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Abstract—This paper proposes a novel out-of-step protection
technique using the state-plane representation of the generator
speed and power angle. The critical clearing angle is computed
using the principle that the total energy of the system at the instant
the fault is cleared should be equal to the maximum potential
energy of the system. The critical clearing time corresponding to
the value of critical clearing angle is obtained directly using the
time calibration of the relative speed versus power-angle solution
curve. The simultaneous calculation of the critical clearing angle
and the time make the proposed approach much faster than the
two-blinder scheme. The proposed state-plane prediction scheme
is used to detect the first swing out-of-step condition in a two-area
test system using system-wide information. The two generators
are represented with a single-machine infinite bus equivalent
system, and the state-plane algorithm is applied to the reduced
equivalent. Electromagnetic transient simulations are carried out
using PSCAD/EMTDCTM to test the proposed algorithm in
the two-area test systems. The simulation studies show that the
proposed method is computationally efficient and accurate. The
technique also does not require any offline studies.

Index Terms—Out-of-step protection, state plane, transient
stability.

I. INTRODUCTION

EVERAL methods are proposed in the literature to predict
out-of-step conditions in a power system. The methods are
briefly reviewed below.

One of the conventional techniques reported in [1] and [2] is
based on the rate of change of impedance. Setting the blinders
and determining a pre-set delay are two of the major tasks in
this technique. References [2] and [3] describe techniques to set
these blinders where the settings are system specific, depend
on system loading conditions and are only applicable up to a
two-machine system. Setting blinders require extensive system
stability studies, and a relay design using blinders to work for
all possible system conditions is difficult.

An out-of-step relaying scheme with rate of change of ap-
parent resistance augmentation is proposed in [4]. The relay
characteristic is a modified version of the blinder scheme where
the rate of change of apparent impedance is replaced with the ap-
parent resistance augmented with the rate of change of apparent
resistance and relay characteristic is defined in an R-Rdot plane.
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The scheme also requires extensive simulation studies under
various contingency conditions to set the relay characteristics.

The swing center voltage (SCV) technique discussed in [1]
is also an option for out-of-step protection. The disadvantage is
that the detection is usually made at a voltage angle separation
close to 180°.

Out-of-step detection schemes using transient energy
calculation are also proposed in the literature. Reference [5]
implements Lyapunov’s direct method to predict the out-of-step
condition of a generator using local substation measurements.
Moreover, the technique does not provide critical clearing time
(CCT) information, which is an important piece of information
for relaying and stability study purposes.

The equal area criterion (EAC) is popularly used as a tran-
sient stability analysis’ tool. The approach is directly applicable
to a single machine infinite bus system [6]. The technique has
been extended to a multi-machine system by Pavella et al. [7].
The technique is called an extended EAC (EEAC). Based on the
EEAC, an adaptive out-of-step relay was developed by Phadke
et al. [8]. The relay was implemented on the intertie between the
states of Georgia and Florida in the U.S. in October 1993 and
was operational until January 1995. The out-of-step detection
using EAC is simple and well established; however, EAC-based
techniques cannot provide the critical clearing angle (CCA) and
CCT for the fault simultaneously. It requires step-by-step inte-
gration techniques to calculate CCT.

Reference [9] proposed an out-of-step protection scheme
using fuzzy logic and [10] proposed a technique using a neural
network. Rajapakse et al. [11] proposed a rotor-angle instability
prediction technique using fuzzy C-means clustering algorithm
and support vector machine. The algorithms work well only
if they are sufficiently trained and the training signals are
appropriately identified.

Reference [12] proposed an out-of-step detection technique
using frequency deviation of voltage method. The technique
estimates the frequency using voltage angle calculated at the
local bus. Further the angular acceleration is calculated using
the calculated frequency. The instability is detected when the
frequency measured at the point, where acceleration changes its
sign from negative to positive, is greater than zero. Otherwise,
the system will be stable. The detection is based on electrical
voltage signal which can change very rapidly and may result in
false tripping during switching transients. The method is based
on local measurements, and a system-wide protection using the
technique has not been reported so far.

Reference [13] proposed an instability detection method
using a transient instability index, defined as . The 1 index is
calculated based on the generator angle, speed and their rate
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of change to identify the characteristics concave and convex
nature of a surface on which postfault trajectories lie. If the
4 index is less than 1, it represents a convex surface and the
system is detected to be unstable. If the index is greater than 1,
it represents concave surface and the system is detected to be
stable.

Reference [14] proposed an out-of-step detection technique
using energy equilibrium in time domain. In [14], the classical
equal area conditions in the power-angle domain were mapped
to the time domain, and the out-of-step conditions were identi-
fied graphically by point-by-point analysis directly in the time
domain. The accelerating and decelerating area in a power vs
time curve is calculated. If the decelerating area becomes equal
to the accelerating area during the transient, the system becomes
stable. If the accelerating area is greater than decelerating area,
the system becomes unstable. The disadvantage of this tech-
nique is that the unstable condition is again detected close to
180° and, hence, the opening of the breakers have to be delayed
until the angle of separation between the two side voltages be-
comes a favorable angle (to reduce the restriking voltage level).

State plane analysis methods are widely used in the control
systems literature for analyzing the dynamics of second-order
systems using phase portraits [15]. The classical power systems
literature [16]-[18] describe various solutions methodologies
for the Lyapunov’s stability criteria using phase portraits, which
could be called the state-plane methods.

This paper proposes a new out-of-step prediction algorithm
using state-plane plot of speed vs power angle. A two area
system, after disturbance, is represented with a single-machine
infinite bus (SMIB) equivalent system. The state-plane anal-
ysis (SPA) algorithm is applied to the SMIB equivalent where,
the dynamic states of the SMIB equivalent during the distur-
bance and, after the disturbance are represented using state-
plane plot. The plot was used to find whether the system is going
to be stable or unstable. The CCA of the equivalent system is
found when the total energy of the system at the instant the
fault is cleared becomes equal to the maximum potential energy
of the system. The time corresponding to this delta value (i.e.,
CCT) is found directly from the omega vs delta curve unlike the
equal area criterion approach. Thus, the CCA and CCT, which
have been obtained simultaneously, are used to predict a stable
or out-of-step condition in power system. The proposed algo-
rithm has been tested in a two area test system using the elec-
tromagnetic transient simulations tool, PSCAD/ EMTDC™1
. Electromagnetic simulations have been used instead of the
steady-state stability programs (phasor solution) since the elec-
tromagnetic-transient (EMT) simulations provide more detail
and closer resemblance to an actual power system. The simu-
lation studies show that the proposed method is faster, compu-
tationally efficient, and accurate.

Section II describes the angular separation and SMIB equiva-
lencing procedure. Section III describes the state-plane method.
Section IV describes out-of-step prediction using the state-plane
analysis method. Section V gives the case studies and Section VI
gives the final conclusions.

IPSCAD/EMTDC is a registered trademark of Manitoba HVDC Centre, Win-
nipeg, MB, Canada.
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II. SMIB EQUIVALENT

A. Identifying Angular Separation Between Two Areas

The angular separation of the generators is identified in real
time using the generator swing curves. It uses the principles of
identifying coherent group of generators as explained in [19]
and [20]. The coherent groups are found from the generator rotor
angles and the bus voltage phase angle changes which have the
most consistently similar pattern over all the inter-area modes.
For the power system configuration (consisting of two areas in-
terconnected through a tie-line), the generators in each area nor-
mally form a coherent group and participate in the inter-area
oscillations. In real time, the angular separation is identified by
measuring the difference in generator bus voltage angles of the
two areas and is compared with the threshold angle during the
postfault condition.

Therefore, the separation between the generators is identified
using the criterion given by

AB; — A, < ¢ (1)

where ¢ is the specified tolerance in degrees, ¢ represents the
area 1 machine, and r represents the reference generator (area
2 machine). A tolerance of 5° is selected for this study. When
the angular separation between the two areas exceeds 5°, the
relay is triggered to check for instability (i.e., stable or unstable
swing).

B. SMIB Equivalent

The two-machine system can be reduced to an SMIB equiv-
alent system with single machine parameters 8, w, M, P,,, and
P, as given by (9). The procedure is described in [7]. The pro-
posed algorithm is implemented using the swing equation of the
SMIB equivalent to determine the out-of-step condition in the
two-area system.

With the classical model, the generator dynamics are de-
scribed by (2) [7]

: dw;
0; = wy, A/[z'i =P — P )
dt
where
P.; = E?Y;; cos6;; + Z EiE;Yijcos(6; — 05 — 055)  (3)
j=1
j#1
M; inertia constant of the ¢th generator;
0; internal voltage angle of the ith generator;
w; rotor speed of the ith generator;

P,.;/P.; mechanical input/electrical output power of the

1th generator;

Ei E; voltage behind transient reactance;

Y admittance matrix reduced at the internal
generator node;

Y;;(6;;) modulus (argument) of the ¢jth element of Y.
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Fig. 1. Two-machine representation.

Using the assumption made by [7] that the disturbed multi-
machine system separates in two groups, let us define the two
groups of machines as an Area A and Area B as shown in Fig. 1.

The partial center of angles (PCOA) of Area A and that of
Area B are given by

. ;M,‘(Si
8y = Z Ma (4a)
€A
M, = Z M; (4b)
i€A
M6,
(3 — N, 4
b Z i (4¢)
jeB
M, =) M, (4d)
jeB

where 8, is the COA of the generators in Area A, M, is the
sum of the inertia constants of the generators in Area A, ¢, is
the COA of the generators in Area B, and M, is the sum of
the inertia constants of the generators in Area B. The COA of a
group is assumed to be equal to the rotor angles of the generators
in that group, i.e.,

S0 =6
& =6,

VieA
Y jeB.

(5a)
(5b)

Using the above formulations, two groups of generators can
be transformed into two-machine systems running in their own
PCOA. The motion of PCOAs of Group A and B in the two-ma-
chine system are described by.

iwaéu = Z(Pln’i - Pei) (63-)
tEA
Mb6b = Z( mj F]) (6b)
JES
where
Pei = E?YH COSs 011 + E7E]KJ COS((SH, — (5(, — 9,,;]')
+ Z E'7E’J}/,J Ccos 6'7] 7
€A
i#]
P.; = E;Yj;cost; + E;E;Yj; cos(8y — 6 — 0:)
+ Y EiE;Yj;cos ;. ()

jeB
J#i

The two-machine system can further be reduced to an SMIB
equivalent system with a single-machine parameter 6, w, M,
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P,,, P.. The motion of the resulting SMIB equivalent system
can be described using

Mé = P,, — (P, 4 Pyuxsin(é — 7)) )
where
§=06,— b, (10a)
]\/{bMa
M=—"° 10b
My (10b)
My =Y M, (10c)
i=1
P =(My Y Ppj— My Ppi)Mp™ (10d)
jEB icA
Pe=(M, Y E;EGjr—M, Y EEG)Mp
j.kEDB ileA
(10e)
Pmax =V 02 + D2 (IOf)
C
5y arctan (D) (10g)
C =(M, — My)Mp Z EE;Gi; (10h)
1EAJEDB
> EE;Bj (10i)
€A jEB

where 8 and M are the rotor angle and inertia constant of the
SMIB equivalent, respectively; Mr is the sum of the inertia
constants of r generators; 7 represents the total number of gen-
erators; P, and P, are the mechanical input power and elec-
trical output power of SMIB equivalent, respectively; and B
and G are the susceptance and conductance of the network,
respectively.

III. STATE-PLANE ANALYSIS

Consider that a power system is described with the following
second-order differential equation

5= f(6,6). (11)
Let us define the state variables as
xr1 = I

z9 = 0. (12)

Equation (11) can now be represented with a set of first-order
differential equations

.’1].1 =xI2

2o = fx1,232).

(13)

The plane, with coordinates x; and x5, is called the state plane.
The solution of (13) with respect to time could be represented
as a curve in state plane (state-plane trajectory). If one knows
the initial states of the system, the dynamics followed by the
power system during fault could be easily predicted using the
state-plane trajectory. Also, the state-plane trajectories for dif-
ferent initial states could be represented in a graphical fashion
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Fig. 2. Time calculation from the state-plane trajectory.

to analyze the power system behavior for various types of con-
tingencies in a power system.
Eliminating time from (13) gives

dry  f(ry,x2)

—— = 14

dl‘l o ( )
Equation (14) can be written as

dzy _ Qzy,72) (15)

d.’];l P(ll,lz)

The point for which the system is going to be at rest (i.e.,
P(zy1s,225) = 0 and Q(x15,22:) = 0) is a singular point.
The system will continuously stay at a singular point if it is
left undisturbed. Singular points hence represent points of
equilibrium. The determination of singular points represent an
essential step in the process of plotting the state-plane trajecto-
ries. The stable and unstable equilibrium points are called the
vortex and saddle point, respectively.

A. Determining Time From Trajectories

A state-plane trajectory contains time information implicitly.
The time information can be extracted from the trajectory by
using a simple procedure as explained below. The state vari-
able z; can be evenly or unevenly divided into small intervals.
For each small increment of :1, an average increment in x> can
be calculated and, hence, the corresponding small increment in
time can be calculated using (16a). In Fig. 2, x; is evenly di-
vided into small intervals A . The small increment in time At
for Azq and 23 4.4 corresponding to the ith interval is given by
(16b)

dx

dt = 21 (162)
T2
Az

At; = 20 (16b)
T2 avgi

The time for each point of interval is now calculated by cumu-
latively adding the incremental time for each interval

t(i) = t(i — 1) + At,. (17)
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B. State-Plane Representation of Swing Equation

Given the swing equation

2
M% = P,, — Ppaxsiné. (18)
Equation (18) could be modified as
9 ¢
((]]sz =P —sinéd (19)

where P = Pp,/Puax, T = £/ % Prax /180 * M and Piax
is the maximum electrical power value that could flow through
the lines. State-space representation of (19) is given by

d=w

w=P —siné

(20a)
(20Db)

where ¢ and w are two state variables and w represents the speed
of the machine with respect to the synchronous speed. The two
state variables give the current dynamic state of the machine.
During the transient condition, the machine starts oscillating be-
cause of the change in P in (19). As a result, the state variables
exhibit oscillatory behavior. The dynamic motion of the ma-
chine is hence represented by the change in state variables of
the system, which can be demonstrated by plotting state vari-
ables w versus ¢ in a state plane. The path followed by state
variable w in the state plane with respect to § gives important
information about stability of the synchronous machines. Angle
& gives the position of the rotor, and the speed w represents the
energy associated with the machine. Equation (20) can also be
written as

dvw P —siné

s w @h
The singular points of the system could be found out by equating
the numerator and denominator of the right-hand side of (21) to
zero (i.e., P —sind = 0 and w = 0). The singular points will
be (sin "' P,0) and (7 —sin ~* P, 0). The stability of the system
around these points could be obtained by analyzing the eigen-
values of the system (Lyapunov’s indirect method) [15]. Using
this analysis, the first point is found to be a stable equilibrium
point, and the second point is obtained as an unstable equilib-
rium point. Equation (21) can be rearranged so that the same
variables appear on one side

wdw = (P —sin 6)dé. (22)
Integrating both sides of (22) gives
w? 8
- + / (siné — P)d6 =0 (23)
< Jo

where the first term in the left-hand side of (23) represents ki-
netic energy, and the second term represents potential energy
of the machine. Since the kinetic energy is zero at the singular
point, it gives maximum or minimum of potential energy.
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Fig. 3. SMIB equivalent system.

Section IV describes state-plane trajectories during different
transient states (prefault, during fault, and postfault) of a power
system.

C. State-Plane Trajectory Plots

Consider an SMIB equivalent system as shown in Fig. 3. The
SMIB system parameters are given in the Appendix.

Under normal conditions, the system operates at a stable equi-
librium point, referred to as prefault condition, delivering con-
stant electrical power. The initial state of the generator is (0.738
rad, O rad/s). A three-phase fault is applied at the middle of trans-
mission line II, referred to as during-fault condition, and the
fault is cleared by opening the breakers Brkl and Brk2 at the
two ends of the line, referred to as the postfault condition. The
state-plane trajectories are plotted for the aforementioned con-
ditions with the initial points, varied from —2.5 to 4.5, for illus-
tration purpose. The plots are shown in Figs. 4-6, respectively.
In the figures, the three different lines are denoted as follows.

* Solid blue lines are isoclines plotted for different values of

dw /dé varying from —5 to 5 with an equal interval of 0.5.
All isoclines go through the singular points and, hence, the
intersections of them give the singular points.

* Solid black lines are the state-plane trajectories.

* Dotted red line is critical trajectory known as separatrix.

1) Prefault Condition: For the prefault system, the value of
P is 0.673 p.u. (Pnax for the prefault condition is 1.3370
p.u.). Fig. 4 shows the various possible paths that the ma-
chine can follow during the prefault condition. Since the
machine is operating at (0.738 rad, 0 rad/s), which is the
vortex of the system, the machine stays stable. The trajec-
tories near the vortex are bounded around it and the region
is a stable region. The trajectories around the saddle are un-
bounded (where w increases as § increases) and the region
is called an unstable region. These two regions are sepa-
rated by a separatrix.

2) During-fault condition: For the three-phase fault, the
value of P is 1.20 p.u. { Pyax = 0.7480 p.u.). Fig. 5 shows
the state-plane trajectories for a three-phase fault. As can
be seen from the trajectories, there are no singular points.

3) Postfault condition: The fault is cleared by removing the
faulted line from the system. The P value becomes 0.95
p-u. (Ppax = 1.1024 p.u.) and the postfault trajectories are
shown in Fig. 6.

IV. OUT-OF-STEP PREDICTION (STATE PLANE ANALYSIS)

The algorithm calculates the system’s critical clearing
angle(8,,) and the critical clearing time (#..) simultaneously
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Fig. 5. State plane trajectories of an SMIB for a during-fault condition.
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Fig. 6. State-plane trajectories of an SMIB for a postfault condition.

using the state-plane plot of during-fault and postfault condi-
tions. The %, calculated is compared with the fault clearing
time (t.;) to make the decision. The algorithm consists of four
distinct steps:

1) Step—I Find State Plane Plot During Disturbance: Sup-
pose the initial state is (6g, 0), (21) can be used to calculate w for
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TABLE I
CALCULATE DURING-FAULT TRAJECTORY AND TIME SCALE

8 w1 Ad Wlavg AT At t
(rad) (rad/s) (rad) (rad/s) (s) (s) (s)

0.7711  0.0000 0.00

0.8025 0.2466 0.0314 0.1233 02548 0.0462 0.0462
0.8339  0.3467 0.0314 0.2966 0.1059 0.0192  0.0653
0.8653  0.4223 0.0314 0.3845 0.0817 0.0148 0.0801
0.8968 04849 0.0314 04536 0.0693 0.0125 0.0927
0.9282 0.5392 0.0314 0.5121 0.0614 0.0111 0.1038
0.9596 0.5875 0.0314 0.5633 0.0558 0.0101 0.1139
0.9910 0.6312 0.0314 0.6093 0.0516 0.0093 0.1232
1.0224  0.6713 0.0314 0.6512 0.0482 0.0087 0.1320
1.0538 0.7083 0.0314 0.6898 0.0455 0.0082 0.1402
1.0853  0.7429 0.0314 0.7256  0.0433  0.0078  0.1480
1.1167 0.7754 0.0314 0.7591 0.0414 0.0075 0.1555
1.1481 0.8060 0.0314 0.7907 0.0397 0.0072  0.1627
1.1795 0.8350 0.0314 0.8205 0.0383 0.0069 0.1697
1.2109 0.8626 0.0314 0.8488 0.0370 0.0067 0.1764
1.2423  0.8889 0.0314 0.8757 0.0359 0.0065 0.1829
1.2737 09142 0.0314 0.9015 0.0348 0.0063 0.1892
1.3052 0.9384 0.0314 09263 0.0339 0.0061 0.1953

incremental values of §. The derived expression for w; is given
by (24). It gives the values of w; versus ¢ during the disturbance

wy = :l:\/2(P1(6 —bp) +cosd — cosdy) (24)
where wy = d6/dT is the speed of the machine, and P; is the
value of P for the during-fault condition.

2) Step—II Calculate Time Scale Values: The time scale
values for (Step—I) are calculated using the method explained
in Section III-A. The calculated time would be the time 7} from
which the exact time is calculated using

where
180 « M
TF, = 4 — 2 (26)
T * Pnlaxdf

where P, refers to maximum power that can be transferred
for a during-fault condition.

The SMIB equivalent system as shown in Fig. 3 is used to
illustrate the algorithm. A three-phase fault is applied on TL-II
at (1/4)th distance from bus 2. The test case is named as “E.”
The initial generator bus voltage angle (6, ) is 30° and the initial
voltage angle behind transient reactance is 44.1803° (0.7711 ra-
dian). The mechanical input power is 0.9486 p.u. For the faulted
network condition, the power-angle characteristic is obtained
using the standard Ypys network reduction technique [6]. The
P,— & curve obtained is 0.5661 sin 6. The wy and time () values
calculated for the during-fault condition are given in Table 1.

3) Step—III Find Critical Trajectory (Separatrix) for Post-
fault Condition: The postfault power-angle characteristic is pre-
dicted using the postfault network condition. The power-angle
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characteristic for the test case E is 1.1024 sin §. The postfault
swing equation is therefore given by (27)

d%s e

@:PQ—SIH(S (27)

d2

% =0.8604 — sin d. (28)
The above equation can be put in the form

dws  0.8604 — sin 6

—_— = 29

dé Wo ( )

where wy = d6/dT; and P are the value of P for the postfault
condition.

The singularities for (29) are obtained by equating the numer-
ator and denominator to zero. The singular points are located at
(1.036,0) and (2.105,0). For the first singular point (1.036,0),
define translated states as & = 6 — 1.036 and w2 = ws. The
corresponding state equation becomes

dd;  0.8604 — sin(é + 1.036) 30)
ds w2
which could also be written as
5 _ w2
L’fz] - [0.8604 — sin(6 + 1.036)} ’ (D

Equation (31) is linearized around (0,0). The linearized system

is given by
[5]_[ 0 1}[5}
w0 —051 0 |wa|”

The eigenvalues of the system are +0.712z, which results in
an oscillatory system with zero damping. This singular point
corresponds to a vortex point. Following a similar procedure
for the singular point (2.105,0), the eigenvalues obtained are
40.712. This will result in an unstable system and, hence, the
singular point is a saddle point.

Equation (23) for the postfault condition can be written as

(32)

w3 0
72 + / (sind — Py)dbd = 0. (33)
Jo
Equation (33) can be written as
w2 Ot
oty / (siné — Py)ds = 0 (34)
Jo

where 6.; is the value of ¢ and wo,; is the speed of the machine
when the fault is cleared. ws.; is given by

L _dIy dé (TF, (35)
PATNAT, ) gy ATz AT, \TF, )"
where TF is given by (26) and

180 « M
TRy =4 ———
2 Tk Pmaxaf

(36)
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Fig. 7. Potential energy plot for test case E.

where Paxat 1s the maximum possible power transfer for the
postfault condition. As discussed in Section III-B, the potential
energy (V(8) = j[f (sin§ — P») dé) of the machine will have
a maximum and a minimum at the singular points. It can be
seen by setting the first derivative of potential energy (dV /d6)
to zero which means (sin 4 — P, = 0). The second derivative
of V(8) is cos 8. For singular point (sin~* Py, 0), the second
derivative is positive and, therefore, it results in a minimum,
and for singular point (7 — sin~1 Py, 0), it is negative, resulting
in a maximum. Fig. 7 shows the plot of potential energy for the
test case E.

The minimum potential energy occurs at the vortex point
and the maximum potential energy (Vinax) occurs at the saddle
point. If the total energy of the machine (i.e., sum of kinetic
energy gained during the fault condition and potential energy
gained for the postfault condition) is less than V.5 at the mo-
ment when the disturbance is cleared, the machine becomes
stable. Otherwise, it becomes unstable. Equation (33) can be
written in the form given by (37). From (37), the state w2 can
be calculated, which is given by

L2
2 V() =F

wy =/2(E — V(6)).

(37
(3%)

For different values of total energy F; (wherei = 1,2,....,7),
state-plane plots for wy are shown in Fig. 8. When the value of
FE becomes equal to Vi,ax, the corresponding trajectory gives
the separatrix. For (i = 1,2,....5), E; is less than V,,,«, which
means that the system is stable, and the total energy £’ is greater
than Vi,ax, which indicates that the system becomes unstable.

4) Step—IV Find CCA (6..,.) and CCT (t,,): Two approaches

could be used for calculating the critical clearing angle of the
system and are explained as follows.

1) When the sum of the kinetic energy gained by the machine
for the during-fault condition and the potential energy that
can be gained by the machine for the after-fault condition
is equal to the maximum potential energy (Vinax ), it gives

the CCA (8.,.).

L2 ber
E= % n / ($in6 — Po)d6 = Viax.  (39)
Jo
2) In the state-plane plot shown in Fig. 9, starting from &g,
wae represents the kinetic energy gained by the machine
at the moment when the fault is cleared and the ws is the
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Fig. 9. Finding the critical clearing angle.

separatrix which represents the gain in potential energy by
the machine after the fault condition. If the fault is cleared
at angle &1, postfault speed will follow the C; curve, which
shows stable operation. At the point of intersection of these
two plots, the sum of the gain in kinetic energy gained
during fault and the potential energy for after the fault con-
dition will be equal. The point of intersection gives the crit-
ical clearing point and the corresponding angle will be the
CCA (b.,) as shown in Fig. 9. If the fault is cleared at
angle 65, postfault speed will follow the C'y curve (since
the speed keeps on increasing, the machine becomes un-
stable). If the fault is not cleared from the system due to
breaker failure, speed will follow the during-fault trajec-
tory (w1 ) and the machine becomes unstable.

The second approach has been adopted here to calculate the
CCA. The angle 4, time scale (#), and wa.; and wo calculated
for the test case E are shown in Table II. The point of intersec-
tion of wye; and ws is found by calculating the absolute differ-
ence between wsy.; and wy. The minimum difference gives the
point of intersection. The critical clearing time (%, ) can now be
calculated using the time scale given in Step II. From Table II,
the CCA determined is 0.9910 radian and the CCT observed is
0.1232 s. Fig. 10 demonstrates the procedure.

A decision is made based on the following logic: IfZ,.,. < £.;:
Stable swing, if ¢, = ¢.;: Critical condition and if £., > #.:
Unstable swing.
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TABLE 11
CALCULATION OF CCA AND CCT

Index 4 t wael wa abs(waep-w2)
(radian) (s) (radian/s)  (radian/s) (radian/s)
1 0.7711 0.0000 0.0000 0.3961 0.3961
2 0.8025  0.0462 0.1767 0.4080 0.2313
3 0.8339  0.0653 0.2485 0.4179 0.1695
4 0.8653  0.0801 0.3026 0.4261 0.1235
5 0.8968  0.0927 0.3475 0.4326 0.0851
6 0.9282  0.1038 0.3864 0.4376 0.0512
7 0.9596  0.1139 0.4210 0.4412 0.0203
8 0.9910  0.1232 0.4523 0.4436 0.0088
9 1.0224  0.1320 0.4810 0.4447 0.0364
10 1.0538  0.1402 0.5076 0.4446 0.0630
11 1.0853  0.1480 0.5324 0.4434 0.0890
12 1.1167  0.1555 0.5556 0.4412 0.1144
13 1.1481 0.1627 0.5776 0.4380 0.1396
14 1.1795  0.1697 0.5983 0.4338 0.1645
15 1.2109  0.1764 0.6181 0.4288 0.1894
16 1.2423  0.1829 0.6370 0.4228 0.2142
17 1.2737  0.1892 0.6551 0.4160 0.2391
18 1.3052  0.1953 0.6725 0.4083 0.2641

The algorithm is summarized in the flowchart shown in
Fig. 11.

V. CASE STUDIES

A two-area power system model consisting of a machine
with finite inertia in each area is considered for the study.
Fig. 12 shows the power system configuration. The parameters
of generators and transmission lines of the system are given
in the Appendix. The identification of groups of machines is
performed using coherency analysis. The two-area system can
then be transformed into an SMIB equivalent using the pro-
cedure explained in Section II-B. State-plane analysis is then
performed on the SMIB equivalent system to calculate CCT.

A. Test Cases

The two-area system is tested for various fault durations and
two different fault locations. Case 1) a three-phase fault is ap-
plied on the transmission line TL-II which is 50 km away from
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Fig. 12. Two-machine system.

bus 4, and the fault is cleared by opening the faulted transmis-
sion line between bus 4 and bus 5. For a fault duration varying
from 6 cycle to 20 cycles, stable, unstable, and multiswing un-
stable cases are observed. Case 2) a three-phase fault is applied
on transmission line TL-II, which is 75 km away from bus 4 and
is cleared by opening breakers Brkl and Brk2. Fault duration
varies from 8 cycles to 26 cycles to develop stable, unstable,
and multiswing unstable cases. In all test cases, the detection
time is calculated from the time of fault inception.

1) Stable Swings: For Case 1, a three-phase fault is applied
for 6 cycles (0.1 s). Angular separation of the two generator
buses is shown in Fig. 13. When the postfault rotors’ angles
separate more than 5° from the initial postfault value, the relay
starts the SMIB equivalent procedure for the two-area system.
The system information (i.e., fault location and breaker status
during and after fault) is communicated to the relay. The power-
angle characteristics for during and postfault predicted by the
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Fig. 13. SMIB equivalent power-angle plot, fault duration of six cycles (Case
1).
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Fig. 14. Power-angle characteristics of the SMIB equivalent (Case 1).

TABLE III
POWER-ANGLE CHARACTERISTICS VALUES FOR CASE 1
During-fault Post-fault
Pgr (pu) -0.1318 | Peuy(pu) -0.0458
Prrazdr (pu) 0.0954 | Prazay(pu) 0.1591
vaf (radian) 0.0584 | ~y,y(radian) 0.1383
CCT(s) 0.2704

relay for Case 1 are shown in Fig. 14. The values for parameters
in Fig. 14 are given in Table III.

Using the predicted values of the parameters as shown in
Table II1, the relay calculates the CCT of the system. Fig. 15
shows the state-plane plot and the time scale generated by the
relay to calculate CCT. The CCT calculated for this case is
0.2704 s. Since the fault clearing time (i.e., 0.1 s) is less than
the calculated CCT, the swing is detected to be stable and the
detection time is 0.2400 s.

2) Unstable Swings: Two unstable cases are discussed here.
For case 1, a fault duration of 18 cycles (0.3 s) is used.

When the fault is applied at 1 s and cleared after 18 cycles, the
two areas start separating. Fig. 16 shows the rotor-angle separa-
tion of the generators. As soon as the angle separation exceeds
5°, the relay starts calculating SMIB equivalent parameters. The
parameters calculated for Case 1 will be the same as that shown
in Table III. The calculated CCT is 0.2704 s. Since the fault
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Fig. 16. SMIB equivalent power-angle plot for Case 1, fault duration of 18
cycles.

clearing time (0.3 s) is greater than the calculated CCT, the relay
detects the swing as an unstable swing at 0.3700 s.

For Case 2, an unstable case is created by applying a fault for
24 cycles (0.4 s). The two machines oscillate with each other
in response to the disturbance as shown in Fig. 17. As soon
as the generator bus angles separation exceeds 5° during the
postfault period, the relay starts the SMIB equivalent procedure.
The power-angle characteristics are again predicted by the relay
for during fault and postfault conditions of the network. The
values of parameters are given in Table IV.

The CCT calculated using the state-plane analysis (SPA) is
0.3679 s. The fault duration is greater than the CCT; hence, the
system becomes unstable. The instability is detected at 0.4700 s.
Table V shows the summary of the results for stable and unstable
swings detected using the proposed technique based on SPA.

B. Comparison With the Two Blinder Method

A distance relay with a two blinder scheme is placed at trans-
mission line TL-I near bus 4. The relay protects 80% of the line.
The inner blinder is set at 0.85 p.u. and the outer blinder is set
at 4 p.u. The power swing blocking time delay is taken as 2.5
cycles as recommended by [1].

For Case 1 and the fault applied for 6 cycles, the apparent
impedance seen by the distance relay is shown in Fig. 18. Since
the impedance locus does not enter the inner blinder, the swing
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Fig. 17. SMIB equivalent power-angle plot for Case 2, with a fault duration of
24 cycles.

TABLE IV
POWER-ANGLE CHARACTERISTICS VALUES FOR CASE 2
During-fault Post-fault

Pgf (pu) -0.1012 | P.uy(pu) -0.0458
Prazdr (pu) 0.1059 | Pragar(pu) 0.1591
~Yag (radian) 0.0601 | 7,¢(radian) 0.1383
CCT(s) 0.3679

TABLE V

SUMMARY OF RESULTS USING THE STATE-PLANE TECHNIQUE

Fault duration  Fault duration  Detection

Case No. . Decision
(cycle) (s) time(s)
6 0.1000 0.2400 Stable
8 0.1330 0.2650 Stable
Case 1
18 0.3000 0.3700 Unstable
20 0.3330 0.3950 Unstable
8 0.1330 0.2600 Stable
Case 2 24 0.4000 0.4700 Unstable
26 0.4330 0.5040 Unstable

is a stable swing and is detected at 1.9320 s, whereas the detec-
tion time for SPA is only 0.2400 s. For Case 1 and fault applied
for 18 cycles, the apparent impedance seen by the distance relay
is shown in Fig. 19. Since the impedance locus enters the inner
blinder, the swing is an unstable swing and is detected as an un-
stable swing at 0.9470 s whereas the detection time for SPA is
only 0.3700 s.

Table VI shows the test results for stable and unstable swings
using the two blinder scheme.

VI. CONCLUSION

This paper proposed a novel technique based on SPA to
detect first swing out-of-step conditions in two-area power
system configurations. The proposed technique is computa-
tionally simple and fast compared to the two blinder method.
The main advantage of the proposed technique is that it pro-
vides a fast prediction of loss of synchronism condition and
provides enough time for decision making before the machines
actually start slipping poles, thereby preventing unwanted
loss of generation and loads. It will also lessen circuit breaker
wear and tear as the tripping can be done at a lower voltage
angle separation. With the current availability of wide-area
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TABLE VI
SUMMARY OF RESULTS USING THE TWO BLINDER TECHNIQUE

Fault duration  Fault duration  Detection ..
Case No. . Decision
(cycle) (s) time(s)
6 0.1000 1.9323 Stable
8 0.1330 1.9010 Stable
Case 1
18 0.3000 0.9470 Unstable
20 0.3330 0.8600 Unstable
8 0.1330 1.8610 Stable
Case 2 24 0.4000 0.9730 Unstable
26 0.4330 0.9120 Unstable

measurement systems (WAMS) and phasor measurement units
(PMUs) in power systems, the proposed relaying algorithms
could be used on large power system configurations. The prac-
tical implementation and verification of the proposed algorithm
using hardware-in-the-loop simulations would be reported in a
future publication.

APPENDIX

SMIB Parameters: Generator rating = 2220 MVA, Base
kV =24 kV
Direct axis transient reactance (27) = 0.3 p.u.
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Inertia constant (H) = 3.5 s, Frequency = 60 Hz.
Xr=3j015pu,TL—1=3405pu,TL—1I=310p.u.
Infinite bus voltage = 0.9 p.u.
Two-Area Test System: Generator Data: 900 MVA, 20 kV,
e = 0.00125pu.,z; = 02 pu.,xq = 1.8 pu,zy = 1.76 p.u,,
JJ% =03 p.g;, x;, = 0.65 p.u, z; = 025 p.u,, x;] = 0.25p.u,,
a0 =88, Ty, =0.03s,7,,=0.4s,T/5=005s, H(Genl) =
545, H(Gen2) = 6.25 .
Transmission-Line Data: X1 = 0.53 £2/km, line lengths:
TL-I = 220 km, TL-IT = 220 km, X3 = X4 = 35 km.
Transformer Data: 900 MVA, 20-230 kV, X = 0.15 p.u.
Exciter Data: TEEE-type ST1A exciter, ;. = 0.01s, T =
1 S, TB =10 S, KA = 50, VMAX =9 p.u., VMIN =-9 p-u.
Steam Governor Data: GE mechanical-hydraulic controls,
Droop (R) = 0.04 p.u., speed relay lag time constant (TC)
(Th) = 0.1 s, Gate servo TC (T3) = 0.25 s.
Steam Turbine Data (in p.u.): IEEE-type 2 thermal turbine,
Ky =00, K3 =025 K; =0.0, K; = 0.0, K3 = 0.25,
K, =05, Kg = 0.0, Kg = 0.0, Steam chest TC (Ty) = 0.42
s, Reheater TC (75) = 4.25 s, reheater/crossover TC (Tg) =
0.72 s.
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