritical faults need not be investigated for dis-
tance relay coordination.

System Norm and Out-of-Step Protection: For a set of faults,
the following functions associate a non-negative scalar viz.
maximum of all fault norms with the system

(10)
Y

Nmax = m}lXNoo (f) .

Henceforth, they will be referred to as system norms. For ex-
ample, Sp,.x samples peak BITS among all of the faults in the
system. The magnitude and the rate of change of the system
norm with respect to a system parameter can be used to clas-
sify a swing as stable or unstable. As the system approaches
instability, the system norm should increase monotonically to
infinity.

A. Other Norms for Relaying

Norm being a measure can be defined in multiple ways. The
BITS-based norms are appealing because of the direct correla-
tion with the rotor angle swings. Alternative measures (norms)
that can be defined are as follows:

Zmin (l/f) = Intin|zmin (lvf7t)| (12)
Zmin (f) = mlin Zmin (l f) (13)
(14)

Zmin = m}n Zmin (f) -

For a fault and a transmission line, (12) associates a single non-
negative scalar with the power swing observed by the relay. A
transmission line has two relays, one at each end of the line. The
relay that looks in the direction of fault should be used for Z i,
calculation. Zmin (I, f) is an alternative for the branch norm.
For a fault, (13) associates a single scalar, which is the minimum
distance to the origin reached by the swing in R-X plane in the
entire transmission system. Therefore, it can be classified as a
fault norm. Equation (14) associates a similar scalar for all of
the faults considered in the system. Hence, it can be classified
as a system norm. Another alternative could be based on RSM.
Yet another alternative for fault norm can be the critical clearing
time of a fault. Then, the system norm will be the minimum
critical clearing time in the entire system.

Remark 2: Branch norm, fault norm, and system norm pro-
vide a three-tier hierarchy for organization of information. For
a fault, evaluation of all branch norms leads to the fault norm.
Evaluation of all fault norms leads to the system norm.

B. Relationship Between Various Measures

All three categories of the norms viz. BITS, Z,,, and
teritical Measure the same behavioral pattern. Hence, a correla-
tion should exist between them. For example, the evaluation of
a BITS norm ((5) and (7)) requires computation of a maximum
whereas the corresponding Z,;, norm ((12)) seeks the min-
imum. Hence, as the criticality of a fault increases, the BITS
norm should increase while the Z,,;, norm should decrease.
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This indicates an approximate inverse relationship between
BITS and Z,i,. From [12, (4)], for a SMIB system

|Z1]

From (15), at § = Omax, Zr(t,x%) is minimum. By remark 1,
at 8§(t) = Omax, S(t) is also at its maximum. Hence, there is
an inverse relationship between BITS norm and Z,;, of a line.
This permits development of a generic ranking scheme.

|Zg(t, z5)] = 15)

A Generic Ranking Scheme for Relay and
Fault Ranking

1. Initialization Step: List the set of
faults F of interest, in consultation
with utility engineers. In the extremity,
all lines can be considered. It implies at
least as many transient stability simula-
tions. Later on, a priori knowledge can be
used to prune the list. In this work, only
three-phase faults at the end of a line
are considered. By introducing a virtual
node, faults in between the end nodes can
also be simulated.

2. Relay Ranking Step:
from the set F,

1) Compute the branch norm for all lines
of interest. The norm can be based on BITS
Zimin Or RSM.

2) Rank the branch norms and list the
branch norm ranking. The branch norm
ranked 1 is the fault norm associated with
the fault “f.~
3. Fault Ranking Step: Rank the fault
norms and list the fault ranking. Fault
norm ranked 1 is the system norm.

For each fault “f”

V. RESULTS

The proposed approach has been tested on three machines,
9-bus system [15]; ten machines, 39-bus system [16]; and a
utility system in India. The relay coordination was done using an
object-oriented relay coordination program [17], [18]. For illus-
tration purpose, all relays are modeled by mho characteristics.
The shape of the relay characteristic only affects the RSM/RM
calculations.

A. Ten-Machine Example System

The single line diagram of the system is shown in Fig. 7. All
of the machines are represented as classical models. The tra-
jectory sensitivities are computed by considering the additional
sensitivity equations along with the system equations [14]. A
few illustrative cases are now discussed.

Ranking by Branch Norm: A three-phase fault is created on
line 28-29 close to bus 28. Henceforth, it will be referred as fault
F1. The fault is cleared in 0.06 s by tripping the line 28-29 si-
multaneously from both the ends. This is illustrative of the high-
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TABLE 1
RANKING BY BRANCH NORM FOR FAULT F1

Normalized N, with 110 % Absqlute Ng.(.. BITS for different
. loading conditions

loading

. RS Line % Loading
L o Z,

me | N |y min 90 00 [ 110
29-26 1 023 | .066 29-26 90.27 | 145.1 | 30822
26-27 | 163 | 176 | .184 26-27 2569 | 31.74 | 5022
26-25 | 151 | .187 | .258 26-25 9.41 20.02 | 4656
26-28 | .011 | .484 | .508 26-28 5.88 6.81 343.0

speed protection system operation on the EHV network using
distance relays and carrier communication [19]. Table I cap-
tures the normalized branch norm indices for a subset of lines,
which have high, medium, and low sensitivities. It also summa-
rizes BITS norms for various loading conditions (90 — 110%).
Normalization with respect to the peak N, norm (column 2 of
Table I) brings out the relative criticality of various lines.

As line 29-26 has rank 1, it can be characterized as the
weakest link. The normalized indexes for all other lines are
much lower. Therefore, other lines are far less vulnerable
to tripping on swing. To confirm these inferences, RSM is
computed for relays on these lines. The RSMs are tabulated
in the column 3 of Table I. Lines are designated in Table I in
such a way that relay at the from end looks in the direction
of the fault. The RSM computation corresponds to the relay
at the from end. The minimum magnitude of relay impedance
(Znin) 1s shown in column 4. It is seen that both norms rank
consistently with the BITS norm.

Another case that was investigated corresponds to a three-
phase fault on line 4-5 close to bus 4 with tjear of 0.1 s (fault
F2). The corresponding results are summarized in Table II. Ta-
bles I and II indicate that the branch ranking does not change
with system loading.

Location of Electrical Center: For the fault F1, as line 29-26
is the weakest link in the postfault system, it has a large possi-
bility of developing the electrical center. To confirm the location
of the electrical center, t.jeor Was increased from 0.06 s to 0.07
s. This induced instability. The closeness of tjea; to the critical
clearing time also indicates that the existing system is working
close to the stability limit. Under instability, the system splits
into two groups. By a transient stability simulation, it is con-
firmed that the electrical center is on the line 29-26.
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TABLE 1I
RANKING BY BRANCH NORM FOR FAULT F2

Normalized N, with 100% | Absolute N, BITS for different
loading loading conditions
. RS ) Line % Loading
Line | Ne |y | Zmi 90 100|110
1-2 1 160 | .190 1-2 53.73 | 57.46 | 60.63
1-39 968 | 169 | 204 1-39 51.15 | 55.62 | 58.06
2-25 619 | 234 | 204 2-25 29.18 | 3560 | 53.06
14-15 541 320 | 331 14-15 26.55 | 31.07 | 36.3
TABLE III
RANKING BY FAULT NORM WITH 110% LOADING
Faulted | Fault Ne(f) Fault Fault
Line near bus | Normalized | norm Norm
Zmin Leritical
28-29 | 28 (F1) 1 0.0658 | 0.07
21-22 22 0.002 0.1494 | 0.23
17-18 17 0.002 0.1617 | 0.25
4-5 4 (F2) 0.002 0.1900 | 0.29
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Fig. 8.

Indian utility system (drawn to scale).

TABLE IV
(A) CASE 1: RANKING BY BRANCH NORM (WITH R = 0.01 p.u.). (B) CASE
1: RANKING BY BRANCH NORM (WITH Ry = 0 p.u.).

Ranking by Fault Norm: From Tables I and II, the fault norm
associated with the fault F1 at 110% system loading is 30 822
and the corresponding fault norm for F2 is 60.63. Table III ranks
four faults in the descending order of their BITS fault norm. It is
seen that the BITS norm ranks consistently with the Z,;,, norm
which, in turn, ranks consistently with the t¢yitical nOrm.

BITS as a Transient Stability Margin Indicator: Tables I and
II indicate that with an increase in the system loading, the tra-
jectory sensitivities also increase. This indicates a reduction in
the stability margin. Fault F1 is the critical fault for the system
because it exhibits a very steep rise in the fault norm, with an
increase in the system loading. In contrast, it can be seen that for
the fault F2, the fault norm is low and its gradient is very small.
This indicates that for this fault, the loading conditions are still
far away from the system stability boundary. In fact, the critical
clearing time for this fault with the nominal loading condition is
0.29 s. Hence, the fault F2 can be classified as noncritical. Crit-
ical fault loading can be defined as the system load that induces
postfault separation even with normal fault clearing time. Criz-
ical system loading will be the minimum of critical fault loading
over the set of faults considered. It can be computed from the
critical fault loading of the fault ranked one.

B. Indian Utility System Example

The data have been adapted from the western regional grid
of India. The system consists of 283 busses, 391 transmission
lines, 123 transformers, 55 generators, 189 loads, and 28-shunt
reactors. The system load is about 15000 MW. The entire
system is simulated in the transient stability program developed
at IIT Bombay. The generators are represented in detail-up
to 2.2 model (one field winding and one damper winding on
the d-axis, and two damper windings on the g-axis) [20]-[22].
Parameters in per unit of a 247-MVA machine, on its own base,
are given in the appendix. Only a part of the 400-kV network is
considered for relay coordination and performance evaluation
on power swings. It is shown in Fig. 8. It corresponds to
the 400-kV network of a state electricity board in the grid.
The relay settings (zone 1 and 2) obtained from the relay

(A)
Line No. | Normalized BITS norm RSM / Zmin
(Relay No.) N N, RM
6 (28) 1 1 0.3867 (RM) | 0.0755
4 (26) 0.7665 0.7780 0.0562 0.0788
3 (25) 0.5184 0.5240 0.0717 0.0884
7)) 0.4573 0.4857 0.0962 0.1014
B)
Line No. Normalized BITS RSM Znin
(Relay No.) norm
N, N,
6 (28) 1 1 0.00012 0.09563
4(26) 0.8997 0.9710 0.08466 0.10703
3(25) 0.7399 0.7231 0.09375 0.11559
7(1) 0.5493 0.6339 0.09460 0.12230

coordination program matched closely with the utility settings.
All of the settings are detailed in [7]. A few interesting cases
are now discussed.
Ranking by Branch Norm:

a) Case 1: Three-Phase Fault on Line I, Near Bus
182, Fault-Clearing Time is 0.1 s. Fault Resistance is 0.01
p.u.: Table IV(a) tabulates the result for a fault on line 1, near
bus 182 with a fault clearing time of 0.1 s and fault resistance of
0.01 p.u. It is observed that normalized ranking based on BITS
branch norm is consistent with the RSM. Further, the swing
is severe enough to enter zone 3 of relay 28. The duration of
stay of the swing in zone 3 is less than the TDS setting of relay
28. Therefore, the relay does not trip. This is indicated by the
relay margin being less than unity. This relay is also ranked
first by the Z i, branch norm. The swing characteristic on the
R-X plane for relays 25 and 28 are shown in Figs. 9 and 10, re-
spectively. They confirm the results of Table IV(a). Table IV(b)
summarizes the results for the same fault with Ry = 0 p.u..
Again, it is observed that the branch norm by BITS, RSM, and
Zmin indicators give consistent results. However, the RSM in
row 1 is now close to zero, which indicates that the swing is
just approaching zone 3. Also, both N, and N2 norms give
similar ranking.

b) Case 2: Additional Case Studies: Table V summarizes
the results for two more cases. Case 2A corresponds to a three-
phase fault on line 10 near bus 196, and case 2B corresponds
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Fig. 9. Swing characteristics in the R-X plane of relay 25.
Plot for the relay 28.
035
03}
025}
02}
A
i oasf
i
3 o1f
c
s
8 o0sf
> - .
of \
-0.05 }
0.1}
045 . . R . . .
0.3 0.2 -0.1 [) 0.1 0.2 03 0.4

Resistance ------- -—>

Fig. 10. Swing characteristics of relay 28.

to a three-phase fault on line 2 near bus 233. Again, it can be
seen that the ranking by N, branch norm matches with the
Zmin norm. Though not tabulated in Table V, consistent rank-
ings were observed with the Ny norm. For the case 2A, Zyin
versus clearing time of the relays looking toward the fault is
plotted in Fig. 11. It is observed that Z ,;,, branch norms reduce
linearly as the clearing time increases. Hence, the relay ranking
is independent of the t¢jear-

Location of Electrical Centers: When the duration of the
fault on line 10 near bus 196 is increased to create system in-
stability, it is observed that the system splits into three groups.
The application of proposed algorithm (Section IT) identified 16
electrical centers. Three electrical centers on line I3, [7, and [g,
were located on the subnetwork shown in Fig. 8. With a clearing
time of 0.35 s, the electrical center seen on line 3 by the relays
25 and 5 is shown in Fig. 12(a) and (b), respectively.

Ranking by Fault Norm: Results of normalized BITS fault
norm and Z,;, fault norm for various faults are summarized in
Table VI. It is seen that they provide consistent ranking. The

TABLE V
RANKING BY BRANCH NORM: ADDITIONAL CASES
Case 2A Case 2B
Line No. | Normalized | Zmin Line No. | Normalized | Zmin
(Relay N norm (Relay N norm
No.) No.)
4 (26) 1 0.0851 6 (28) 1 0.0893
3(25) 0.7335 0.0933 4 (26) 0.6696 0.1017
6(28) 0.7208 0.0962 3(25) 0.6162 0.1097
1(23) 0.6389 0.5474 7(1) 0.5728 0.1192
Zm“,I Vs Tclear for all the lines.
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Fig. 11.  Zmin versus teea, for case 2A.
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Fig. 12. Electrical center as seen by relays 25 and 5.

system norm corresponds to the branch norm of line 6 for fault
on line 1.

System Norm and Out-of-Step Relaying: 1t is observed that
in the case 2A, as the clearing time increases, the peak swing
also increases from 128° at tcjear = 0.1 s to 180° at 0.2 s. In
a multimachine system, a 180° swing may recover. This can be
deduced by the negative gradient of system norm at tcjear =
0.2 s (Fig. 13). Beyond 0.25 s, a swing of about 180° as well
as a steep rise in system norm is encountered. Consequently,
stability margin decreases rapidly and the system loses stability
at 0.3 s. To conclude, out-of-step condition can be detected by
the system norm and its rate of change.

C. Comparative Evaluation of Indicators

The results show that RSM Z,,.;, BITS, and tepitical NOrms
are consistent. Tables [-VI indicate an approximate inverse re-
lationship between BITS norm with Z i, and tepitica; DOrms.
Advantage of the RSM indicator is that it accounts for the relay
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TABLE VI
RANKING BY FAULT NORM
Faulted Fault Normal | Neoon | Zmin
Line near bus ized Ny, | line
1 (R=0.01) | 182 1 6 0.0755
10 196 0.4621 4 0.0851
2 233 0.3871 6 0.0893
1 (R=0.0) 182 02234 | 6 0.0956
Sensitivity and Norm Vs Tclear
110
100 7
4
; 90}
é 80
2 1}
1 eof %
A norm for L,
i sof ! i
—i 40} norm for L,
:% 30 N
7w L T /\"‘\»—A-.a—-—s'e'n‘si;iiiiy forl,
1%1 0.15 0.2 0.3 0.35

—>

Clearing Time -

Fig. 13.  Norm versus clearing time for case 2A.

characteristics. On the other hand, Z,;,, BITS, and t¢ igical in-
dicators are more generic. RSM and Z,,,;,, computation requires
only one transient stability simulation per fault. Postfault pro-
cessing is less with the Z,;,, indicator than the RSM indicator.
In the case of the BITS indicator, an additional transient sta-
bility run per branch norm is required. Consequently, in a relay
coordination program, Z,;, indicator can be used as the primary
ranking tool.

Note: In Fig. 13, norm N, for 1, has been drawn to a scale
of 1/10. Hence, 110 indicates N,,.x of 1100. Also, N, for 17
has been drawn to a scale of 1/8.

VI. CONCLUSIONS

Relay coordination programs primarily ascertain the depend-
ability of the relaying scheme. An important security require-
ment is that distance relays should not trip on power swings. In
the case of swings due to system instability, it is important to
locate all electrical centers in the system. Therefore, a system-
atic procedure that complements the transient stability simula-
tion has been developed.

Protection engineers should also evaluate the performance
of distance relaying under stable power swings. As the sim-
ulation space is large (curse of dimensionality), ranking tools
are desired. Hence, a three-tier hierarchy of norms viz., branch
norm, fault norm, and system norm is proposed to solve the
relay ranking, fault ranking, and out-of-step detection problem.
Ranking of faults identifies critical faults, while ranking of re-
lays identifies critical relays. Together, they pinpoint the faults
and the relays that have to be investigated on power swings.

APPENDIX

The machine parameters for a 247-MVA generator in per unit
on the machine base are as follows.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 19, NO. 3, JULY 2004

X4 = 2.225, X/, = 0.305, X/ = 0.214, T, = 7.00, T/, =
0.040, X4 = 2.11, Xﬁl = 0.75, X’({ = 0.25, Tgo = 2.00,
Tﬁl'o = 0.170, Inertia constant = 2.80 MJ/MVA, AVR/static
exciter: Gain = 200, Time constant = 0.05 s.

ACKNOWLEDGMENT

S. A. Soman acknowledges the support from the Ful-
bright-Tata Travel Fellowship for the visit to the University of
[linois at Urbana Champaign.

REFERENCES

[1] W. A. Elmore, “System stability and out of step relaying,” in Protective
Relaying Theory and Applications. New York: Marcel Dekker, 1994,
pp. 319-333.

[2] D. Hou, A. Guzman, and J. Roberts.

Improve Transmission Line Protection.

http://www.selinc.com/techpprs/6063.pdf

P. M. Anderson, Power System Protection.

Press, 1998, pp. 900-901.

A. G.Phadke and J. S. Thorp, Computer Relaying for Power Systems, 1st

ed. Baldock, Hertfordshire, U.K.: Research Studies, 1988, p. 31,263.

C. Singh and I. A. Hiskens, “Direct assessment of protection opera-

tion and nonviable transients,” IEEE Trans. Power Syst., vol. 16, pp.

427-434, Aug. 2001.

F. Dobraca, M. A. Pai, and P. W. Sauer, “Relay margins as a tool for

dynamical security analysis,” Int. J. Electr. Power Energy Syst., vol. 12,

no. 4, pp. 226-234, Oct. 1990.

[7] R. Vaidyanathan and S. A. Soman, “Distance relay coordination con-

sidering power swings,” in Proc. Int. Conf. Power Syst. Commun. Syst.

Infrastructures for Future, 2002.

“Rep. SIPPROTEC4-7SA6 Distance Protection Relay for all Voltage

Levels,” Siemens 4.3.2001, p-10.

V. Centeno, “An overview of techniques for synchronized phasor mea-

surements and future prospects,” in Proc. Int. Inst. Critical Infrastruc-

ture Workshop Wide Area Measurements.

[10] M. J. Laufenberg and M. A. Pai, “A new approach to dynamic security
assessment using trajectory sensitivities,” IEEE Trans. Power Syst., vol.
13, pp. 953-958, Aug. 1998.

[11] I. A. Hiskens and M. Akke, “Analysis of the Nordel power gird dis-
turbance of January 1, 1997 using trajectory sensitivities,” IEEE Trans.
Power Syst., vol. 14, pp. 987-994, Aug. 1999.

[12] E. W. Kimbark, Power System Stability, Vol. II, Power Circuit Breakers
and Protective Relays. New York: Wiley, vol. 1950, p. 160.

[13] P. Kundur, Power System Stability and Control. New York: McGraw
Hill, 1994, p. 914.

[14] T. B. Nguyen, M. A. Pai, and I. A. Hiskens, “Sensitivity approaches
for direct computation of critical parameters in a power system,” Int. J.
Electr. Power Energy Syst., vol. 24, no. 5, pp. 337-343, 2002.

[15] P. W. Saver and M. A. Pai, Power System Dynamics and Sta-
bility. Englewood Cliffs, NJ: Prentice-Hall, 1998.

[16] M. A. Pai, Energy Function Analysis for Power System Sta-
bility. Norwell, MA: Kluwer, 1989.

[17] S.Pandit, S. A. Soman, and S. A. Khaparde, “Object oriented design for
power system application,” IEEE Comput. Applicat. Power, vol. 13, pp.
43-47, Oct. 2000.

[18] M. J. Damborg and S. S. Venkata, “Specification of Computer-Aided
Design of Transmission Protection Systems,” Univ. Washington, Dept.
Elect. Eng., Tech. rep. EPRI EL-3337 (Final Rep.), 1984.

[19] A. K. Yadav, R. Kunter, and R. Kapoor, “GPS synchronized testing of
distance relay — A case of Durgapur — Farakka 400 KV transmission
line,” Elect. India, vol. 38, no. 1, pp. 15-21, June 1998.

[20] IEEE Committee Rep., “Current usage & suggested practices in power
system stability simulations for synchronous machines,” IEEE Trans.
Energy Conversion, vol. EC-1, pp. 77-93, Mar. 1986.

[21] K. R. Padiyar, Power System Dynamics Stability and Control, 2nd
ed. Hyderabad, India: BS Publications, 2002.

[22] S. A. Soman, S. A. Khaparde, and S. Pandit, Computation Methods
for Large Sparse Power Systems Analysis: An Object Oriented Ap-
proach. Norwell, MA: Kluwer, 2002, p. 303.

Innovative Solutions
[Online].  Available:

3

[t}

Piscataway, NJ: IEEE

[4

=

[5

—_

[6

—_

[8

—_

[9

—



SOMAN et al.: ANALYSIS OF ANGLE STABILITY PROBLEMS

S. A. Soman received the B.E degree in 1989 and the M.E and Ph.D. degrees
in electrical engineering from the Indian Institute of Science, Bangalore, India,
in 1992 and 1996, respectively.

Currently, he is an Associate Professor at the Indian Institute of Technology,
Bombay, India.

Tony B. Nguyen (5°99) received the B.S. and M.S. degrees in electrical engi-
neering from the University of Illinois at Urbana-Champaign, in 1998 and 1999,
respectively. He is currently pursuing the Ph.D. degree at the University of Illi-
nois at Urbana-Champaign.

1033

M. A. Pai (F’86) is Professor of Electrical and Computer Engineering with the
University of Illinois at Urbana-Champaign, where he has been since 1981. He
was on the faculty of the Indian Institute of Technology, Kanpur, India, from
1963 to 1981.

Rajani Vaidyanathan received the B.E. degree in electrical engineering and the
M.E. degree from the College of Engineering, Pune, India, in 1998 and 2002,
respectively.

Currently, she is a Project Engineer with the Department of Electrical En-
gineering at the Indian Institute of Technology, Bombay, India. Her research
interests include power system protection.



