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ABSTRACT Special protection systems based on generator tripping are implemented to protect power
systems against the loss of synchronism following extreme contingency events. Such a countermeasure is
particularly effective when the circuit breakers of the tripped generators are opened soon after the fault is
cleared. This paper presents the new method that enables quick real-time predictions of transient instability
and the number of generators that must be tripped. The proposed method uses only local measurements and
is based on the quick prediction of the magnitude of the power-angle characteristic. The proposed method
has been validated by simulation tests performed for a large-scale real power system and detailed models of
power system elements.

INDEX TERMS Power system transient stability, real-time instability prediction, generator tripping, special
protection scheme.

I. INTRODUCTION
Contingency events in power systems are classified into
two categories: planning contingency events (subdivided into
credible and less credible ones) and extreme contingency
events [1], [2]. For all planning contingency events, all rules
of the performance standard (stability being among them)
must be met without special protections and without any
exceptions.

Generator tripping is a countermeasure to prevent the
power system from losing synchronism [1], [3]–[5]. It is
also used for alleviating overloads in transmission net-
works [6], [7] which may occur after fault clearance. Genera-
tor tripping has two drawbacks: (i) it causes power imbalance
which must be corrected by an automatic generation control
(AGC) and (ii) it can increase shaft fatigue. Therefore, the
planning criteria restrict the use of generator tripping [2], [8]
only to extreme (rare) contingency events. Transmission
system operators also use generator tripping temporarily to
limit the risk of blackouts during transitional periods when
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expansion of the transmission network is behind schedule and
does not match growing generation power.

Automatic systems detecting the oncoming instability and
undertaking corrective measures (such as generator tripping)
are called special protection schemes (SPS) [9].

In the SPSs of the past and some modern ones used today
generator tripping is activated using look-up tables and a pre-
programmed off-line logic based on the multivariant off-line
stability analysis [10]–[12]. The analysis and logic should
consider several data classes such as network topology, set-
point of the generating units, fault type, fault location, and
clearing time. The SPS described in [10] uses thirteen com-
plementary algorithms based on local measurements. The
threshold values occurring in these algorithms were deter-
mined using multivariant off-line power system simulations
and scatter diagrams.

The important disadvantage of SPSs with preprogrammed
logic is a limited scope for real-time adaptation. Due to the
rigidity of logic in some states and/or for some faults the
number of tripped generators may be either overestimated
or underestimated. Fast instability prediction and real-time
decision-making algorithms are the alternative to rigid logic.
A recently published paper [13] shows an extensive review
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of various methods used for instability prediction. However,
most of them are intended for application in pole-slip protec-
tion, which is not addressed by this paper. Many publications
have dealt with different instability prediction methods, how-
ever, they do not describe how such methods can be used for
determining the number of generators that must be tripped.

The review of various preventive and emergency control
techniques can be found in brochure [4] and papers [14], [15].
Publications [16] and [17] review instability prediction meth-
ods based on a wide-area measurement system (WAMS).
Papers [18], [19] and [20] present interesting approaches
based on WAMS using synchrophasors measured at gener-
ation nodes. Paper [21] describes a model-based predictive
controller. Development of this type of SPSs seems to be very
promising. A very recently published paper [22] describes
experiments with applying deep learningmodels to instability
prediction.

Over the last decades a lot of research has utilized the
direct Lyapunov method for assessing transient stability and
for stability-enhancing control. Publications [23], [24] and
paper [25] present the brief review of such topics relating to a
single-machine and infinite-busbar (SMIB) model. For such
a simplified model, the direct Lyapunov method is equivalent
to the well-established equal area method [1].

The method described in this paper also uses the equal area
method, but the proposed approach is completely different.
It uses only local measurements and does not require any
time-consuming prediction of the post-fault system trajec-
tory. Therefore, the proposed instability prediction method
and the determination of the number of tripped generators are
very quick.

II. MOTIVATION
Following extreme contingency events, generator tripping
can effectively prevent transient instability of power systems
only when the circuit breakers of generators are opened soon
after the fault is cleared. Any delay increases the number of
generators that must be tripped to preserve the synchronism
of the remaining generators [1], [26]. At the same time, any
delay in SPS operation increases power imbalance in the sys-
tem and possible consequences such as decreased frequency
and activation of load shedding. Therefore, early detection
of instability is crucial when generator tripping is used to
prevent the loss of synchronism.

The above fact has motivated the authors of this paper
to develop a new instability prediction method and a
new method to determine the number of generators to be
tripped.

The proposed method is completely different from other
instability prediction methods. While other available meth-
ods are based on the prediction of changes in power angle
and speed deviation, the proposed decision-making method
is based on the prediction of a single parameter which is
the magnitude of the power-angle characteristic. Such an
approach enables to predict instability very quickly and to
determine the number of generators to be tripped.

The proposed method has been developed for a simple
power system model, but its validity has been confirmed by
the simulation on a real large-scale power system.

III. SIMPLIFIED MODEL AND TRANSIENT STABILITY
A group of synchronous generators operating on the same
busbar in the simplest way can be represented by the SMIB
model. The circuit diagram of such a model is shown
in Figure 1. E and X ′d shown in this figure represent the
electromotive force and transient reactance respectively.XT is
the step-up transformer reactance and XG = X ′d + XT. P,Q
are the active and reactive power of the equivalent generating
unit. VG is the generator terminal voltage. The remaining part
of the system is represented by the voltage source V = const
and the equivalent reactance XS. The power angle δ is the
difference between the phase angles of E and V .

FIGURE 1. (a) Circuit diagram and (b) power-angle characteristic P(δ).

The rotor motion of the equivalent generator is described
by the following differential equation:

M
d1ω
dt
= Pm − P (1)

where M = TmSn/ωs = 2HSn/ωs is the inertia coefficient,
1ω = dδ/dt is the speed deviation, Pm is the mechanical
power, and P is the electrical power expressed by the follow-
ing formula [1]:

P =
EV
X

sin δ = Pmax sin δ (2)

where X = XG + XS and Pmax = EV/X is the magnitude of
the power-angle characteristic P(δ) shown in Figure 1b.

The system described by equations (1) and (2) is nonlinear
and therefore its transient stability depends on the type of fault
and its duration and the electrical distance from the generator.

At the moment tc (immediately after the fault clearance),
the first-swing instability can be predicted by using the equal
area criterion, which is equivalent to the direct Lyapunov
method [1]. The system is stable if in the post-fault state the
acceleration area Aa (proportional to the surplus of the kinetic
energy released by the fault) is smaller than the available
deceleration area Ad (proportional to the maximal work that
the system can perform to preserve the synchronism).

IV. PREDICTION OF TRANSIENT INSTABILITY
The above stability conditions indicate that the magnitude of
the power-angle characteristic Pmax is a key parameter. Its
prediction soon after the fault clearance enables predicting the
instability of the power system and the number of generators
that must be tripped to preserve the synchronism.
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A. PREDICTION OF Pmax

It is worth emphasizing that in the SMIB model (Fig. 1) the
equivalent reactance XS and voltage V generally have differ-
ent values for pre-fault, fault, and post-fault states. Therefore,
for each of these states the values of Pmax = EV/X vary con-
siderably. This has been described in book [1] (Chapter 6.1)
in detail. The abovementioned equal area criterion and direct
Lyapunov method allow predicting instability immediately
after the fault clearance. Thus, the following considerations
apply to the post-fault state, for which XS and V are fixed
and can be treated as constant.

From equation (2), the following can be obtained:

(Pmax sin δ)2 = P2 (3)

The rate of change of the active power during power swings
after the fault clearance is equal to the time derivative:

dP
dt
=
∂P
∂δ
·1ω +

∂P
∂E
·
dE
dt

(4)

where 1ω = dδ/dt is the speed deviation and

∂P
∂δ
= Pmax cos δ;

∂P
∂E
=
V
X

sin δ =
P
E

(5)

Substituting equations (5) into equation (4) gives:

dP
dt
= Pmax cos δ ·1ω +

P
E
·
dE
dt

(6)

and hence:

(Pmax cos δ)2 =
[
dP
dt
−
P
E
·
dE
dt

]2
·

1
(1ω)2

(7)

The sum of the squares of sine and cosine is equal to 1 and
therefore from the sum of equations (3) and (7) the following
result can be obtained:

Pmax =

√
P2 +

(
dP
dt
−
P
E
·
dE
dt

)2

·
1

(1ω)2
(8)

At each moment of the transient state, the electromotive
force E may be calculated based on the voltage drop across
the transient generator reactance:

E = VG +
X ′dQ

VG
+ j

X ′dP

VG
(9)

where j is the angular shift by π/2. Hence:

E =

√(
VG +

X ′dQ

VG

)2

+

(
X ′dP

VG

)2

(10)

where VG and P,Q are the terminal voltage and the active and
reactive generator power respectively.

The mathematical operations in equation (8) are not fea-
sible if 1ω = 0. However, this is not a problem for the
prediction because soon after the fault clearance the speed
deviation is always positive, 1ω > 0.

B. TRANSIENT STABILITY CONDITION
It is assumed that at the moment tc, immediately after the
fault clearance, the speed deviation 1ωc is known, while the
surplus of kinetic energy equal to the acceleration area Aa is
calculated by the following formula:

Aa =
1
2
M ·1ω2

c (11)

The available deceleration area can be determined as the
integral of the difference in the power-angle characteristic
P(δ) and mechanical power Pm from angle δc to unstable
equilibrium point δu:

Ad =

δu∫
δc

Pmax sinδdδ − Pm · (δu − δc)

= Pmax(− cos δu + cos δc)− Pm(δu − δc) (12)

where δc and Pc are the power angle and active power of the
generator at moment tc. The system is stable (i.e. synchronism
is preserved) if the following stability condition is met:

Ad > Aa (13)

In such a case, the transient stability margin

K =
Ad − Aa
Ad

· 100% (14)

is positive. If Ad < Aa, the system is unstable and the
margin (14) is negative.

Generally, all possible post-fault states (i.e. states after
the fault clearance) can be classified into one of the four
categories shown in Figure 2:

(a) Pc > Pm; dP/dt > 0; 1ωc > 0 — i.e. point C lies
on the left part of the power-angle characteristic above
the mechanical power (Figure 2a).

(b) Pc > Pm; dP/dt < 0; 1ωc > 0 — i.e. point C lies on
the right part of the power-angle characteristic above
the mechanical power (Figure 2b).

(c) Pc < Pm; dP/dt > 0; 1ωc > 0 — i.e. point C lies
on the left part of the power-angle characteristic but
below the mechanical power (Figure 2c). This is the
case when the fault clearance significantly reduces the
magnitude of the power-angle characteristic.

(d) Pc < Pm; dP/dt < 0; 1ωc > 0 — i.e. point C lies
on the right part of the power-angle characteristic but
below the mechanical power (Figure 2d).

In case (d), the generators lose synchronism during the
fault and are switched off by the pole-slip protection. There-
fore, this case is not considered further.

In cases (a), (b), and (c), the angles δs and δu may be
calculated based on the active power and the magnitude of
the power-angle characteristic:

δs = arcsin(Pm/Pmax) and δu = (π − δs) (15)

The formulas used for calculating angle δc and deceleration
area Ad differ between individual cases as described below.
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FIGURE 2. Illustration of four possible post-fault states.

Case (a): Figure 2a
Point C lies on the left part of the characteristic δc < π/2

and

δc = arcsin(Pc/Pmax) (16)

For δu = (π − δs), it yields that cos(π − δs) = − cos δs,
and from equation (12), the following is obtained:

Ad = Pmax(cos δc + cos δs)− Pm(π − δs − δc) (17)

where cos δc > 0.
Case (b): Figure 2b
Point C lies on the right part of the characteristic δc > π/2:

δc = π − arcsin(Pc/Pmax) (18)

The available deceleration area can also be calculated from
the equation (17), but it is much smaller than in case (a) due
to the fact that now cos δc < 0.
Case (c): Figure 2c
As shown in the figure, in this case the available decelera-

tion area lies between points δs and δu = (π−δs). Considering
that cos δu = − cos δs, the following is obtained:

Ad =

δu∫
δs

Pmax sinδdδ − Pm(δu − δs)

= 2Pmax cos δs − Pm(π − 2δs) (19)

Moreover, in this case (Figure 2c), after the fault clearance
from point C to mechanical power Pm, the generator rotor is
accelerated, which increases the kinetic energy:

1a = Pm(δs − δc)−

δs∫
δc

Pmax sinδdδ (20)

The resultant acceleration area is equal to the sum of the
right sides of equations (11) and (20):

Aa =
1
2
M ·1ω2

c+Pm(δs−δc)− Pmax(cos δc − cos δs) (21)

where δs and δc are given by equations (15) and (16)
respectively.

When stability condition (13) is not met it is necessary to
compute the number of generators that must be tripped to
preserve the synchronism of the remaining generators.

V. IMPACT OF GENERATOR TRIPPING
A. MAGNITUDE OF POWER-ANGLE CHARACTERISTIC
Tripping some generators can change the mechanical
power and the magnitude of the power-angle characteristic.
In Figure 3 power-angle characteristics for the state before
generator tripping are shownwith dashed curves and the char-
acteristics for the state after generator tripping are marked
with solid curves. The deceleration areas available after gen-
erator tripping are hatched with sloping lines. These areas are
larger than those in Figure 2a and b.

Generator tripping reduces the mechanical power of the
equivalent generating unit:

PmR = Pm−1Pm = rPm · Pm and rPm = 1−
1Pm
Pm

(22)

Pm =
n∑
i=1

Pmi and 1Pm =
k∑
i=1

Pmi (23)

where rPm is the reduction coefficient. Pm is the mechanical
power of the equivalent generating unit and 1Pm is the
mechanical power of tripped generating units.

FIGURE 3. Illustration of the impact of generator tripping.

In particular case when powers of all generating units in
the given group are equal, the reduction coefficient is:

rPm = 1−
k
n
=
n− k
n

(24)

where n is the initial (pre-fault) number of generating unit in
the group, and k is the number of tripped generating units.
In addition, generator tripping reduces themagnitude of the

power-angle characteristic because (as shown by the circuit
diagram in Figure 1) it increases the equivalent reactance to
the following value:

XGR = XG ·
n

n− k
=

XG
rPm

(25)

The magnitude of the power-angle characteristic is
inversely proportional to the equivalent reactance, and
therefore:

PmaxR

Pmax
=

XG + XS
XGR + XS

(26)

130522 VOLUME 9, 2021



S. Robak et al.: Transient Stability Improvement by Generator Tripping and Real-Time Instability Prediction

Assuming that κX = XS/XG is the ratio between the
equivalent reactance of the given group of generators and the
equivalent reactance of the system, it is finally obtained from
equations (26) and (25) that:

PmaxR = rPmax · Pmax; rPmax = rPm ·
1+ κX

1+ rPm · κX
(27)

where rPmax is the reduction coefficient of the power-angle
characteristic magnitude.

The values of κX may be estimated from the short-circuit
power of the system SK calculated without the considered
group of generators and the parameters of these generators:

XS = V 2
n /SK and XG = XG(pu)V 2

n /Pn (28)

whereVn is the voltage rating andPn is the power rating of the
considered group of generators, and XG(pu) is the sum of the
generator and step-up transformer reactance in pu. From
the equation (28), the following can be obtained:

κX =
XS
XG
=
Pn
SK
·

1
XG(pu)

(29)

Typical values of SK/Pn yield rPmax < rPm. Moreover,
for a given value of rPm coefficient, rPmax is smaller for the
larger values of SK/Pn. For this reason, when the analysis
is performed for a prefault state (N–m) with outage of m
network elements, it is not advisable to calculate κX using
the value of SK for the state (N-0) as this could lead to the
overestimation of the number of the generators to be tripped.
Thus, appropriate values of SK together with other parameters
should be memorized in SPS.

B. DETERMINATION OF THE NUMBER OF GENERATORS
TO BE TRIPPED
As shown in Figure 3 when mechanical power of the equiva-
lent generating unit is reduced, the stable and unstable equi-
librium points δsR and δuR move left and right respectively,
and have the following coordinates:

δsR = arcsin(PmR/PmaxR) and δuR = (π − δsR) (30)

For cases (a) and (b) described in Section IV.B, the decel-
eration area can be calculated from the following formula,
which is similar to the formula (17):

AdR = PmaxR · (cos δc + cos δsR)− PmR · (π − δsR − δc)

(31)

wherein for case (a), the value of δc is calculated from the
equation (16) and for case (b) from the equation (18).

For case (c), the deceleration area can be calculated from
the following formula, which is similar to the formula (19):

AdR ∼= 2PmaxR · cos δsR − PmR · (π − 2δsR) (32)

Reduction of the number of generators also reduces the
kinetic energy in the system:

AaR = rPm · Aa (33)

In the state with a reduced number of generators, the tran-
sient stability margin may be calculated from the formula:

KR =
AdR − AaR

AdR
(34)

Computations of AaR and AdR can be performed consecu-
tively for subsequent values of k (k = 1, 2 . . .) until a value at
which the required transient stability margin KR is obtained.
Such a value of k determines the number of generators that
must be tripped.

VI. MEASUREMENT ASPECTS
As it is evident from the formulas (8) and (10), for predicting
Pmax, the generator terminal values (Fig. 1) P,Q,VG should
be measured. Many contemporary control systems use digital
algorithms decomposing measured voltage and current into
orthogonal components: IG = IGc + jIGs and VG = VGc +
jVGs, where j is the angular shift by π/2 and IG and VG
are phasors of electrical current and voltage, respectively.
The components of each phasor are calculated based on the
measurement of samples in the window with a set width.
The general formulas used for calculating phasors have been
described in many publications, and among others, in the
book [1] (Chapter 16).

Using the components of voltage and current phasors, it is
possible to calculate: VG =

∣∣VG

∣∣, P = VGcIGc + VGsIGs, and
Q = VGsIGc − VGcIGs.
All switching operations in AC networks involve step

changes fast transients in electrical currents and voltage.
Therefore, the width of the measurement window should be
at least equal to the full cycle of the fundamental frequency in
order to measure the abovementioned phasors properly. Such
an algorithm washes out the DC component and harmonics.
The time of dynamic response to a step change is equal to
one cycle of the fundamental frequency. Hence, prediction of
Pmax based on the formulas (8) and (10) should be initiated
at least one cycle (i.e.1tm = 20 ms for 50-Hz systems) after
fault clearance.

The initiation procedure can be realized using output sig-
nals from protections and auxiliary contacts of the circuit
breaker. The procedure can be augmented by recognizing a
sudden change in reactive power as described in [27].

Derivatives dP/dt and dE /dt can be computed using the
Euler method:

dP
dt

∣∣∣∣
i
=
Pi − Pi−1
ti − ti−1

;
dE
dt

∣∣∣∣
i
=
Ei − Ei−1
ti − ti−1

(35)

where i denotes a consecutive step of the sampling period. For
example, when sampling frequency is 1000 Hz, the sampling
period 1ts is only 1 ms.

VII. ALGORITHM
The flowchart of the algorithm of the proposed method is
shown in Figure 4. The two initial blocks refer to measure-
ments and initiation of the procedure based on the signals
from protections and auxiliary contacts of circuit breakers.
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FIGURE 4. Flowchart of the algorithm of the proposed method.

In the third block, full-cycle algorithm and consecutive
samples are used to calculate P,Q,VG,E , later used for
prediction. The calculated values are transferred to the subse-
quent blocks which conduct the prediction process only after
time 1tm.

All calculations related to the magnitude of the power-
angle characteristic and instability prediction are performed
in the fourth, fifth and sixth blocks where the transient sta-
bility margin K is also computed. The procedure is stopped
if K > ε, where ε > 0 is a prescribed value of the stability
margin. If K ≤ ε, then it is necessary to calculate the number
of generators that must be tripped. The relevant calculations
in the eighth and ninth blocks are performed in the loop. The

tripping signal is generated for the smallest value of k < n,
for which KR > ε. If for k = n the stability margin KR is
negative or less than ε, the procedure does not generate any
tripping signal, because in such situation the given group of
generators must be switched off by pole-slip protection.

It is worth recalling here that the formula (24) for reduction
coefficient rPm is valid only when all generating units in
the considered group have the same power. When generating
units have different powers, rPm must be calculated based on
the formula defined in (22) and the loop with the seventh and
eighth blocks (Figure 4) should be performed in a different
way, searching for generating units with the smallest power
for which KR > ε.
In the described algorithm, the time required to switch

off the selected generators consists of the following
components:

(i) Time required to measure P,Q,VG taking into
account the dynamic response of filters and mea-
surement algorithm. In Section VI, this component is
estimated as one cycle of the fundamental frequency
(i.e. 1tm = 20 ms for 50-Hz systems).

(ii) Time required to perform arithmetic operations for
calculating Pmax, predicting instability and estimat-
ing the number of tripped generators. For contem-
porary digital processors used for digital protection
and control systems, this component is negligible
because such processors perform about 200 numer-
ical instructions in 1 µs.

(iii) Opening time of circuit breakers, which is about two
cycles of the fundamental frequency (i.e. 1tCB =
40 ms for 50-Hz systems).

Hence, the cumulative delay in tripping the selected generat-
ing units is approximately estimated as equal to three cycles
(i.e. 1t = 1tm +1tCB = 60 ms for 50-Hz systems).
According to simulation studies, such a small delay does

not need be considered when calculating the number of gen-
erators to be tripped.

VIII. SIMULATION TESTS
A. TEST SYSTEM
Simulation tests were performed for a real-life power system
with a capacity of 28,900 MW, which is a subsystem of a
large-scale interconnected power system with a capacity of
166,700 MW. A model of such an interconnected system
includes 5883 buses, 6860 lines, 939 transformers, 50 shunt
compensators, and 629 synchronous generators. The data of
this system can be downloaded from an earlier report [28].

B. CONSIDERED POWER PLANT AND SUBSTATION
A fossil fuel power plant is considered to operate at three
voltage levels: 400, 220, and 110 kV. The layout of its sub-
station is shown in Figure 5. More than one generation unit is
operating at each voltage level.

It should be noted that all fifteen lines L1-L15 shown
in Figure 5 connect this substation to other substations of
the considered large-scale system, and the whole power
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system [28] is taken into account in the simulations described
below.

In the simulation tests, the synchronous generators of the
considered power plant have been represented by model
GENROU [29]. Exciters of all generators in the considered
power plant are of the static type supplied from the generator
terminals and have been represented in simulation by model
ST1A [30]. Voltage controllers of generators G1–G7 are
equipped with the single-input stabilizers represented in sim-
ulation by model PSS1A [30] with active power as an input
signal. For generators G8–G11, the dual input stabilizers are
used, which have been represented in the simulation bymodel
PSS2A [30] with speed deviation and active power as input
signals. All steam turbines in the considered power plant have
been represented in the simulation by model TGOV3 [31].

FIGURE 5. Substation layout of the considered power plant, x circuit
breaker in the closed position.

Computer simulations have been performed for all types
of credible and extreme contingency events described in [1].
In the normal state (N-0), the considered power system is
stable with the required transient stability margin. A risk of
transient instability or of events with insufficient stability
margin has been recognized in the state (N-1) with the out-
age of transformer T2. For generators G3–G7, transformer
T2 makes an important connection with the transmission
network 400 kV (Figure 5). In this state, the three-phase
faults in the transmission lines 220 kV near the busbars may
lead to the loss of synchronism of generators G3–G7. The
performance of the proposed prediction method is illustrated
by some examples below.

C. PREDICTION OF POWER-ANGLE CHARACTERISTIC
MAGNITUDE
In the three examples given, an outage of transformer T2 is
assumed in the initial state and the faults are located in
the transmission network 220 kV near the busbars of the
considered substation (Figure 5).

It should be noted here thatPmax = EV/X is determined by
reactance X which contains equivalent network reactance XS.
In the post-fault state, XS depends on which of the transmis-
sion lines were switched off for fault clearance. Therefore,
Pmax values obtained for various fault locations (e.g. L9, L10,
L11) differ.

Moreover, Pmax = EV/X is also influenced by tran-
sient electromotive force E , which is subject to small,
slow changes during synchronous power swings and
slightly higher changes during asynchronous operation [1]
(Chapter 6.5). However, for instability prediction, the value of
Pmax = EV/X immediately after fault clearance is relevant.
Example 1: Figure 6 shows the loss of synchronism and

asynchronous operation of generators G3–G7 after the three-
phase short circuit at the beginning of line L9. The clearing
time is tc = 120 ms. The blue solid curve in the figure shows
the waveform of the active power P(t) of the equivalent
generator representing generators G3–G7.

FIGURE 6. The waveforms of active power P(t) and predicted Pmax in the
case of the asynchronous operation.

The short red curve shown just after the fault clearance
indicates the Pmax value obtained from the formula (8). The
further part depicted by the dotted curve shows the changes
in Pmax(t) during the asynchronous operation due to changes
in the transient electromotive force. As it is known [1], during
the asynchronous operation, the magnitudes of the power-
angle characteristic Pmax are equal to the consecutive peaks
of P(t). The short red curve shown in the figure illustrates that
immediately after the fault clearance the proposed method
predicts the value of Pmax properly, which power P(t) reaches
about 200 ms later.
Example 2: Figure 7 shows the deep synchronous swings

caused by the three-phase short circuit at the beginning of
line L10. The clearing time is tc = 120 ms. As in the previous
example, the blue solid curve (Figure 7a) shows thewaveform
of active power P(t) and the short red curve shown just after
the fault clearance indicates the Pmax value obtained from
the formula (8). In this case, during the forward motion,
P(t) passes over the peak of the power-angle characteristic
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TABLE 1. Example of stability assessment obtained by the proposed method and simulation.

and then decreases along its right part. During the backward
motion, the power increases and again passes over the peak of
the power-angle characteristic. For this reason, after the fault
clearance, the waveform P(t) has two characteristic humps
which disappear later when the oscillations are damped out.
Figure 7b shows the same curves but for a shorter time. This
enlarged figure shows better that soon after the fault clearance
the proposed method predicts the value of Pmax properly,
which power P(t) reaches about 200 ms later.

FIGURE 7. The waveforms of active power P(t) and predicted Pmax in the
case of deep synchronous swings.

Example 3: Figure 8 shows the small synchronous swings
caused by the three-phase temporary short circuit at busbars
220 kV. The clearing time is tc = 80 ms. In this case,
the waveform P(t) does not reach the peak of the power-
angle characteristic. However, immediately after the fault
is cleared, the proposed method properly predicts the value
of Pmax, which in Figure 8a and b is depicted by a short red
curve.

D. PREDICTION OF INSTABILITY AND NUMBER OF
TRIPPED GENERATORS
The examples of the results obtained by the proposed method
and simulation are presented in Table 1. In all cases, it is

FIGURE 8. The waveforms of active power P(t) and predicted Pmax in the
case of small synchronous swings.

assumed that the three-phase fault occurs at the beginning of
the line and the clearing time is tc = 120 ms.

The simulation results obtained for the first case listed
in Table 1 (outage of T2 and short circuit in line L9) are
shown in Figure 6. The considered group of generators loses
synchronism about 500 ms after the fault clearance. The
proposed method predicts this impending event just after
the fault clearance. Moreover, it also predicts correctly that
tripping only one generator will preserve the synchronism,
which is confirmed by Figure 9. The blue solid curve in
this figure shows the synchronous power swing, when one
generator is tripped with a delay 1t = 60 ms mentioned in
Section VI. The dotted curve shows the waveform of P(t) in
the case without generator tripping.

In the next two cases listed in Table 1 (outage of T2 and
short circuit in lines L10 and L11), the proposed method
predicts stability correctly.

In the fourth case listed in Table 1 (outage of T2 and short
circuit in line L12), the proposed method predicts instability
as well as the fact that only one generator must be tripped
correctly.

In the last case listed in Table 1 (outage of T2 and T1 and
short circuit in line L9), the proposed method predicts the
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FIGURE 9. The waveforms of active power P(t) in the case without and
with generator tripping.

impending instability as well as the fact that two genera-
tors must be tripped to preserve synchronism correctly. The
simulation (analogous to Figure 9) also confirmed that in
this case two generators must be tripped in order to preserve
synchronism.

E. UNBALANCED FAULTS
It should be noted that the examples described above are for
three-phase faults. Simulation tests have been also performed
for unbalanced faults (phase to phase and phase to ground).
The proposedmethod and simulations have demonstrated that
the considered system is stable for such faults.

IX. CONCLUSION
This paper presents a new method which enables quick real-
time prediction of transient instability and the number of
generators that must be tripped to preserve the synchronism
of the remaining generators. This method is founded on pre-
dicting the magnitude of power-angle characteristic. Some
significant advantages of the proposed method are as follows:

• only locally measurable signals available in the consid-
ered substation are used,

• the prediction requires performing only simple mathe-
matical operations, which reduces the time needed to
generate the tripping signal,

• the method allows to assess the magnitude of power-
angle characteristic just after the fault clearance for nor-
mal as well as for extreme contingency events.

Simulation tests for a large-scale real power system using
detailed models of power system elements have confirmed
the validity and robustness of the proposed method.
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