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ABSTRACT Preventive control actions for enhancing the transient stability of power system ensures the
system stability under a given contingency. Generation rescheduling through stability constrained optimal
power flow (TSC-OPF) is one of the widely adopted preventive control scheme. This study reports an
approach for enhancement of transient stability using global transient stability constrained optimal power
flow (TSC-OPF) methods. The proposed approach uses individual machine equal area criterion framework
(IMEAC), which is a direct time-domain approach for transient stability analysis, to carry out two important
functional aspects of TSC-OPF methods: first, individual machine Kimbark curves (IMKC) are used to
perform the transient stability analysis; second, IMKC around the critical clearing time (CCT) are used to
identify most severely disturbed machines (MDM) for the given contingency. Further, the critical trajectories
of these MDMs are utilized in forming reference transient stability constraints, at only one particular time
step of integration. In such manner, transient stability constraints are modified at each iteration of TSC-OPF,
so that they represent the dynamic response of the power system efficiently, while operating condition
is improving through TSC-OPF iterations. Numerical examples demonstrate the effectiveness and main
properties of the proposed approach.

INDEX TERMS Critical trajectory, dynamic liberation point, individual machine Kimbark curve, leading
loss of synchronism point, most severely disturbedmachines, transient stability constraints, transient stability
constrained optimal power flow.

I. INTRODUCTION
TSC-OPF is an useful tool to determine optimal generation
reschedule, while ensuring power system stability after a
large disturbance. It is a nonlinear optimization problem with
several nonlinear constraints and variables [1]. One of the
main approaches to solve TSC-OPF is numerical optimiza-
tion approach [2]. In [3] and [4] a constraints transcription
based numerical optimization approach is presented, in which
infinite dimensional TSC-OPF problemwas converted into to
solvable finite dimensional problem. In this approach num-
ber of optimization variables are remains same as that of
conventional OPF. However, with this approach, it is not
possible to observe dynamic variables temporal behaviour.
As a second approach, in [5], a simultaneous desctretiza-
tion method is proposed, in which dynamic constraints are
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converted into numerically equivalent algebraic constraints
and included into the OPF problem. Some key questions
that need to be addressed while implementing this approach
are: (i). How to determine the transient stability index (TSI)
such that the system can be brought back from vulnerable
state to a secure state under a given contingency. (ii). What
is the efficient way of forming stability constraints so that
number of non linear constraints gets reduced. (iii). How to
select the solution period for which TSC-OPF must be solved
so that computational burden gets reduced. Several methods
have been investigated and proposed by the researchers to
answer questions (i),(ii), and (iii). In [5] a TSI based on
heuristic rotor angle limits is proposed, and [6], [7], [10]
adopted the same rotor angle based TSI. The main limitation
of such a TSI is the heuristically chosen rotor angle limit. If,
the chosen rotor angle limit is a small value (lets say 90◦)
then operation of the system will be pushed towards more
secure and sub optimal. On the other hand, a high value
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relax the stability constraint too much and may results in
an insecure or critically secure operation. In addition, the
number of transient stability constraints to be incorporated
in TSC-OPF is equal to the number of solution time steps
taken into account for dynamic constraints multiplied by the
total system generators, Ng. In [11], TSI based on the dot
product criterion of generator rotor angle trajectories was
used and formulated the corresponding transient stability
constraints(TSC). The number of TSC in this method are
same as that of TSC-OPF solution time steps. However, with
respect to solution interval of the TSC-OPF, this approach
employed an arbitrary end time. A TSC-OPF considering
complete system simulationmodel and a generator speed COI
based TSI is adopted in [8], [9], but with an arbitrary solution
interval for TSC-OPF. An adaptive TSI, relying on the max-
imum rotor angle limit of single machine equivalent (SIME)
of multi machine system is proposed [12]. TSI is adjusted
iteratively until the required stabilization is achieved. In [5],
[11], [12] the solution interval for TSC-OPF is determined
heuristically, which has the effect of increased computational
burden. Another SIME based approach for transient stability
enhancement is proposed in [13]. This method is consid-
ered as a major break through in forming TSC for global
TSC-OPF, because TSC in this method are reduced to just
single constraint and the end time limit for solution period
of TSC-OPF is selected non-heuristically using the time to
instability of SIME trajectory, so that solution interval is no
more unpredictable or unnecessarily large. In [15], power
system kinetic energy based TSC is formulated to deal with
extremely unstable conditions through TSC-OPF. However,
as the SIME method is based on compressing the multiple
machine dynamics into two machine equivalent and then to
one machine equivalent. This non linear conversion process
introduces non negligible approximations and errors. Fur-
ther, SIME represents aggregated effect of critical machines
motion with respect to non critical machines motion. By this
aggregation process, the observation of individual machine
rotor angle dynamics of motion is no longer available to oper-
ator. Also, dedicated software are needed to carryout SIME
related calculations from the multi machine time domain
simulations. However, apart from their limitations, indeed all
the above main stream methods where TSC are expressed
in interms of rotor angle deviations offered a significant
progress in methods for enhancing the transient stability
through global TSC-OPF methods. An alternative method
for solving TSC-OPF is proposed in [16], where in TSC are
expressed as CCT of the given contingency, and this CCT
values are estimated using artificial neural networks (ANN).

Transient stability analysis (TSA) from the sense of indi-
vidual machines provides unique approach as in these meth-
ods stability analysis is carried out using the motion of only
some individual critical machines [17], [18]. Hence, indi-
vidual machine based methods has been selected to reach
the goal of this study. Ref. [19] proposes a TSA technique
based on individual machine energy functions.. A detailed
machine by machine analysis is performed in [20], [21], and

introduced the concept of individual machine partial energy
function (PEF). Recently, [22]–[25] developed a unique indi-
vidual machine kimbark curve (IMKC) based framework
and a parallel monitoring technique based on IMKC for
TSA under a given contingency. In [26], a detailed theoret-
ical framework is offered that explains the relation between
transient trajectory of the system and energy conversion in
the individual machine. A transient stability enhancement
scheme based on individual machine methods has been pre-
sented in [27], however, in this paper transient stability con-
straints are included at all time steps of TSC-OPF solution
and solution interval is determined using an empirical relation
obtained from the critical trajectories of individual machines
which in general is more than the time to instability of system,
and hence adds to the computational burden of TSC-OPF.

Motivated from the concepts of transient stability assess-
ment (TSA) using individual machine equal area crite-
rion (IMEAC) presented in [22]–[26], the authors of the
paper [27] first time attempted to develop a workflow for
transient stability control through IMEAC framework, which
opened a further research direction for potentially utilizing
this well-developed theory of IMEAC based TSA. In the ini-
tial research presented in [27], the authors concluded that (i).
The necessary and sufficient condition on number of indi-
vidual machines whose transient stability constraints must be
included into TSC-OPF formulation to ensure transient sta-
bility is equal to number of most disturbedmachines (MDMs)
and these transient stability constraints are included at all
time steps of solution interval (ii). The empirical time inter-
val for which TSC-OPF needs to be solved to ensure tran-
sient stability under a given contingency is, tempend , which is
derived from the critical rotor angle trajectories of MDMs at
initial operating point (iii). A security-based severity index
(γMDM ) is introduced to achieve a smooth reconciliation
between transient security level versus generation opera-
tion cost. Further, conclusion section in [27], also shows
a research scope for (a). reducing the number of transient
stability constraints which can be imposed on MDMs to a
minimum number (b). Identifying the minimum determinis-
tic time interval in terms of IMEAC, which further can be
utilized as a necessary integration interval for which dynamic
constraints needs to be incorporated into TSC-OPF formula-
tion. Ref. [13], is an important paper in the field of TSC-OPF
research, in which the authors for the first time reported a
non-heuristic way of forming transient stability constraints
in TSC-OPF, and number of transient stability constraints
are simply reduced to only one. Further, a deterministic time
interval in terms of time to instability of single machine
equivalent (SIME) trajectory of multi machine system, for
which TSC-OPF needs to be solved for ensuring first swing
stability is also proposed. Hence, To answer the research
scope given by [27] to some extent, present paper attempts
to effectively integrate the procedures of [13] and [27] to
come up with a improved method over these parental tech-
niques for securing the transient stability under a given
contingency.
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A. OBJECTIVES AND CONTRIBUTIONS
The objective of this paper is to answer the questions (i),
(ii), and (iii) from an individual machine perspective without
resorting to any multi machine to SIME kind of transfor-
mations. The next questions raised from this objective are
a).Which individual machine trajectories are best suited to
form a TSI, so that the insecure system can be bring back
to secure state b). How to form an accurate and effective TSC
in terms of individual machines so that number of constraints
gets reduced c). What is the way of choosing a non-heuristic
TSC-OPF solution interval limit in terms of these individual
machine trajectories. Ref. [27] tries to answer the above
objectives to an extent. But,answering, the above questions in
an alternative way from the individual machine perspective
not only forms a new approach but also contributes to the
knowledge of application of individual machine methods in
transient stability control applications. The following are the
primary contributions of this work:
(i). Unlike [27], having a contingency scenario in hand

to stabilize, TSC that are needed to be included
into TSC-OPF are decreased to only number of
most severely disturbed machines (MDM). Further,
unlike [13], this process does not need any multi
machine to one machine equivalent transformations for
reducing the number of TSC.

(ii). This constraint are included in TSC-OPF formulation
at only one time step of integration, called time to
leading out of step point, tLOSP, which is calculated
from kimbark curves of individual machines.

(iii). The solution interval during which dynamic and tran-
sient constraints must be considered in the TSC-OPF
formulation is defined from t0 to tLOSP, so that the
problem dimension is adjusted according to time to
instability, tLOSP, instead of choosing an arbitrary solu-
tion interval.

(iv). The transient stability index value to maintain the syn-
chronism is furnished according to the critical trajec-
tory (i.e trajectory corresponding to critical clearing
time) of MDM, which eliminates the usage of heuristic
limits.

Critical machines are defined in this research as machines
having advanced rotor angles in the post-fault scenario
[17], [18]. The test system (TS) is based on a IEEE
39 bus system [28], [29], with the inertia constant of the
generator at bus 39 reduced from 500 p.u to 100 p.u.. [22].
All faults are of type three phase to ground fault applied at
t0 = 0 s and cleared after a time tcl s with or without line trip.
A notation used in [22] is adopted to indicate the contingency
type. For example a contingency representation [TS, bus 11,
400ms] indicates that a three phase to ground fault is occurred
in test system at bus 11 and cleared after 400 ms without
tripping any line. In the same way representation [TS, bus 11,
400 ms line11-16] indicates that a three phase to ground fault
bus 11 and cleared after 400 ms with the tripping of the
line connected between buses 11 and 16. The bus number
to which a machine in the test system is connected is used

to identify that machine. For example, notation, machine-32,
refers to the generator attached to bus 32 in the TS. Further,
the novelty of this study lies in exploring the potential of the
IMEAC theory in reducing the number of transient stability
constraints in TSCOPF to just the number of most disturbed
machines and expressing the minimum solution interval for
which TSC-OPF needs to be solved in terms of equal area
criterion of individual machines while stabilizing a given
contingency.

B. ORGANIZATION OF THE PAPER
The rest of the paper is laid out as follows: Section II briefly
reviews the global TSC-OPF formulation. Section III reviews
the important theory and concepts related to TSA using
individual machine kimbark curve frame work. Formulation
of the proposed transient stability constraint and transient
stability control algorithm is presented in Section IV. Numer-
ical example illustrating the proposed approach is presented
in Section V. Proposed method is compared with existing
approaches in Section VI. Discussion on some aspects of the
proposed method with respect to previous research in [27] is
presented in Section VII. Finally, conclusions are presented
in Section VIII.

II. GLOBAL TSC-OPF: PROBLEM FORMULATION
TSC-OPF is an useful tool to determine optimal genera-
tion reschedule, while ensuring power system stability after
a large disturbance. It considers both static and dynamic
constraints while optimizing the operating variables. Math-
ematical formulation of TSC-OPF from the inception of the
disturbance at time t0 s to disturbance clearing time tcl s and
to the end of simulation time tend , T = [t0, tcl) ∪ (tcl, tend ],
considering the classical generator model, can be expressed
as follows [13]:

min f (PGi) =
Ng∑
i=1

ai + biPgi + ci(Pgi)2 (1)

subjected to Pgi − Pli =
∑
j∈i

Pij(V , θ) (2a)

Qgi − Qli =
∑
j∈i

Qij(V , θ) (2b)

EiV 0
i sin(δ

0
i − θ

0
i ) = X

′

diPgi (2c)

EiV 0
i cos(θ

0
i − δ

0
i )-(Vi)

2
= X

′

diQgi (2d)

ω0
i − ωs = 0 (2e)

Vmin
i ≤ Vi ≤ Vmax

i (2f)

Pmingi ≤ Pgi ≤ P
max
gi (2g)

Qmingi ≤ Qgi ≤ Q
max
gi (2h)

Emini ≤ Ei ≤ Emaxi (2i)

δt+1i − δti =
1t
2

(
ωt+1i − ωti − 2ωs

)
(2j)

ωt+1i −ω
t
i =

1t
2Mi

(
2Pm−P

t+1
ei −P

t
ei

)
(2k)∣∣δti,COI ∣∣ ≤ K (2l)
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where, f(.) is the total generation cost function.Eqs. (2a)-(2b)
represents steady state power flow constraints at each
bus. Eqs.(2c)-(2e) represents constraints on generator state
variables initial conditions. Eq. (2f) represents constraints
on system bus voltages. Eqs. (2g)-(2h) represents con-
straints on generating unit active reactive power capabilities.
Eqs. (2j)-(2k) represents dynamic constraints formed as a
difference constraints from the swing equation at a generic
time step t , using the trapezoidal rule. Eq.(2l) represents the
transient stability constraint (TSC), which forces the all rotor
angles to be within the limitK , during entire solution interval.
Formulation of the proposed transient stability constraint is
discussed in section IV-A. The novelty of the proposed TSC
consists in its formulation based on the individual machine
equal area criterion (IMEAC) and rotor angle trajectories of
class of individual machines called most severely disturbed
machines (MDM). Unlike the method discussed in [13], pro-
posedmethod does not need any equivalent trajectory ofmulti
machine system to form required constraints. The basics of
transient stability assessment under IMEAC frame work are
discussed in section III.

III. PRINCIPLES OF THE INDIVIDUAL MACHINE EQUAL
AREA CRITERION (IMEAC) METHOD
IMEAC method is a direct time domain method, which
analyzes the system trajectory of a multi machine system
from the perspective of individual machine power-vs-angle
curve. In IMEACmethod [22], [23], an ‘‘individualmachine’’
is represented as ‘‘individual machine’’ in COI reference
(i.e, rotor angle motion of each individual machine i is refered
with respect to system COI). As a result, system COI can
be viewed as a virtual ‘‘machine,’’ with its own equation of
motion expressed as the combined motion of all the machines
in the system. Because machine i and COI are viewed as
two ‘‘individual machines’’ with interactions, a two-machine
system is created by combining individual machine-virtual
COI machine pairings (IVCS). As is generally known, the
equal area criteria (EAC) is only applicable in the one
machine-infinite bus system (OMIB) and the two machine
system. However, because the IVCS constitutes precisely two
machine system, EAC can also be applied to an individual
machine. The rotor angle of machine i, which is referred with
respect to the virtual COI machine, can be written as follows:

θ̇i = ω̃i

Mi ˙̃ωi = fi (3)

where, fi = Pmi − Pei −
Mi
MT
PCOI ; θi = δi − δCOI ;

ω̃ = ωi − ωCOI ; PCOI =
∑n

i=1 (Pmi − Pei); δCOI =
1
MT

∑n
i=1Miδi; ωCOI = 1

MT

∑n
i=1Miωi; The Kimbark curve

is the power-angle relationship of ith machine evaluated in
θi-fi space. The following are two key conclusions about the
Kimbark curve of a single machine:
(i). The Kimbark curve of a critical machine (CM) has

strong acceleration-deceleration features. As a result,

the equal area criterion (EAC) strictly applicable to
critical machines.

(ii). A non critical machine (NCM) is one that is only
little affected by a fault, and so does not have
strong acceleration-deceleration patterns in its Kim-
bark curve.

Because EAC exclusively holds for critical machine,
a dynamic liberation point (DLP) appears on the Kimbark
curve of an unstable critical machine. On the Kimbark curve
of a stable critical machine, there occurs a dynamic stationary
point (DSP). As a result, the stability of an individual machine
is evaluated based on the existence of either DLP or DSP
on its Kimbark curve. Further, the unity principle establishes
a link between the stability of individual machine and the
stability of the entire system [22]. According to it, a multi-
machine system is declared as:
(i). Transiently stable if all critical machines post fault

Kimbark curves exhibits only DSPs on them, no DLPS.
(ii). Transiently unstable if there occurs at least one DLP on

kimbark curves of the critical machines.
Eq.(4a) gives the stabilitymargin (ηi) of an unstable critical

machine, while Eq. (4b) gives the stability margin (ηi) of a
stable critical machine.

ηi = (ADECi − AACCi)/AACCi (4a)

ηi = (ADECi + AEXTDECi − AACCi)/AACCi (4b)

where, ADECi and AACCi, represents acceleration and deceler-
ation areas on corresponding Kimbark curve of ith machine.
According to IMEAC, the system is judged as transiently
stable if ηi > 0 (i,e, rotor angle trajectory of CM is bounded
w.r.t time and there occurs only DSPs on corresponding
kimbark curves of CMs ) unstable if ηi < 0 (i,e, rotor angle
trajectory of CM is unbounded w.r.t time, and there occurs
at least one DLP on corresponding kimbark curves of CMs),
and critically stable if ηi = 0 (i.e, rotor angle trajectory of
CM reaches its critical trajectory). A CMwith lowest stability
margin is considered as most severely disturbed machine
(MDM).

ηMDM = min [ηi] i ∈ 0c (5)

where, 0c is the set having all the critical machines. The
concept of MDM is very much useful in TSA using IMEAC
because the system stabil status can be reflected completely
by the MDM stability status. If MDM is stable, the system
is stable; if MDM is unstable, the system is unstable; and
if MDM is critically stable, the system is critically stable.
In [23], a method for determining MDMs for the given fault
scenario is proposed, which examines individual machine
margins around critical clearing time. A qualitative approach
of the same method is adopted in this paper to determine
MDMs under the given fault scenario.

To illustrate the TSA using individual machine kimbark
curves, consider a representative fault scenario [TS, bus-11,
line 11-6]. This scenario involves a three-phase ground fault
at bus 11, which is cleared by tripping the line connecting
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FIGURE 1. Kimbark curves and rotor angle deviations w.r.t COI for
(a) a stable scenario [TS, bus-11, 314 ms line 11-6] (b) an unstable
scenario [TS bus-11, 400 ms, line 11-6] .

buses 11 and 16. The rotor angle profiles for the fault duration
of 314ms are shown in Fig. 1(panel(a)). From the figure it can
be observed that machine-31, 32 and 39 exhibits advanced
rotor angle in the post fault system trajectories and hence
considered as a critical machines (CM). Corresponding Kim-
bark curves also shows only DSPs on them, which repre-
sents that all CM are stable and hence system stability status
can be declared as stable. Fig.1(panel(b)) shows the plots
for the fault duration of 400 ms. In this case there occurs
DLP on each individual CM kimbark curve. Further, it is
interesting to note that DLP of each machine is occurring
at different instances along the time horizon. For example
DLP of machine -31 occurs at 0.496 s, machine-32 occurs at
0.485 s and machine-39 occurs at 0.557 s. According to the
unity principle, if at least one DLP appears on post-fault Kim-
bark curves, the system is considered transiently unstable.
According to nomenclature of IMEAC the DLP of individual
machine is termed as loss of synchronism point (LOSP) or
out of step point, LOSP which occurs first along the time
horizon is termed as ‘‘leading LOSP,’’ and the time at which
this point occurs is denoted as time to leading LOSP, tLOSP.

For the case in hand, leading LOSP occurs on machine-32,
with tLOSP = 0.485 s.
Now, to determine most disturbed machines (MDMs) for

the given contingency, observe the behaviour of the kimbark
curves (KC) of CMs in the neighbourhood of its CCT. For a
representative example consider the same case [TS, bus-11,
line 11-6]. For the current scenario, the CCT is 316 ms, and
the Kimbark curves of CMs around CCT are shown in Fig.2.
Kimbark curves of Case-A are pertaining to scenario that
is stable, Case-B for a scenario that is critically stable and
Case-C for a scenario that is critically unstable. From the
figure it is interesting to note that, in all the cases Machine-
31 and 39 KCs shows only DSPs on them irrespective of
system stability status. But, KC of machine-32 shows DSP
when system is stable ([TS, bus-11, 315 ms, line 11-6]),
CDSP when the system us critically stable ([TS, bus-11,
316 ms, line 11-6]), and DLP when the system is critically
unstable ([TS, bus-11, 317 ms, line 11-6]). It leads to the
key conclusion that the whole information about the system’s
critical stability for the scenario [TS, bus-11, line 11-6] is
incorporated in the machine-32’s stability. In other words,
for the fault scenario in hand the instability of the system
originates from the instability of machine-32. The suggested
method is novel in that, it allows for the formation of transient
stability constraints in the global TSC-OPF, utilising the crit-
ical trajectory of this MDM, to ensure the transient stability
under the given contingency. The next section will go through
this in detail.

FIGURE 2. CM Kimbark curves around the CCT of the given contingency;
Case-A: A scenario that is stable [TS, bus-11, 315 ms, line 11-6], Case-B:
A scenario that is critically stable case [TS, bus-11, 316 ms, line 11-6],
Case-C: A scenario that is critically unstable case [TS, bus-11, 317 ms,
line 11-6].

IV. PROPOSED TSC-OPF APPROACH USING IMEAC
In this section a new approach for enhancing transient stabil-
ity under a given contingency using TSC-OPF through IMKC
theory of TSA is proposed. Proposed approach reduces the
number of transient stability constraints (TSC) to just the
number of most disturbed machines (NMDM ). Additionally,
the solution period of TSC-OPF, T = [t0, tcl) ∪ (tcl, tend ],
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is limited and chosen non heuristically to a value called time
to leading LOSP (tend = tLOSP), which is obtained from the
Kimbark curves of individual machines. The new proposed
TSC and its formulation using the MDM critical trajectories
is presented in the following discussion.

A. PROPOSED TRANSIENT STABILITY CONSTRAINT
FORMULATION
Given an unstable contingency at the initial operating (IOP)
point, the stabilization process needs to improve the IOP
such that critical machine Kimbark curves shows only DSPs
for this contingency. In other words, the IOP should be
modified in such a way that CCT at new operating point (OP)
must be greater than equal to actual fault clearing time of
the contingency. Also, as discussed in the previous section,
at an operating point critical instability of the system orig-
inates from the instability of MDM. So given an unstable
contingency, if MDM trajectories at this fault clearing time
are constrained below their critical trajectories, the system
stability is ensured for the given scenario.

From the IOP and contingency scenario, evaluate the indi-
vidual machine Kimbark curves, to calculate time to leading
LOSP, tLOSP, and MDM for the given scenario, considering
the original fault clearing time and the evaluated critical
clearing time, respectively. Fig. 3 shows a representative
transient evolution of an unstable and critically stable MDM
trajectories for the scenario [TS, bus-11, line 11-16]. It is well
known form the concepts of transient stability that critical
trajectory of MDM (i.e, δCTMDM ) is always lower than corre-
sponding unstable trajectory (δUTMDM ), as shown in 3, where,
δCTMDM (tLOSP) and δUTMDM (tLOSP) are the rotor angles at
tLOSP on stable and unstable trajectories, respectively.

FIGURE 3. A representative unstable and critical trajectories of MDM for
the scenario [TS, bus-11, line 11-16]: machine-32 is MDM and
tLOSP =0.485 s.

The degree of instability can be reduced by carrying out
the stabilization procedure at tLOSP, which is the time at
which multi machine system is assessed transiently unstable.
At this time, the multi machine system can be made stable
by constraining all MDM rotor angle trajectories within the

corresponding critical trajectories. Based on this observa-
tion, it is put forward to set the the angular deviation of
MDM at LOSP (i.e., 1δMDM (tLOSP) = δUTMDM (tLOSP −
δCTMDM (tLOSP)) to zero. Rested up on this formulation, the
TSC can be set as follows:

|δUTMDM (tLOSP)− δCTMDM (tLOSP)| ≤ Kh (6a)

1δMDM (tLOSP) ≤ Kh (6b)

where, Kh is the required deviation threshold in the order of
10−4, and 1δMDM (tLOSP) is a single scalar value at tLOSP.
Having defined the transient stability constraint, the transient
stability at initial operation point can be improved by solv-
ing the global TSC-OPF formulated using Eqs.(1)-(2k) and
Eq.(6b), which provides a new improved operating point with
respect to transient stability. However, because theMDMcrit-
ical trajectory accurately reflects the rotor angular deviation
only at the original operating point, not at the new operating
point (OP), obtained after solving TSC-OPF, complete stabil-
isation of the given contingency may not be achieved. Hence,
in order to confirm system stability at the new OP, a transient
stability assessment must be repeated at this new OP. As long
as system is transiently unstable, it is necessary to determine
the critical trajectory for the new OP for updating the TSC in
Eq.(6b), so that the updated TSC can be incorporated into the
next TSC-OPF solution procedure.

FIGURE 4. Proposed algorithm flow chart.

Fig.4 shows the flow chart for the proposed algorithm. The
description of flow chart for transient stability enhancement
is given below:
step 1: Start with a base case operating point (BOP).
step 2: For the given fault scenario, run time domain simu-

lations, evaluate individual machine kimbark curves
and assess the transient stability of the system using
IMEAC. If system is first swing unstable go to step 3
else go to step 6.

step 3: Determine the leading out of step time,tLOSP, and
find most severely disturbed machines (MDM) and
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TABLE 1. Generation schedule at IOP for [TS, bus-11, 400 ms].

their critical trajectories. Derive the the parameter
δCTMDM (tLOSP).

step 4: Form the transient stability constraint as
|δUTMDM (tLOSP)− δCTMDM (tLOSP)| ≤ Kh.

step 5: Solve TSC-OPF and obtain new operating point.
Replace the BOP with TSC-OPF operating point.
Go to step 2.

step 6: check for multi swing instability. If system is multi
swing stable, go to step 9, otherwise go to step 7.

step 7: Determine rotor angle of each MDM at dynamic
stationary point (δMDMr (tDSP)), and form transient
stability constraint as, δMDM (tDSP) ≤ δMDMr (tDSP)−
1. Where, 1 is the desired deviation threshold to
ensure multi swing stability.

step 8: Solve TSC-OPF and obtain new operating point.
Replace the BOP with TSC-OPF operating point.
Go to step 2.

step 9: Required control achieved, end the stabilization
process.

V. NUMERICAL EXAMPLE AND DISCUSSION
The application of the proposed approach is demonstrated
in this section using the scenario [TS, bus 11, 400 msec].
Simulations of TS are fully based on the system model pre-
sented in [19]. In the TSC-OPF problem, dynamic constraints
are considered with a step limit of 0.01 s, and the TSC-OPF
is solved using a MATLAB optimization solver which
uses sequential quadratic programming for the optimization
process.

The generating schedule at the base case operating
point (IOP) is shown in Table 1. Individual machine kimbark
curves are assessed to determine the transient stability for the
contingency scenario considered at this IOP. Kimbark curves
of machine-31 and machine-32 are shown in 5 (panel (a)).
DLP happens on machine-31 at 0.49 s and machine-32 at
0.48 s, as can be shown in the figure. The presence of at
least one DLP on post-fault kimbark curves, according to
the unity principle, suggests the transient instability in the
system. The rotor angle graphs also reveal that after the fault,
these two machines begin to deviate from the rest of the
system, resulting in overall system instability. The leading out
of step point is obtained on machine-32 with tLOSP = 0.48 s.
Further, using the the procedure described in section III for
the identification of MDM, for the considered contingency
scenario, machine-32 is identified as MDM.

At the initial generation schedule, for the current contin-
gency scenario, the system has CCT of 320 ms, such that

FIGURE 5. (a) Kimbark curves of machine-31 and 32 for the scenario
[TS,bus-11,400 ms]. (b) Unstable and critical trajectory of MDM
(machine-32) at the IOP for [TS,bus-11,400 ms].

TABLE 2. Generation schedule at OP2 for [TS, bus-11, 400 ms].

the critical trajectory of MDM has an angle deviation of
δCT32(tLOSP) = 1.6721 rad, as shown in Fig. 5(panel(b)).
Using this information about δCT32(tLOSP), the transient sta-
bility constraint in Eq.(6b) is included into TSC-OPF, and
the solution of which yields second operating pointOP2 with
corresponding generation schedule shown in Table 2.

At this operating point OP2, system is again subjected
to the same contingency and system is assessed unsta-
ble, as shown in Fig. 6. Again, leading LOSP occurs on
machine-32 at time, tLOSP = 0.58 s. It is interesting to
note that at this new operating point, OP2, the system time
to instability is increased to 0.58 s from 0.48 s at the IOP,
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FIGURE 6. Machine-32 kimbark curve and rotor angle trajectories for the
first iteration of TSC-OPF procedure. The system is unstable at OP2.

TABLE 3. Generation schedule at OP3 for [TS, bus-11, 400 ms].

which is manifested in the form of improved system CCT
from 0.32 s at the IOP to 0.36 s at OP2. At OP2 the critical
trajectory of MDM has an angle deviation of δCT32(tLOSP) =
1.7609 rad. Using this information, again the transient stabil-
ity constraint in Eq.(6b) is adjusted, and TSC-OPF is solved
for new operating schedule OP3. Table 3 shows the new
generation schedule at OP3. At this new operating schedule,
the system again subjected to the considered contingency and
the resulting system response is depicted in Fig.7. From the
figure it can be easily seen that, the system is first swing
stable but multi swing unstable. Further, with respect to first
swing the CCT at OP3 comes out to be 400 ms. Since, the
system is first swing stable, there exists a dynamic stationary
point (DSP) on the Kimbark curve of machine-32, and for
the considered case it comes out to be tDSP = 0.85 s and
δ32r (tDSP) = 2.0493 rad.
Now, to make system multi swing stable, transient stability

constraint is formed as follows:

δ32(tDSP) ≤ δ32r (tDSP)−1. (7)

Where, the parameter 1 is chosen by trail and hit method.
For the considered case study, a value of 1 = 0.2 rad has
been chosen. Thus formed transient stability constraint is
included in the TSC-OPF formulation and solved for new
operating point,OP4. Generation schedule atOP4 is shown in
Table 4. At this new generation schedule system is subjected
to same contingency and corresponding plots are shown in
Fig.8. It can be seen in the figure that only DSPs appears
on the Kimbark curve of MDM-32 in successive swings,

FIGURE 7. Machine-32 kimbark curve and rotor angle trajectories for the
second iteration of TSC-OPF procedure. The system shows multi-swing
instability at OP3.

TABLE 4. Generation schedule at OP4 for [TS, bus-11, 400 ms].

showing that the MDM has stabilised for multiple swings.
Corresponding rotor angle deviations plot also tells that once
the MDM is stabilized all other machines also gets stabilized
and hence system is transiently secured for the considered
contingency.

FIGURE 8. Machine-32 kimbark curve and rotor angle trajectories for the
third and last iteration of TSC-OPF procedure. The system is stable at OP4.

The proposed approach, at the operating point, OP4,
improves the system CCT to 405 ms, which is just 1.25%
above the actual fault duration, which means the system is
critically stabilized for the considered contingency.

Fig.9 (panel (a)) shows the variation of MDM stability
margin with respect to TSC-OPF iterations to stabilize the
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FIGURE 9. (a) Variation of MDM stability margin with respect to TSC-OPF
iterations for contigency stabilization. (b) Variation of system CCT with
respect to TSC-OPF iterations during contigency stabilization Variation of
MDM stability margin and system CCT.

given contingency. The figure shows that MDM has a neg-
ative margin of -0.8146 at the IOP (stability margins are
evaluated using the Eqs.(4a)-(4b), at the second iteration its
stability margin is still negative but improved by approx-
imately 39.21% over initial stability margin. For the third
iteration MDM stability has small positive margin indicating
that system is stable during first swing but will not ensure
multi swing stability since there occurs DLP on MDM kim-
bark curve in the second swing. At the fourth iteration MDM
margin becomes more positive (increased by 15.61% above
the critical stability margin) and ensures that the system is
both first swing and multi swing stable. Fig.9 (panel (b))
shows the variation of system CCT with respect to TSC-OPF
iterations. Figure reveals that there exist a positive relation
between system CCT and MDM stability margin, as increase
in MDM stability margin resulting in increase of overall sys-
tem CCT. Further, it is worth to point out here that for a given
contingency system CCT can be adjusted easily by adjusting
the value of parameter ‘‘1’’ in the proposedmethod. Because,
the parameter ‘‘1’’ indirectly controls the amplitude ofMDM

TABLE 5. Operating cost comparison.

first swing, so the larger value of ‘‘1’’ restricts the first swing
rotor angle to a low value, which results in more secure
operation of the system (i.e higher margins and CCT), where
as lower values of ‘‘1’’ results in larger amplitudes in the first
swing of MDM rotor angles, and hence results in less secure
operation (i.e lower margins).

VI. COMPARISON WITH EXISTING APPROACHES
Table 6 compares the proposed transient stability control
approach with the existing approaches. The proposed control
approach, needs to incorporate TSC just as many as num-
ber of MDMs, NMDM . Only one time step, tLOSP, is used
to enforce these constraints. Since for the given fault sce-
nario MDMs are only small fraction of total number of
generators [27], number of TSC in the current method are
always lesser compared to [5]. Even though, in [13], TSC
number is decreased to one by using single machine equiv-
alent SIME) approach, as SIME approach relies on aggrega-
tion of multi machine trajectory dynamics into one machine
equivalent, results in non negligible approximation errors.
Further, in [13],TSC-OPF solution period end time(i.e tend ) is
set to, tu, SIME trajectory time to instability. This necessitates
the use of a separate computer application to merge SIME
calculations with time domain simulations. However, for the
approach presented in this paper, tend is determined as time
to leading out of step point, tLOSP, which is obtained directly
from the individual machines kimbark curves.

The following case study from the 39 bus 10 machine
system is used to compare the suggested method to existing
methods in terms of operating cost. The case investigated
is a three-phase ground fault at bus 29, which is cleared by
tripping the line between buses 26 and 29. The same case
study was presented in [14] and in [13] [section VIII-B].
Machine-38 is the MDM in this example.The final operating
cost and CCT from the proposed technique are shown in
Table 5.
As the scenario in hand leads to only first-swing instability,

the proposed technique and [27] which adopts the transient
stability constraints based on MDM trajectories achieves
near-critical system operation for the considered contingency,
resulting in low operating costs. With a CCT of just 2% above
the actual fault clearance time, the proposed solution has a
low operational cost while assuring system stability. For the
same contingency, [13] has achieved only the minimal CCT
which is 7% higher than the actual fault duration, hence the
operating cost achieved is higher than the method presented
in this paper. In [14], a less optimum but more secure system
operation is achieved. This reason being the consideration
of a low value for the heuristic TSC, which resulted in over
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TABLE 6. Proposed approach comparison with existing approaches.

compensated operation i.e., system critical clearing time is
59% higher than the actual fault duration. In addition (see
Table 6), if the TSC-OPF solution period for the current sce-
nario is defined arbitrarily as,tend = 1.5 s, time to instability
from SIME comes as tu = 0.5 s, and time to leading out of
step point, tLOSP from the proposed method comes as 0.44 s,
the number of generator dynamic constraints plus TSC from
the proposed method, in [5], [13], for a time step1t = 0.01 s
comes out to be, 881, 4500, and 1001 respectively.

VII. DISCUSSION ON SOME ASPECTS OF THE PROPOSED
METHOD W.R.T [27]
1). In [27], to form transient stability constraint, critical tra-
jectory of MDM at only initial operation point is used, and
then this constraint is adjusted non heuristically by choosing
a suitable value for severity index,γMDM . Once selected, tran-
sient stability constraint is fixed for entire solution process
and included for all time steps of solution in optimization
problem, and while solving the optimization problem this
constraint may affect the rotor angle solution at some time
steps and does not affect the rotor angle solution at some other
time steps. In other words, even though we are applying this
constraint for all time steps of solution, it may not be active
constraint for the solution at certain time steps. Whereas,
in the present paper, transient stability constraints are still
formed from the critical trajectories of MDM, but these
critical trajectories do not correspond to any fixed operating
point. As the iteration progress, the operating point improves,
and critical trajectories at each improved operating point is
further utilized in forming the transient stability constraint.
Since, the transient stability constraint is formed in terms of
critical trajectories of MDM at improved operating point, this
better represents the dynamic response of the power system
compared to transient stability constraints in [27].

2). In [27], a non-iterative technique of TSC-OPF with
transient stability constraints included at all time steps of
solution interval, and dynamic constraints included for a
time interval [t0 tempend ], is proposed. Where, tempend , is just

an empirical time limit which is defined completely based
on numerous simulation studies experience. In the present
paper, an iterative process of TSC-OPF inspired from [13]
is explored from the sense of individual machines for the first
time. As mentioned in [23], IMEAC based method identifies
transient instability quickly than EEAC/SIME based meth-
ods, as time to leading loss of synchronism point(tLOSP) is
less than the time to instability of SIME trajectory (tu). So,
forming transient stability constraints in terms of individual
machines offers to advantages (i). Eliminates the need of
resorting to any multi machine to one machine equivalent
transformations to reduce number of transient stability con-
straints (ii). As, tLOSP < tu, time for which dynamic con-
straints need to be included in the optimization problem gets
reduced, which results in less number dynamic constraints.

3). The main computational burden of TSC-OPF comes
from the dynamic constraints. The computational burden
added by transient constraints is relatively not significant
as far as the solver’s operation is considered. But, it is still
advantageous to come up with minimal set of transient con-
straints that can be used in TSC-OPF for a given contingency
stabilization. In this process, Ref. [27] which is the starting
paper to explore this IMEAC in transient control, come up
with an initial idea of forming transient stability constraints
for all time steps in terms of MDM critical trajectories at the
initial operating point. The idea of utilizingMDM trajectories
is further refined in the present paper such that only one
transient stability constraint at one time step is formed and
it is always acts as an active constraint in the optimization
problem. Further,the authors acknowledge that Ref. [13] is
the source of inspiration for this improvement.

To demonstrate the differences and relevant advantages of
the proposal with respect to the work in [27], let us considered
scenario [TS, bus 4, 400 ms, line 4-5], which is a three
phase to ground fault at bus 4 in test system and cleared
after 400 ms by tripping the line connected between buses
4 and 5. This is the same case study presented in [section VI
(1)] of [27]. For the case in handmachine connected to bus-31
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TABLE 7. Size comparison of proposed approach with that of [27] while
stabilizing a representative contingency scenario [TS, bus 4,400 ms,
line 4-5].

is the onlyMDM. The following table briefly summarizes the
computational parameters involved in both the methods while
stabilizing this contingency.

From the Table 7 it can be observed that, for stabilizing
the case in hand using the method in [27], TSC-OPF needs
to be solved for an minimum empirical time of 108 s, which
resulted into at least 108 transient stability constraints and
2160 dynamic constraints. Whereas in the proposed method,
since TSC-OPF solution interval is defined as tLOSP, which
is very less compared to tempend of [27], TSC-OPF needs to be
solved for only 0.58 s, which is associated with only one
transient stability constraint, and 1160 dynamic constraints.
However, it is worth to note at this point that, method pro-
posed in [27] is a non-iterative process i.e optimal gener-
ation schedule is obtained by solving TSC-OPF once with
large number transient and dynamic constraints.Whereas, the
proposed method reschedules the generation optimally while
stabilizing the given contingency in two iterations, where in
each iteration the constraints size of optimization problem is
reduced considerably compared to [27].

The main objective of the present paper and [27] is to
explore the potential of IMEAC based TSA theory, for tran-
sient stability control through TSC-OPF. However, authors
would like to emphasize at this point that, the proposed
method cannot be seen as a substitute for existing methods
of forming transient stability constraints but can be seen as
a distinctive way of explaining the formation of transient
stability constraints (both dynamic and transient constraints)
in TSC-OPF from the individual machine analysis. Two pos-
sible ways for achieving this objective are presented indepen-
dently in [27], and in the present paper.

VIII. CONCLUSION
A transient stability enhancement approach through transient
stability constrained optimal power flow is presented in this
study. Transient stability constraints (TSC) in this proposed
technique are formed directly using the unstable and critical
trajectories of some selective individual machines calledmost

disturbed machines (MDM). The important aspects of pro-
posed technique can be summarized as follows:
(i). The TSC is formed using the reference trajectory of

MDM at single time step. This formulation makes the
dimension of TSC equals to simply number of MDMs
for the given contingency.

(ii). The length of time domain simulations that needs
to be discretized for forming dynamic constraints in
TSC-OPF is limited for a time called time to leading
out of step point, tLOSP, which is the time at which the
transient instability is detected first time on mulitima-
chine trajectories. In addition, as the proposed TSC is
formulated using the reference trajectories of MDM,
the system operation is not limited by a fixed value
of TSC, but adjusted w.r.t to the TSC that actually
represents the powersystem dynamic response more
closely.
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