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ABSTRACT The individual-machine-equal-area-criterion method already shows potential in the transient
stability assessment of multimachine systems. This two-paper series systematically analyzes the transient
characteristics of the system trajectory from a genuine individual-machine transient energy perspective.
In the first paper, the stability property that characterizes a critical machine is investigated by defining
the residual kinetic energy, which only occurs at the maximum individual-machine potential energy point.
We indicate that the transient energy conversion inside a critical machine can delineate the trajectory stability
of the machine. In this way, the mapping between individual-machine kinetic energy and individual-machine
trajectory can hence be established. Simulation results show that the individual-machine transient energy
describes the system trajectory more precisely than the superimposed global transient energy in terms of
transient stability analysis, and we also demonstrate that the conjecture in early individual-machine studies
might fail in special simulation cases.

INDEX TERMS Transient stability, transient energy, equal area criterion, individual machine.

NOMENCLATURE
KE Kinetic energy
PE Potential energy
COI Center of inertia
CCT Critical fault clearing time
DLP Dynamic liberation point
DSP Dynamic stationary point
EAC Equal area criterion
GTE Global total transient energy
GKE Global KE
GPE Global PE
MDM Most severely disturbed machine
MPP Maximum potential energy point
TSA Transient security assessment
3DKC 3-dimensional Kimbark curve
3DKE 3-dimensional kinetic energy curve
GMPP Global MPP
IMKE Individual machine kinetic energy
IMPE Individual machine potential energy
IMPP Individual machine MPP

The associate editor coordinating the review of this manuscript and

approving it for publication was Xiaorong Xie .

IMTE Individual-machine transient energy
IMTR Individual-machine trajectory
IVCS Individual machine-virtual COI-SYS machine

system
IMEAC Individual machine EAC

I. INTRODUCTION
A. LITERATURE REVIEW
Transient energy depicts the capability of the postfault power
network to absorb the accumulated energy during a distur-
bance [1], [2]. Once a large disturbance occurs in the power
system, the complicated motions of the system trajectories
can be well explained using the conversion between the
kinetic energy and potential energy of the system. Motivated
by this transient energy perspective, Athay et al. [3] stated
that the Lyapunovmethodmay yield severe conservativeness,
and the real critical transient energy of the system would be
near the potential energy at the unstable equilibrium point.
Kakimoto et al. [4], [5] replaced the actual time-domain
simulated system trajectory with the sustained fault trajectory
to approximate the critical potential energy. Notably, the two
transient energy methods have played key roles in revealing
the mechanisms of transient stability, and they are milestones
in the history of transient stability analysis.
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The methods developed by Athay and Kakimoto are pro-
posed using the transient energy of all machines in the system,
and these methods are called ‘‘global’’ transient energy meth-
ods. Interestingly, another distinctive idea of using individual
machines for transient stability analysis was formed at almost
the same time. Fouad and Stanton [1], [2] believed that the
instability is determined by the motion of some unstable
critical machines if more than one machine tends to lose
synchronism. Later, Vittal and Fouad stated that ‘‘system
separation does not depend on the total system energy, but
rather on the transient energy of individual machines or
groups of machines tending to separate from the rest’’, and an
individual-machine-energy-function was first proposed [6],
[7]. Based on these previous works, Stanton performed a
detailed machine-by-machine analysis of the energy of a
multimachine instability [8]. Stanton also defined a partial-
energy function to quantify the energy conversion of the
individual machine, and the method was used to measure the
energy of a local transient control action in a real industrial
environment [9], [10]. In addition, Rastgoufard et al. [11] and
Haque [12] used the equal-area-criterion (EAC) characteris-
tics of the individual machine to compute the critical clearing
time. Moreover, Ando and Iwamoto [13] presented the poten-
tial energy ridge to evaluate the individual-machine stability.
These individual-machine thinkings essentially depart from
state-of-the-art of global methods.

Modern power systems are constantly changing. Facing
the increasing complexity of the power system, model-free
hybrid methods that are fully based on real-time measured
trajectories become challenging. Specifically, the energy
flow method was developed to locate the oscillation source
of the power system [14]. Trajectory sensitivity techniques
have been used in the computation of stability bound-
aries [15], [16]. Pattern recognition techniques that rely on
phasor measurement units are used to predict the transient
stability of the system [17]. A precise frequency-dependent
model is established for transient stability analysis of a power
system with frequency threats [18]. The hardware-software
reference model has already been developed to validate
the simplified mathematical models in the time-domain
simulations [19]. In addition, well-known trajectory-based
group separation methods have been applied in transient
stability assessment (TSA) [20], [21]. With the integra-
tion of inverter-based distributed generators, the single-
machine-equivalent method is applied to analyze the power
system transient stability considering momentary cessa-
tion [22]. Transient stability is also enhanced through the
emergency coordinated modulating strategy in the equivalent
two-machine system considering ultrahigh voltage direct
current transmissions [23]. Generally, these modern hybrid
methods are still based on global transient information.
Recently, inspired by individual-machine thinking, a novel
hybrid individual-machine EAC method, i.e., the IMEAC
method, was proposed [24], [25]. Later, the authors
replaced the virtual COI machine with a real machine
in the IMEAC, and a novel nonglobal method, i.e., the

reference-machine-based IMEAC method, was estab-
lished [26]. The IMEAC method already shows potential in
TSA of industrial large-scale power systems.

Compared with those of well-developed hybrid methods,
the studies of transient energy are currently fading, and
they have been at a standstill in modern TSA. However,
an ineluctable fact is that transient energy may provide deep
insight into the physical nature of transient stability from the
angle of energy conversion. Compared with global energy
concepts, studies of individual-machine transient energy
(IMTE) are rare. In particular, key concepts, such as the
potential energy surface and the transient energy conversion
inside an individual machine, have remained at the stage of
uncompleted discussions and hypotheses [6]–[10]. Against
this background, the exploration of the IMTE becomes valu-
able because it may validate the hypothesis of early individ-
ual machine studies. Most importantly, it may also provide
a theoretical foundation for the recently proposed IMEAC
method [24]–[26].

B. SCOPE AND CONTRIBUTION OF THE PAPER
The two-paper series can be considered the companion papers
of the three-paper series [24]–[26]. The two paper series
explore the IMEAC method from the perspective of transient
energy. The first paper focuses on the transient characteris-
tic of the IMTE, and the companion paper establishes the
potential energy surface of an individual machine. In the
first paper, based on the definition of the IMTE, it is proven
that the IMTE becomes conserved once a fault is cleared,
and the individual-machine potential energy (IMPE) may
reach amaximum at the individual-machinemaximum poten-
tial energy point (IMPP), i.e., the dynamic-stationary-point
(DSP) or dynamic-liberation-point (DLP), depending on the
stability state of the critical machine. Second, following
the conversion between individual-machine-kinetic-energy
(IMKE) and individual-machine-potential-energy (IMPE)
inside a critical machine, it is proven that the residual
individual-machine-kinetic-energy (IMKE) at the IMPP can
be used to characterize the stability of the critical machine,
and the unity principle [24] is redefined in light of resid-
ual IMKE. At the end of this paper, the mapping between
IMTE and individual machine trajectory (IMTR) of a critical
machine is established through the 3-dimensional IMKE of
the machine. The equivalence between IMKE and IMEAC is
also analyzed.

The contributions of this paper are summarized as follows:
(i) Conversion between IMKE and IMPE inside a critical

machine is analyzed. This analysis reveals that the transient
energy conversion inside a critical machine has a dominant
effect on the stability of the system.

(ii) The instability of the system is proven to be determined
by the residual IMKE that occurs at the DLP of an unsta-
ble critical machine. This feature distinguishes the IMEAC
method from the classic global transient energy theories [3].

(iii) The IMPE is found to vary substantially with the
duration of the disturbance in special simulation cases.
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This finding clarifies the misunderstanding in previous
individual-machine works [7].

The remaining paper is organized as follows. In Section II,
the background of the IMEAC method is revisited.
In Section III, the IMTE is defined. In Section IV, the sta-
bility characterization of a critical machine is investigated
using residual IMKE. In Section V, the physical nature
of the IMKE is explored through the equivalence between
IMKE and IMEAC. In Section VI, simulation cases are
provided to demonstrate the individual-machine transient
energy conversion. Conclusions and discussions are stated in
Section VII.

In this two-paper series, all the models and the transient
energy analysis are based on the COI-SYS reference, as in
Ref. [24]. The fault types in this paper are defined the
same as those in Ref. [24]. The test systems, i.e., TS-1,
TS-2 and TS-3, can be found in Refs. [24], [25]. TS-4 is
a three-machine system proposed by Anderson and Fouad
[27]. TS-5 is a modified three-machine system proposed by
Pavella et al. [28]. All faults are three-phase short-circuit
faults, which occurred at 0 s. The fault is cleared with-
out line switching. The identification of critical machines
follows the strategy proposed in Refs. [1], [2]. Note that
some cases in this paper are completely identical to those of
Refs. [24]–[26]. However, they are reanalyzed in a transient
energy form. Importantly, all the key concepts in this paper
are analyzed from the individual-machine angle, with the
global transient energy-based analysis being provided for
comparison.

II. BACKGROUND OF IMEAC METHOD
A. EQUATION OF MOTION OF AN INDIVIDUAL MACHINE
In the IMEAC method [24]–[26], an ‘‘individual machine’’
should be precisely expressed as an ‘‘individual machine in
the COI reference’’.

For an n-machine system with rotor angle δi and inertia
constantMi, the motion of the ith machine in the synchronous
reference is governed by the differential equations{ •

δi = ωi

Mi
•
ωi = Pmi − Pei

(1)

where

Pei = E2
i Gii +

∑n

j=1,j6=i
(Cij sin δij + Dij cos δij)

Using the common terminology

Cij = EiEjBijDij = EiEjGij

Pmi mechanical power of Machine i (constant)
Ei voltage behind transient reactance of Machine i
Bij transfer susceptance in the reduced bus admittance

matrix
Gij transfer conductance in the reduced bus admittance

matrix

FIGURE 1. Motion of the virtual COI-SYS machine in the synchronous
reference [TS-1, bus-34, 0.202 s].

The position of the COI of the system is defined by
δCOI =

1
MT

∑n

i=1
Miδi

ωCOI =
1
MT

∑n

i=1
Miωi

PCOI =
∑n

i=1
(Pmi − Pei)

(2)

whereMT =
∑n

i=1Mi
In Eq. (2), the COI-SYS can be considered a virtual

machine with its own equation of motion. Notably, motion
represents the equivalent motion of all machines in the
system. { •

δCOI = ωCOI

MT
•

ωCOI = PCOI
(3)

The motion of the virtual COI-SYS machine in the
synchronous reference is shown in Fig. 1.

Because Machine i and the virtual COI-SYS machine are
two ‘‘individual’’ machines with interactions, a two-machine
system named the individual machine-virtual-COI-SYS
machine system (IVCS) can be formed by these machines,
as shown in Fig. 2.

The relative motion between Machine i and the virtual
COI-SYS machine can be depicted as

•

θi = ω̃i

Mi
•

ω̃i = fi
(4)

where

fi = Pmi − Pei −
Mi

MT
PCOI

θi = δi − δCOI

ω̃i = ωi − ωCOI

Eq. (4) depicts the separation of an individual machine
with respect to the virtual COI-SYS machine in the IVCS,
which is identical to the motion of an individual machine
in the COI-SYS reference. However, for historical reasons,
‘‘individual machine’’ or ‘‘critical machine’’ is still used as
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FIGURE 2. Two-machine system formed by Machine i and the virtual COI
–SYS machine.

FIGURE 3. Relative trajectory between a critical machine and the virtual
COI-SYS machine [TS-1, bus-34, 0.202 s]. (a) IVCS5 in the synchronous
reference. (b) IMTR5 in the COI-SYS reference.

the default term in this paper for simplicity to represent the
pair of machines.

The individual-machine trajectory (IMTR) of a critical
machine in the COI-SYS reference is shown in Fig. 3.

B. MECHANISM OF THE IMEAC METHOD
Reference [24] proved that the EAC strictly holds for a crit-
ical machine because the IVCS is a two-machine system,
as shown in Fig. 2. In the IMEAC method, the 3-dimensional
Kimbark curve (3DKC) in t-θi-fi space is established to
demonstrate the mapping between the Kimbark curve of the
machine in θi-fi space and the IMTR of the machine in t-θi
space, as shown in Fig. 4. This figure shows that by using the
3DKC of the machine, the IMTR of the critical machine in
t-θi space can be successfully mapped to the Kimbark curve
of the machine in θi-fi space. In this way, the stability of the
IMTR of a critical machine can be evaluated through the EAC
of the machine [24].

For a multimachine system, the IMTR of each critical
machine corresponds to its unique 3DKC. In the 3DKC of
each critical machine, the IMTR of the machine in t-θi space

FIGURE 4. 3DKC of a stable Machine 5 in a multimachine system [TS-1,
bus-34, 0.180 s]. (P1: prefault point; P2: fault-clearing point; P3: DSP5).

FIGURE 5. Mappings between the system trajectory and 3DKCs of all
individual machines in the system [TS-1, bus-34, 0.202 s].

is mapped into θi-fi space, and thus, the trajectory stability
of the IMTR of the machine can be evaluated using the EAC
of the machine. The mappings between the system trajectory
and the 3DKC of each individual machine in the system are
shown in Fig. 5 [24].

After this mapping process, the system operator may only
observe critical machines rather than all machines in the
system to evaluate the stability of the system because only
critical machines are severely disturbed, and theymight cause
the system to become unstable. Therefore, the unity principle
[24] is stated as follows:

(i) The system can be considered stable if all critical
machines are stable.
(ii) The system can be considered unstable as long as any

unstable critical machine is found to become unstable.
The unity principle explicitly describes the relationship

between the individual-machine stability and the system
stability.When using the IMEACmethod in the real industrial
environment in the TSA, the critical machines are identified

44800 VOLUME 9, 2021
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FIGURE 6. Use of the IMEAC method in TSA [TS-1, bus-2, 0.430 s].

first once the fault is cleared. After that, the system operator
monitors the IMTR of each critical machine in parallel. The
stability of each critical machine can be evaluated through
its Kimbark curve. Furthermore, the stability of the entire
system is obtained following the unity principle. The system
can be evaluated as becoming unstable if any unstable critical
machine is found to become unstable. The application of
the IMEAC method in TSA is shown in Fig. 6 for tutorial.
In Fig. 6, Machine 9 becomes unstable first among
all machines in the system, and the instability of this
machine further incurs the instability of the entire
system.

This section is a brief retrospective of the IMEAC method
[24], [25]. In the following sections, all these key concepts
are expressed in a transient energy form.

III. DEFINITION OF IMTE
A. DEFINITIONS AND THEOREMS
The IMTE of Machine i in a multimachine system is defined
as

Vi = VKEi + VPEi (5)

where

VKEi =
1
2
Miω̃

2
i

VPEi =
∫ θi

θ si

[
−f (PF)i

]
dθi

The first term and second term on the right hand
side of Eq. (5) represent the individual-machine-kinetic-
energy (IMKE) and the individual-machine-potential-energy
(IMPE) of the machine, respectively. f (PF)i corresponds to the
postfault system. The prefault point θ si is set as the energy
reference point of the machine.

From Eq. (5), the definition of Vi appears similar to that of
global transient energy [1]–[5]. However, all the components
in Vi (Mi, ω̃i, fi and θi) are the parameters of an individual
machine in the COI-SYS reference. Therefore, Vi in Eq. (5)
is the transient energy defined in a real individual-machine
form.

Two theorems are given first before analyzing IMTE.
Theorem 1: IMTE remains conserved during the postfault

period.

Proof: Differentiating Vi in Eq. (5) with t , one obtains
•

Vi = Miω̃i
•

ω̃i−fi
•

θi (6)

Using Eq. (4), we have
•

Vi = 0 t > tc (7)

Eq. (7) proves that Vi remains constant after fault clearing.
Thus, Theorem 1 holds. Notice that Eq. (7) holds for each
individual machine in the system regardless of whether it is a
critical machine. The complicated interactions among multi-
plemachines in the system only cause the conversion between
the IMKE and IMPE of an individual machine because the
IMTE of the machine remains conserved. In other words,
all machines in the system contribute to the transient energy
conversion inside the individual machine.
Theorem 2: The IMPE of a critical machine reaches a

maximum at the DLP or DSP of the machine.
Proof:The point at which the IMPE of a critical machine

reaches a maximum after fault clearing can be denoted as
•

VPEi = 0⇒
dVPEi
dθi

•

θi = 0 (8)

Based on Eq. (4), Eq. (8) can be further expressed as

f (PF)i ω̃i = 0 (9)

Following the analysis in Ref. [24], the point where IMPE
reaches a maximum is either a DLP (fi = 0) if a critical
machine becomes unstable or a DSP (ω̃i = 0) if a critical
machine remains stable. Thus, Theorem 2 holds.

The two theorems indicate the following:
(i) Conversion between IMKE and IMPE only occurs

inside an individual machine.
(ii) Following (i), no transient energy exchange occurs

between any two machines in the system.
(iii) The IMPP of the machine along the time horizon can

be a DSP or DLP.
(iv) The minimum IMKE and the maximum IMPE occur

simultaneously at the IMPP because the IMTE remains con-
served after fault clearing.

We reanalyze the trajectory stability of the system from
the IMTE angle. When a multimachine power system is sub-
jected to a large disturbance, the equilibrium of each machine
is destroyed. During this ensuing transient, each individual
machine may or may not lose synchronism with the system,
depending on whether the IMPE absorbing capacity, i.e., the
maximum IMPE at the IMPP, is adequate for converting the
IMKE of the machine at the end of the disturbance into
the IMPE of the machine.

A tutorial example is given below. The system trajectory is
shown in Fig. 7 (a). The variances of the IMPE and IMKE
of the two critical machines after fault clearing are shown
in Figs. 7 (c) and (d), respectively. In this case, Machine
5 becomes unstable, while Machine 4 remains stable.

From Figs. 7 (b-d), the IMKE converts to IMPE inside
each critical machine after fault clearing. IMPE5 and IMPE4

VOLUME 9, 2021 44801
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FIGURE 7. Transient energy conversion inside a critical machine [TS-1,
bus-34, 0.219 s]. (a) System trajectory. (b) IMTE. (c) IMPE. (d) IMKE.

reachmaxima at 0.499 s and 0.420 s, respectively. In addition,
IMKE5 and IMKE4 reach a minimum at the corresponding
IMPP because the IMTE of each machine remains conserved
after fault clearing.

B. THE PROBLEM OF THE STABILITY CHARACTERIZATION
USING IMPE
In fact, if the system operator observes only the variation
in the IMPE along the time horizon, one problem is that he
cannot confirmwhether the IMPP in the IMPE curve is a DSP
or DLP. In particular, for the case in Fig. 7 (c), IMPE5 may
reach a maximum at IMPP5, and then the machine becomes
unstable. However, IMPE4 may also reach a maximum at
IMPP4 while the machine remains stable. This result indi-
cates that the stability of the machine cannot be evaluated

FIGURE 8. Kimbark curve of Machine 5 [TS-1, bus-34, 0.219 s].

only through the variation in IMPE. In contrast, a DSP or
DLP can be clearly identified from the Kimbark curve of the
machine [24].

From the analysis above, the key feature for identifying
the stability of a critical machine should be the occurrence
of the minimum IMKE rather than the maximum IMPE at
the IMPP, as shown in Fig. 7 (d). In particular, the minimum
IMKE of Machine 4, i.e., IMKE4 at IMPP4, is strictly zero,
which indicates that IMKE4 at the fault clearing point is fully
absorbed inside Machine 4, and thus, the machine maintains
stable in the first swing. Comparatively, the minimum IMKE
of Machine 5, i.e., IMKE5 at IMPP5, is positive, which
reveals that IMKE5 at the fault clearing point cannot be fully
absorbed inside Machine 5. Furthermore, this slight IMKE5
at IMPP5 finally causesMachine 5 to become unstable, which
further causes the system to become unstable.

From the analysis above, the minimum IMKE of a critical
machine that occurs at the IMPP shows a dominant effect on
the stability of a critical machine. In this paper, we define the
minimum IMKE of a critical machine that occurs at the IMPP
as the ‘‘residual IMKE’’. Residual IMKE can be considered a
key factor for identifying the stability of the critical machine
in the transient energy form.

In the following sections, the concept of IMTE will be
analyzed with the assistance of IMEAC. This analysis may
help readers essentially understand the mechanism of the
transient energy conversion of an individual machine using
previous IMEAC works [24], [25].

IV. STABILITY CHARACTERIZATION OF A CRITICAL
MACHINE
A. STABILITY CHARACTERIZATION OF AN UNSTABLE
CRITICAL MACHINE
1) STABILITY CHARACTERIZATION IN THE KIMBARK CURVE
FORM
Based on numerous simulations, the representative Kimbark
curve of a critical machine becoming unstable is shown
in Fig. 8. The corresponding system trajectory is already
shown in Fig. 7 (a). Machine 5 becomes unstable in
this case.

44802 VOLUME 9, 2021
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FIGURE 9. Transient energy conversion inside Machine 5 [TS-1, bus-34,
0.219 s].

From Fig. 8, for the unstable critical machine case, the
critical machine first accelerates from P1 to P2 during the
fault-on period and then decelerates fromP2 to P3 (DLP) after
the fault is cleared. After that, the critical machine accelerates
again at the DLP and then becomes unstable. Therefore,
the unstable case of the critical machine can be characterized
by the occurrence of the DLP with fi of the machine being
zero:

ω̃i 6= 0, fi = 0 (10)

Following IMEAC, the stability characterization of an
unstable critical machine can be expressed as

AACCi > ADECi (11)

2) STABILITY CHARACTERIZATION IN THE TRANSIENT
ENERGY FORM
We illustrate the above procedure from the transient energy
angle. The conversion between IMKE and IMTE of an unsta-
ble critical machine is shown in Fig. 9.

From Fig. 9, once a fault occurs, the machine is disturbed
by an ‘‘external force’’, and thus, the IMTE starts increasing.
At the fault clearing point, the IMTE can be expressed as

V c
i = V c

KEi + V
c
PEi =

1
2
Miω̃

c2
i +

∫ θci

θ si

[
−f (PF)i

]
dθi (12)

In Eq. (12), the first term (V c
KEi) can be considered the accu-

mulated disturbed energy during the entire fault-on period.
Once the fault is cleared, the IMTE becomes conserved. The
IMKE continues to decrease until it reaches a minimum at
the IMPP of the machine. In addition, the IMPE increases to
the maximum at the IMPP. The IMTE at the IMPP can be
depicted as

VDLP
i =VDLP

KEi + V
DLP
PEi =

1
2
Miω̃

DLP2
i +

∫ θDLPi

θ si

[
−f (PF)i

]
dθi

(13)

During the ensuing transient of the postfault period,
the increase in the IMPE from the fault clearing point to
IMPP5 is

1VPEi =
∫ θDLPi

θ si

[
−f (PF)i

]
dθi −

∫ θci

θ si

[
−f (PF)i

]
dθi

=

∫ θDLPi

θci

[
−f (PF)i

]
dθi (14)

FIGURE 10. Simulations of the fault [TS-1, bus-34, 0.180 s]. (a) Kimbark
curve of Machine 5. (b) System trajectory.

In Eq. (14), 1VPEi reflects the amount of the IMKE that
converts to IMPE from the fault clearing point to the IMPP
of the machine.

Because V c
i is equal to VDLP

i following Theorem 1, using
Eqs. (12-14), the residual IMKE at the IMPP of an unstable
critical machine can be depicted as

VDLP
KEi = V c

KEi −1VPEi (15)

From Eq. (15), if the amount of IMKE at the fault clear-
ing point cannot fully convert to IMPE, the residual IMKE
(VDLP

KEi ) will occur at the IMPP of the machine. VDLP
KEi can

be considered the key factor that forces a critical machine to
become unstable.

B. STABILITY CHARACTERIZATION OF A STABLE CRITICAL
MACHINE
1) STABILITY CHARACTERIZATION IN THE KIMBARK CURVE
FORM
The representative Kimbark curve of a critical machine main-
taining stable is shown in Fig. 10 (a). The corresponding
system trajectory is shown in Fig. 10 (b).Machine 5maintains
stable in this case.

For the stable critical machine case, a critical machine
first accelerates from P1 to P2 during the fault-on period and
then decelerates. In contrast to the unstable critical machine
case, the velocity of the machine reaches zero at P3 (DSP).
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FIGURE 11. Transient energy conversion inside Machine 5 [TS-1, bus-34,
0.180 s].

In this way, the machine will not separate from the system and
will remain stable. Therefore, the stable case of the critical
machine can be characterized by the occurrence of the DSP
with the velocity of the machine being equal to zero:

ω̃i = 0, fi 6= 0 (16)

Following the IMEAC, the stability characterization of a
stable or a critically stable critical machine can be expressed
as

AACCi = ADECi (17)

2) STABILITY CHARACTERIZATION IN THE TRANSIENT
ENERGY FORM
Here, we illustrate the stable case above from the transient
energy angle. The conversion between IMKE and IMTE of
an unstable critical machine is shown in Fig. 11.

Once the fault is cleared, the IMTE of the machine
becomes conserved, as shown in Fig. 11. The IMKE contin-
ues to decrease until it reaches a minimum at the IMPP of the
machine. In addition, the IMPE increases to the maximum at
the IMPP.

From the analysis above, the conversion between IMKE
and IMPE of a stable critical machine is quite similar to that
of an unstable critical machine. However, the key difference
is that the residual IMKE of a stable critical machine (VDSP

KEi )
is strictly zero. The analysis is given below.

The IMTE at the IMPP with zero IMKE is depicted as

VDSP
i = VDSP

PEi =

∫ θDSPi

θ si

[
−f (PF)i

]
dθi (18)

The increase in the IMPE from the fault clearing point to
the IMPP can be described as

1VPEi =
∫ θDSPi

θ si

[
−f (PF)i

]
dθi −

∫ θci

θ si

[
−f (PF)i

]
dθi

=

∫ θDSPi

θci

[
−f (PF)i

]
dθi (19)

Following Theorem 1, the residual IMKE at the IMPP can
be depicted as

VDSP
KEi = V c

KEi −1VPEi = 0 (20)

From Eq. (20), the IMKE fully converts to the IMPE at the
IMPP because the residual IMKE of a stable critical machine

is strictly zero (including the critically stable case), as shown
in Fig. 11. Under this circumstance, a zero residual IMKE
(VDSP

KEi ) can be considered the key factor that maintains critical
machine stable.

C. STABILITY CHARACTERIZATION OF A CRITICAL
MACHINE USING RESIDUAL IMKE
Following the analysis in Sections A and B, the residual
IMKE can be given in a more general form:

V RE
KEi = V c

KEi −1VPEi (21)

where

V c
KEi =

1
2
Miω̃

c2
i

1VPEi =
∫ θ IMPPi

θ si

[
−f (PF)i

]
dθi −

∫ θci

θ si

[
−f (PF)i

]
dθi

=

∫ θ IMPPi

θci

[
−f (PF)i

]
dθi

In Eq. (21), V RE
KEi is the residual IMKE at the IMPP of the

machine. The critical machine becomes unstable if V RE
KEi is

positive at the IMPP (the IMPP would be the DLP). The criti-
cal machine remains stable if V RE

KEi is strictly zero at the IMPP
(the IMPP would be the DSP). Therefore, the occurrence of
the residual IMKE at the IMPP can essentially be used as the
stability characterization of the critical machine.

From the analysis above, the stability characterization of a
critical machine in the transient energy form can be described
as follows:

(i)A critical machine becomes unstable if its residual IMKE
occurs at the IMPP.
(ii) A critical machine remains stable if its residual IMKE

is strictly zero at the IMPP.
Statements (i) and (ii) indicate that the stability character-

ization of the critical machine does not require any KE or
PE corrections, which are normally required in conventional
global methods [1], [2]. This difference is because the tran-
sient energy conversion of a critical machine strictly follows
the EAC characteristics. A detailed analysis is given in the
case study.

The fundamental definitions and the characteristics of the
IMTE have been analyzed in the above sections. In the
following section, the correlations between the IMTE and
IMTR, and the equivalence between the IMTE and IMEAC
will be analyzed. This analysis may essentially clarify the
physical nature of the IMKE and further provide redefinitions
of the unity principle in a transient energy manner.

V. PHYSICAL NATURE OF IMTE
1) MAPPING BETWEEN IMTE AND IMTR
In general, the transient stability of the system should be
explicitly expressed as the transient stability of the ‘‘system
trajectory’’. In the COI-SYS reference, the IMTR of a crit-
ical machine is used to measure the stability of the system
trajectory. The system becomes unstable once one or more
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FIGURE 12. Kimbark curve and IMTR of unstable Machine 5 [TS-1, bus-34,
0.219 s] (a) Kimbark curve of Machine 5. (b) IMTR5.

IMTRs of critical machines infinitize with time, as analyzed
in Ref. [24].

If we retrospectively consider the IMEAC method [24],
its key idea is to evaluate the stability of the IMTR of the
critical machine through the Kimbark curve of the machine.
During the postfault period, once the Kimbark curve of a
critical machine goes through the DLP, the machine acceler-
ates again, as shown in Fig. 12 (a). Under this circumstance,
the velocity of the machine becomes ‘‘infinite’’, and it can be
denoted as ∣∣ω̃i,t ∣∣ = +∞, t = +∞ (22)

The infinity of ω̃i may directly cause the infinity of θi

∣∣θi,t ∣∣ = ∣∣∣∣∫ t

t0
ω̃idt

∣∣∣∣ = +∞ t = +∞ (23)

We name the Kimbark curve beneath the DLP the ‘‘insta-
bility abyss of the critical machine’’. Falling into the insta-
bility abyss is a unique characteristic of a critical machine
becoming unstable because this result never occurs for stable
critical machines or a noncritical machine.

If we describe the phenomenon above from the transient
energy angle, the infinity of ω̃i,t along the time horizon
indicates the following:

VKEi,t = +∞, VPEi,t = −∞, t = +∞ (24)

FIGURE 13. Infinity of the IMKE5 [TS-1, bus-34, 0.219 s].

FIGURE 14. 3DKE of a stable critical machine in a multimachine system
[TS-1, bus-34, 0.180 s]. (P1: prefault point; P2: fault-clearing point; P3:
DSP5).

In Eq. (24), the negative infinity of the IMPE is caused by
the conservation of the IMTE after fault clearing. The IMKE
becoming infinite along the time horizon is shown in Fig. 13.

From Figs. 12 and 13, the infinity of the IMTR strongly
correlates to the positive infinity of the IMKE (and also the
negative infinity of the IMPE). Briefly, one can conclude the
following.
For the unstable critical machine, the IMTR of the machine

becomes infinite, and the IMKE of the machine becomes
positive infinite along the time horizon.
For the stable critical machine, the IMTR of the machine is

bounded, and the IMKE of the machine is bounded along the
time horizon.

Extended from the 3DKC as given in Section II,
a 3-dimensional IMKE (3DKE) in t-θi-VKEi space is estab-
lished to describe the mapping between the IMKE and IMTR.
Using the parameters from the actual simulatedmultimachine
system trajectory, the 3DKE of a stable critical machine is
shown in Fig. 14.

In Fig. 14, the IMTR curve and the IMKE curve can be
considered the mapping of the 3DKE of the machine in t-θi
space and t-VKEi space, respectively. Therefore, the stability
analysis of the IMTR of the machine can be transferred from
t-θi space to t-VKEi space using the occurrence of the residual
IMKE. In particular, if the residual IMKE occurs in t-VKEi
space, the critical machine accelerates, and thus, the IMTR
of the machine in t-θi space becomes unstable. If the residual
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IMKE is strictly zero in t-VKEi space, the critical machine
remains stable.

From the analysis above, the IMKE in t-VKEi space and the
IMEAC in θi-fi space depict the same problem, i.e., the tra-
jectory stability of the IMTR of the critical machine in t-θi
space.

In the following paper, the relationship between IMTR
and IMPE will be re-analyzed by using a novel concept,
i.e., the fictional ‘‘ruler IMTR’’ and also the ‘‘constant-θi
angle surface’’ in the angle space.

2) EQUIVALENCE BETWEEN IMTE AND IMEAC
From the analysis in Section IV, one finds that the transient
energy conversion inside a critical machine is quite similar
to the IMEAC characteristic of the machine. In this section,
we use the case of an unstable critical machine to reveal the
equivalence between IMTE and the IMEAC.

For an unstable critical machine, the acceleration area from
the prefault point to the fault clearing point can be depicted
as [24]

AACCi =
∫ θci

θ si

f (F)i dθi =
∫ ω̃ci

ω̃si

Miω̃idω̃i =
1
2
Miω̃

c2
i (25)

The deceleration area can be expressed as

ADECi =
∫ θDLPi

θci

[
−f (PF)i

]
dθi

=

∫ θDLPi

θ si

[
−f (PF)i

]
dθi −

∫ θci

θ si

[
−f (PF)i

]
dθi (26)

Based on Eqs. (12-14) in Section IV, we have{
AACCi = V c

KEi

ADECi = 1VPEi
(27)

Therefore, the residual IMKE in Eq. (21) can also be
expressed in an EAC form:

V RE
KEi = AACCi − ADECi (28)

The relationship between IMTE and the IMEAC of a crit-
ical machine is shown in Fig. 15. The Kimbark curve of
Machine 5 is already shown in Fig. 8.

From the analysis above, observing the transient energy
conversion of the machine can be considered analyzing the
EAC of the machine along the time horizon. In addition,
although V RE

KEi was originally defined in the transient energy
form, the residual IMKE is fully identical to the difference
between the ‘‘acceleration area’’ and the ‘‘deceleration area’’
of the machine. In fact, the strict EAC characteristic of a
critical machine fully indicates that the transient energy anal-
ysis of a critical machine does not rely on any KE or PE
corrections, as in Refs. [1], [2].

3) REDEFINITIONS OF THE UNITY PRINCIPLE FROM THE
TRANSIENT ENERGY ANGLE
The equivalence between IMTE and the IMEAC reveals that
IMTE can also be used to measure the trajectory stability of

FIGURE 15. Equivalence between IMTE and the IMEAC of Machine 5
[TS-1, bus-34, 0.219 s].

the IMTR of the machine. Similar to the use of the IMEAC
in TSA, the physical nature of IMTE can be given as
Individual-machine transient energy conversion reflects

the stability of the individual-machine trajectory.
Based on this statement, the trajectory-based unity prin-

ciple [24]–[26], as given in Section II, can be redescribed
in a transient energy manner. The redefinitions of the unity
principle are given as follows:

(i) The system can be considered remaining stable if the
residual IMKE of each critical machine is strictly zero at its
IMPP.
(ii) The system can be considered becoming unstable as

long as the residual IMKE of any critical machine occurs at
its IMPP.

From the redefinitions above, it is the energy conversion
inside an unstable critical machine that finally determines
the instability of the system. Specifically, once the fault
is cleared, IMKE and IMPE convert inside each critical
machine. If the residual IMKE occurs in a critical machine,
the machine becomes unstable and further causes the system
to become unstable. Comparatively, if the residual IMKE
of every critical machine is strictly zero, then each critical
machine is stable, ensuring that the system remains stable.
This condition essentially provides a departure from the
superimposed global transient energy view [3].

VI. CASE STUDY
A. A TUTORIAL EXAMPLE
The case [TS-1, bus-2, 0.430 s] in Ref. [24] is first considered
in the present case study. In this case, Machines 8, 9 and 1 are
critical machines. Machines 8 and 9 become unstable, while
Machine 1 remains stable. The simulated system trajectory is
shown in Fig. 16. The profiles of transient energy of the three
critical machines are shown in Figs. 17 (a-c). The Kimbark
curves of these critical machines are already shown in Fig. 6.

As shown in Fig. 17, transient energy conversion occurs
inside each critical machine after fault clearing because
the IMTE of each critical machine remains conserved.
The IMTEs of critical machines are much higher than
those of non-critical machines because critical machines are
severely disturbed by faults. The residual IMKE9 and residual
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FIGURE 16. Stability characterizations of the multimachine system in transient energy form [TS-1,
bus-34, 0.430 s].

FIGURE 17. Stability characterizations of the multimachine system in
transient energy form [TS-1, bus-34, 0.430 s]. (a) IMTE. (b) IMKE. (c) IMPE.

IMKE8 are 0.793 p.u. and 0.003 p.u., respectively. In the
case of Machine 9, IMKE9 at the fault clearing point can-
not be fully absorbed, which causes the machine to become
unstable. Furthermore, the instability of Machine 9 causes
the instability of the system following the unity principle.
This view is entirely different from the global transient energy
angle. In the case of Machine 8, the extremely slight amount
of the IMKE8 (0.003 p.u.) could cause themachine to become
unstable.

TABLE 1. Residual IMKE of each critical machine.

Compared with the unstable critical machine case,
the residual IMKE1 is strictly zero at DSP1. This result
indicates that all the IMKE1 at fault clearing is absorbed by
the machine at DSP1, and this full absorption ensures that the
machinemaintains stability. In addition, IMTE1 is higher than
that of Machines 8 and 9, although Machine 1 is stable. The
reason is that Machine 1 has a much larger inertia than the
other two unstable critical machines. However, because
the machine remains stable, IMKE1 and IMPE1 are bounded
and never become infinite with time.

The simulations above fully demonstrate that the residual
IMKE is the key factor in characterizing the stability of the
critical machine. In addition, energy conversion does not
occur among any machines in the system during the entire
postfault period because the IMTE of each machine remains
conserved throughout this period.

B. VARIATION IN THE IMPP WITH THE DURATION OF THE
DISTURBANCE
A simulation case is provided to demonstrate the variation
in the IMPP with the change in fault duration. The fault is
set as [TS-1, bus-34]. The critical-fault-clearing time (CCT)
is 0.201 s. tc ranges from 0.050 s to 0.300 s. The simulation
step is set as 0.001 s. Machine 5 is the critical machine in each
case.

The variation in the IMPP under different tc conditions is
shown in Fig. 18. The residual IMKE5 with different tc is
shown in Table 2.

From Table 2, with the increase in fault clearing time,
the state of Machine 5 changes from maintaining stable to
becoming unstable. The IMPP5 also changes from the DSP to
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FIGURE 18. Variation in IMPP5 with the duration of the disturbance.
(a) IMTR5. (b) IMPE5. (c) IMKE5.

TABLE 2. Residual IMKE with different fault clearing times.

the DLP. V c
KE5 increases with tc. Comparatively, 1VPE5 first

increases and then decreases with increasing tc. The resid-
ual IMKE5 first remains zero when the machine maintains
stable or critically stable, and then increases with tc when
the machine becomes unstable. The increase in the residual
IMKE5 also indicates that the machine is disturbed more
severely with increasing tc.

C. CLARIFICATION OF THE CONJECTURE IN AN EARLY
INDIVIDUAL-MACHINE STUDY
In an early individual-machine study [7], it was conjectured
that ‘‘this maximum value of the potential energy (maximum
IMPE) along the post-fault trajectory of a given machine is
essentially independent of the duration of the disturbance’’.
From numerous simulations, we state that the maximum
IMPE of a critical machine indeed varies slightly with the
duration of the disturbance in most cases. However, it may
vary significantly in a few cases. That is, the early individual-
machine method, which uses the maximum IMPE along the
sustained fault trajectory to replace the real maximum IMPE
along the actual simulated system trajectory, might fail in
certain simulation cases.

Case [TS-1, bus-15] is used to demonstrate a special situ-
ation. tc is set as 0.495 s, 0.515 s, 0.535 s, 0.550 s, 0.600 s
and 0.650 s in series. The CCT is 0.495 s. Machines 7 and
5 become unstable in each tc. The variance of IMPE7 and
that of IMPE5 along the time horizon are shown in Figs. 19
(a) and (b), respectively.

From Fig. 19 (a), the maximum IMPE7 when tc is 0.650 s
increases by only 5.2% over that of the critically stable
case (tcr = 0.495 s). Therefore, the maximum IMPE7
varies slightly with increasing tc. However, the maximum
IMPE5 when tc is 0.650 s decreases by approximately
93.2% compared with that of the critically stable case.
These results reveal that the maximum IMPE of a critical
machine might also vary ‘‘significantly’’ with increasing tc.
Therefore, to ensure the precision of the stability evalua-
tion, the computation of the maximum IMPE of a critical
machine should be based on the actual simulated system tra-
jectory rather than the sustained fault trajectory, as proposed
in Ref. [7].

D. CRITICAL TRANSIENT ENERGY OF THE SYSTEM
Following the analysis in Ref. [25], from an individual-
machine angle, the critical stability of the most severely dis-
turbedmachine (MDM) determines the critical stability of the
system. Therefore, the transient energy conversion inside the
MDM plays the key role in maintaining the critical stability
of the system.

A critical-stable simulation case is given below. Machine
5 is also the MDM in this case [25]. The CCT is 0.215 s. The
critically stable and critically unstable system trajectories are
shown in Figs. 20 (a) and (b), respectively.

From Fig. 20, the comparison between the critically stable
case and the critically unstable case, shows that the infinity of
IMTR5 finally causes the separation of the system. Neither
IMTR4 nor IMTR1 can cause the critical instability of the
system because they are bounded by time. Following the unity
principle, the critical stability of the system is completely
decided by the critical stability of Machine 5, i.e., the MDM
in this case [25].

The variation in the IMTR above can be precisely
described using transient energy conversion insideMachine 5,
i.e., the MDM in this case. The energy conversion inside
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FIGURE 19. Variation in the maximum IMPE with the duration of the
disturbance. (a) IMPE7. (b) IMPE5.

critical-stableMachine 5 is shown in Fig. 21. The correspond-
ing transient energy of Machine 5 from critical stability to
critical instability is shown in Table 3.

Fig. 21 and Table 3 clearly show that the residual IMKE5
can be used as the stability characterization of the criti-
cal stability of the machine. For the critically stable case,
IMKE5 at the fault clearing point completely converts to
IMPE5 at CDSP5 with zero-residual IMKE5. Under this
circumstance, the critical stability of Machine 5 maintains
the critical stability of the system. Comparatively, through
the very slight increase in the duration of the disturbance
(from 0.215 s to 0.216 s), IMKE5 at the fault clearing
point slightly increases, while IMPE5 at CDLP5 slightly
decreases. Under this circumstance, a very low residual
IMKE5 (0.0006 p.u.) occurs at CDLP5 and causes Machine
5 to become critically unstable. Furthermore, the critical
instability of Machine 5 causes the critical instability of the
system.

From the analysis above, the critical stability of the system
is fully decided by the energy conversion inside Machine 5,

FIGURE 20. System trajectory. (a) Critically stable case [TS-1, bus-19,
0.215 s]. (b) Critically unstable case [TS-1, bus-19, 0.216 s].

FIGURE 21. Transient energy conversion inside critical-stable Machine 5
[TS-1, bus-19, 0.215 s].

TABLE 3. IMPE5 and IMKE5 at IMPP5.

i.e., the MDM in this case. Therefore, from the transient
energy angle, the critical transient energy of the system
should be defined as the critical transient energy of theMDM.
The critical energy point of the entire system should also be
defined as the CDSP of MDM.
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FIGURE 22. Global residual KE at GMPP. (a) System trajectory [TS-1,
bus-34, 0.202 s]. (b) GPE and IMPE.

E. ANALYZING RESIDUAL GLOBAL KE FROM AN
INDIVIDUAL MACHINE ANGLE
A comparison between conventional superimposed global
transient energy and IMTE is provided. In this case,
Machines 4, 5 and 1 are critical machines, and Machine
5 becomes unstable. The system trajectory is shown
in Fig. 22 (a). The IMPP of each critical machine and global
MPP (GMPP) are shown in Fig. 22 (b). In this case, the global
transient energy (GTE) is defined as the ‘‘superimposition’’
of IMTEs of all machines in the system [1]. GTE is computed
using the actual simulated system trajectory rather than the
fictional linear system trajectory.

1) INDIVIDUAL-MACHINE ANGLE
From an individual-machine angle, Machine 5 reaches DLP5
with residual IMKE5 (0.0154 p.u.), and this slight amount
of residual IMKE5 causes the machine to become unstable.
The instability of Machine 5 further causes the instability of
the system. Comparatively, Machines 4 and 1 remain stable
at DSP4 and DSP1 with zero residual IMKE, respectively.
Note that DLP5, DSP4 andDSP1 are quite clear for describing
the stability of the IMTR of each critical machine, as shown
in Fig. 22 (a). In this case, it is the conversion between
IMKE5 and IMPE5 that finally causes the system to become
unstable.

2) SUPERIMPOSED GTE ANGLE
Compared with the individual-machine view, global analysts
believe that the critical transient energy of the system should
be defined as the maximum global PE (GPE) that occurs at
GMPP when the system becomes unstable. From Fig. 22 (b),
one can find that GMPP occurs among IMPPs of critical
machines in the system. In fact, this phenomenon is not a
coincidence because the IMPE of a critical machine has a
dominant effect on the amount of GPE. Moreover, the resid-
ual global KE (GKE) at GMPP is always positive regardless
of whether the system remains stable. The reason is that the
velocities of all the machines cannot reach zero simultane-
ously at GMPP. Therefore, the residual GKE cannot be used
as the stability characterization of the system. In addition, one
can find that the system trajectory cannot show distinctive
features at GMPP because none of the IMTRs of the critical
machine reaches its inflection point at GMPP, as in Fig. 22 (a).
Specifically, when GMPP occurs, Machine 5 is still deceler-
ating in its first swing, while Machines 4 and 1 have already
fallen in the second swing for a while.

F. BRIEF DISCUSSION OF THE KIMBARK CURVE AND
TRANSIENT ENERGY IN TSA
Compared with the EAC, transient energy is rarely used
in TSA. This opinion is also widely accepted in transient
stability analysis. The reasons are given below.

(i) The Kimbark curve is depicted in a visible figure
manner using areas.

(ii) The stability of the machine can be evaluated through
the occurrence of the DLP even though the EAC cannot hold
in TSA.

For (i), obtaining the stability margin by using visible areas
in the Kimbark curve is more flexible than computing the
IMKE and IMPE of the machine (too many variables can
be found in the individual-machine transient energy con-
version). For (ii), under the simulation environment with a
complicated, high-order generator model with excitations,
the transient energy might fail to remain conserved after
fault clearing, and thus, the residual IMKE cannot be used to
identify the stability of the machine. Comparatively, although
the EAC might also fail because of the complexity of the
generator model (the acceleration area is even smaller than
the deceleration area), the stability of the machine can still be
clearly evaluated through the occurrence of the DLP under
this circumstance.

VII. CONCLUSION
The following conclusions can be drawn through the analysis
in this paper:

(i) The stability of a critical machine can be characterized
through the occurrence of the residual IMKE at the IMPP of
the machine.

(ii) The occurrence of residual IMKE of a critical machine
in t-VKEi space is identical to the IMTRof the critical machine
becoming unstable in t-θi space.
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(iii) The computation of the maximum IMPE of a critical
machine should be based on the actual simulated system tra-
jectory because the maximum IMPE may vary significantly
with the duration of the disturbance in some simulation cases.

(iv) The critical transient energy of the system should be
defined as the critical transient energy of the MDM.

(v) The IMTE approach describes the key characteristics
of the system trajectory more effectively than GTE.

In fact, transient energy can be seen as the reflection
of the Newtonian mechanics in the power system transient
stability. Using transient energy, the transient characteristic
of the multi-machine system can be visually depicted as a
ball rolling on the energy basin. In the companion paper,
the well-known potential energy surface will be completely
redefined in an individual-machine manner. This work may
further validate the feasibility of the IMEAC method in TSA.
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