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ABSTRACT

POWER SYSTEM SECURITY ASSESSMENT FOR
FAULTS USING DIRECT METHODS
By
Ahmad Sadeghi Yazdankhah

Power system operators and planners have long desired to be
able to simulate the transients due to electrical faults on-line and
without the extensive computation and time required to solve the non-
linear system differential equations. Extensive research has been
devoted to developing Lyapunov methods that would eliminate the com-
putation and thus permit (a) on-line assessment of stability by
operators and (b) much more extensive evaluation of the security of
the system for different faults by system planners.

The Lyapunov methods for assessing the stability of power system
for a particular fault have been unable to predict whether the system
will or will not be stable. Moreover, the procedures developed for
eliminating the need to solve the system differential equations require
either approximately the same computation as the solution of the dif-
ferential equations themselves or are not accurate.

Two algorithms have recently been proposed for assessing the
stability by (a) identifying a critical machine that determines whether

the system will be stable and (b) determining whether the deceleration
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energy of the transmission network is sufficient to maintain stability
for the particular fault and clearing time. The first contribution

of this thesis is to show that these two algorithms are extremely
accurate and can easily identify the critical fault clearing time at
which the system Jjust loses stability. Moreover, both methods were
shown to predict identical fault clearing times.

The second contribution is to develop an accurate method of f
directly predicting the maximum angular deviation during the transient '
for a particular fault, fault clearing time, and operating condition.

This prediction of peak angular deviation is required to determine
whether the system is stable or unstable using the above algorithms.
The computation required for this angular prediction and thus the
resulting direct stability assessment method is shown to be extremely
small and less than one-hundredth of that required for solution of
the differential equations. The accuracy of the direct stability
assessment method using the peak angle prediction method is shown to
be quite good based on the extensive computational results on the

Reduced Iowa System.
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CHAPTER 1

POWER SYSTEM STABILITY

1.1. Introduction

Since the industrial revolution,man's demand for and consump-
tion of energy has increased steadily. A major portion of the energy
needs of a modern society is supplied in the form of electrical
energy. |

The ever-increasing dependence of societies on electrical
energy requires not only the production of a continuous electric
supply but also energy within acceptable quality limits. Very complex
power systems have been built to satisfy this increasing demand.

The trend in electric power production is toward an interconnected
network of transmission lines linking generators and loads into
large integrated systems.

In the interconnected power system, the ability to provide
reliable and uninterrupted srevice to the loads is the main concern
for both planning and operating engineers in their decision making.
In practical terms this means that both voltage and frequency must
be held within close tolerances so that the consumer's equipment may
Operate satisfactorily. The concept of stability arises when the
Power system is subjected to the occurrence of a disturbance. If

the disturbance does not involve any net change in power, the power
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system variables, such as the rotor angles, powers, etc., undergo a
small deviation from their nominal value and then return very shortly
to their original state. If an unbalance between the supply and
demand is created by a change in load, in generation, or in network
conditions, a transition from one operating state to another results.
The behavior of the system response to occurrence of a large dis-
turbance (electrical fault, loss of a generator, etc.) is called

the transient stability analysis of the power system. During this

state transition some of the severely disturbed generators will
"swing" far enough from their equilibrium positions to lose synchronism
in the process. Usually the severe disturbance under which transient
stability is tested is a short circuit in the high-voltage trans-
mission network. In power system terminology this is referred to as
a fault.

When a fault occurs, certain generators which are electrically
close to the fault location are disturbed to a greater extent than
the other generators which are remote from the fault. These generators
tend to accelerate or decelerate, depending on the nature of the
fault, from the rest of the generators in the system. If the fault
lasts long enough, eventually one machine or a group of machines
separates from the rest of the system, causing instability (loss of
Synchronism). However, the power network is equipped with automatic
devices that sense the existence of the faults in the network and
Tnitiate action to "clear" the fault, j.e., isolate the faulted

Section of the network. A matter of great practical importance,

therefore, is that the time required to clear the fault should be







less than the duration of the fault that would create a disturbance
large enough to cause one or more machines to lose synchronism.

This is the so-called "critical clearing time (t..), commonly used
in the literature on transient stability of power systems. This

term is often quoted by researchers on power system transient stability
by direct mechods as a figure of merit to be used (a) to compare
results obtained by time simulation with those obtained by direct
methods, and (b) to determine how "robust" a power network may be

as it is subjected to disturbance. (The state vector, evaluated at
the critical clearing time, provides a means of estimating the region
of attraction of the post-fault systems.)

The most widely used transient stability analysis is obtained
by the time solution of the machine's rotor angles. Then, based on
the observation of the swing curves and engineering judgment, the
stability or instability of the power system is decided. However,
there are some disadvantages of this technique such as:

(1) sStability (or instability) depends on network configura-
tion and the type of disturbance

(2) The computation is cumbersome and time consuming for a
large system.

The drawbacks of the time solution and the need for fast, com-
Putationally efficient and approximate transient stability analysis

made researchers inquire into an alternative approach. As a result,

the concept of direct methods of stability was pursued. From the

early stages of development, the direct methods of Lyapunov and the
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energy function analysis showed promise of assessing transient
stability rapidly without the computation required to integrate the
many system differential equations even though the method remained
far from implementation. The use of such a method for contingency
analys%s in expansion planning, operation planning, and on-line
operation was exciting. It is clear, however, that such approxima-
tion methods would never replace time solution for accurate stability
assessment.

The historical development of the direct methods for transient
stability in this area is divided into the following distinct but
continuous phases.

(1) The work of Magnusson in 1947 [30] considers a classical
model representation of the power system. In this representation
the transfer conductance is omitted and an energy function for the
system is evaluated. Then the critical energy, by which the region
of stability is identified, is determined by the energy of the lowest

saddle point, Vls‘ The work of Aylett [31] is devoted to finding an

energy integral. The kinetic (KE) and potential (PE) components of
enerqgy are identified and the stability of the power system is decided

by determining whether KE < PE.
(2) The work in phase (1), although outstanding in the elabora-

tion of the concept, was far from implementation. The main issues

remaining were
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(a) to resolve the difficulty in obtaining all singular
points,

(b) to be able to identify the correct singular point,

(c) to be able to include the transfer conductances in
the model, and

(d) to identify the critical value of energy which if
exceeded would result in loss of stability.

The work of E1-Abiad et al. [32] and Prabhakara et al. [33]
was devoted to finding the appropriate saddle points and hence the
critical energy. The work of Uyemura et al. [34] was devoted to
approximating the transfer conductance term, while Smith and Tavora
[35] initiated the first work toward considering the critical energy
which was related to the faulted trajectory.

(3) The work in references [4, 9] in the development of the
Potential Energy Boundary Surface (PEBS) and [13, 14, 28] in the
development of energy accounting using the transient energy function
mark the latest advances of algorithms for direct assessment of
transient stability. A main point of this work is that the critical
energy evaluated is directly related to the fault trajectory and
hence a larger region of stability is obtained. The work in this
Phase will be discussed in detail in Chapter 2.

However, in spite of these encouraging results, the work in
[29] showed that the true region of stability is identified by con-
Sideration of local kinetic and potential energy of an individual

Machine rather than global kinetic and potential energies of all






generators in the system. This investigation attempted to identify

the particular individual machine whose behavior dictates the stability
of the entire system. Furthermore, it was shown that the region of
stability obtained by the individual machine energy function concepts
is more accurate than total system energy function concepts.

In this research, it is believed that the efficiency and relia-
bility of algorithms for direct assessment of transient stability
using individual machine energy function could be improved by further
investigating the following concepts:

(1) development of a method for determining the accelerated
group and the critical generator without simulating the system for
the particular fault and analyzing the individual generator energy
function in time frame,

(2) testing of the Local Equal Area and Local Potential Enérgy
Boundary methods on several fault cases to show the extreme accuracy
and the ease in determining the critical clearing times when applied
to transient stability simulations of the faults,

(3) development of very fast and computationally efficient
algorithms for implementing the algorithms based on the Local Equal
Area Condition or Potential Energy Boundary Condition using individual
machine energy function without simulation of the system and thus
integration of the differential equations.

(4) extensive verification of the algorithms developed on a
test system and extensive fault cases to determine if there are spe-

cial cases for which these algorithms fail.
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To achieve the goals, the contents of Chapter 2 are devoted to
describing the behavior of the power system and the concept of tran-
sient stability analysis. The historical development of the direct
methods for transient stability assessment is revisited in further
detail. The concepts and algorithms based on potential energy bound-
ary surface [4, 9] and on equal area with global energy accounting
[13, 15, 28] are explained.

Chapter 3 proposes and justifies two hypotheses, (a) that the
stability of a group of machines and thus the system is dictated by
a region of stability for one machine in that group, and (b) that
this region of stability is reflected in the kinetic and potential
energy of this machine. The individual machine energy function is
then presented and shown to violate the conditions for it to be a
Lyapunov function. A PEBS algorithm [16] is then justified that
utilizes the maximum individual generator potential energy as a
function of time for a fault-on trajectory (tz >> tcc) as a critical
energy threshold for deciding whether the system is or is not stable.
This threshold energy value is compared with the maximum of the
individual generator potential energy as a function of time for some
t. s t: to decide retention or loss of stability. The second algorithm,
Equal Area Criterion (EAC), is then justified that utilizes the minimum
energy margin AE* = A1 + A2 as a function of time to decide retention
or loss of stability. A1 is the accelerating energy produced during
the fault period and A2 is the decelerating energy after the fault

is cleared of the individual generator with respect to the rest of






the generators in the system. This minimum value of energy differ-
ence should be less than zero if stability is to be retained for
any clearing time. Then the concepts of critical group, critical
generator, and critical boundary are also defined.

Chapter 4 presents two algorithms based on the kinetic and
potential energy conditions discussed above. Simulation results are
then presented that indicate these algorithms are extremely accurate
and hold significant promise for the development of both accurate
and computationally efficient procedures.

Chapter 5 proposes two fast and computationally efficient
algorithms (Fast PEBS and Fast EAC). Both algorithms are based on
the potential energy of the individual machine with respect to the
other generators in the system. Computation of this potential energy
requires calculation of the initial operating states, the final
operating states (peak values of generator rbtor angles), and the
post-fault network conditions. It is shown that this information
about the system state trajectory can be obtained by one of two tra-
jectory approximations, the Taylor series or Cosine series, to imple-
ment these algorithms without simulation. However, it is shown that
the first requires extensive computation and the second is in general
not sufficiently accurate.

Chapter 6 derives the Root Mean Square (RMS) coherency measure
for different disturbances (step, impulse, and pulse). A nonlinear
RMS coherency measure based on the critical unstable equilibrium

point is also derived. The impulse RMS coherency measure is then
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shown to predict the peak angle deviation of the generator for a

second order linear single machine infinite bus system model. As
last step a computational algorithm for the finite interval pulse
coherency measure is derived.

Chapter 7 applies the two fast algorithms (PEBS, EAC), dis-
cussed in Chapter 5, directly to the Reduced Iowa system. The
results of these applications for different fault cases are then
presented that indicate the algorithms are extremely accurate.

Finally in Chapter 8 the contribution of this investigation

and the avenues for further inquiry are considered.



CHAPTER 2

THEORETICAL DEVELOPMENT ON
POWER SYSTEM TRANSIENT STABILITY

2.1. The Dynamics of Power System During a Transient

When the power system is operating in normal state, all the
equality and inequality constraints are satisfied, all the generators
are operating at synchronous speed, and its dynamics are defined by

a nonlinear vector differential equation

X = F(X,P) (2.1)
where F(X,P) is the transient stability model of the power system,
and X and P are states and parameters of the system, respectively.
0f special interest in the analysis of the system (2.1) is the equi-
librium, which is the state of the system where the rate g is zero
and the system is "in balance." The most significant interpretation
attached to the equilibrium in a wide variety of application in
engineering is stability. Stability is commonly understood as a
situation where the system is in equilibrium, and if perturbed,
sl

returns in time to equilibrium. The equilibrium operating point X

(s.e.p.) of the system (2.1) is defined by

10
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Upon the occurrence of an electrical fault, the power system under-
goes two new phases [5]:
(1) during the fault, where the dynamic behavior of the power

system governed by
0<t«< tC (2.3)

(2) post-fault (after clearance of the fault); once the fault
is cleared, the system will assume a new configuration and thus its
behavior will be governed by another set of nonlinear differential

equations of the form

where tc is called the clearing time.

If, after the transition from the fault phase to the post-
fault phase, synchronism for all the generators in the system is
maintained, then transient stability results and the system trajec-

tory will converge toward a post-fault s.e.p.

EZ(XSZ’Epf) =0 (2.5)

If, after this transition, synchronism of all the generators
is lost, the trajectory will pass close to an unstable equilibrium

point (u.e.p.) that satisfies
EZ(X“,pr) =0 (2.6)

One of the basic problems of stability analysis is to find

(necessary and sufficient) conditions on the system parameters so
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that the convergence of solutions to a post fault s.e.p. takes place.
The most powerful method of solving such a problem is the Lyapunov
direct method [6]. The method answers questions of stability without
the explicit solution of the related differential equations, such

as (2.1).

The underlying idea of the Lyapunov method is to find a posi-
tive scalar function V(X) with the rate of change 9(5) negative for
every possible state X belonging to some region of stability R except
for a single equilibrium state 5* where V(x) attains its minimum
V(g*). Then the function V(X) will continuously decrease along the
solutions of the system until it assumes its minimum V(X*) and the
system reaches the equilibrium 5*.

As a candidate for Lyapunov's function V(X), the energy func-
tion of the power system will be chosen. The analysis of kinetic
and potential energy components at two different instants of time
has been used to conclude transient stability or instability of the
system. The next section is devoted to the transient stability
analysis from the energy point of view.

2.2. Correspondence of the Equal Area Criterion
and the Transient Energy Method

2.2.1. Introduction

Before the occurrence of the fault, the power system is operat-
ing at the nominal state (pre-fault s.e.p.) and the machine veloci-
ties with respect to a synchronous reference are zero. The fault

changes the network configuration of the system and the machine
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velocities will increase, thus increasing kinetic energy. Obviously,
the acceleration that increases kinetic energy also moves the

system from its pre-fault s.e.p. After the fault is removed, a new
network configuration results and the excess kinetic energy produced
during the fault period is distributed in the post-fault network
according to the network requirements. If the motion of the acceler-
ated generators with respect to the rest of the system's center of
inertia is reversed due to the kinetic energy distribution, then the
system converges toward the post-fault s.e.p. where again the machine
velocities are zero. If the motion of the accelerated generators
with respect to the center of inertia is not reversed, a loss of
stability occurs. The capability of the post-fault network for pro-
ducing restoring forces is measured by the potential energy of the
network elements.

The fransient energy function contains both kinetic and poten-
tial terms. The system kinetic energy, associated with the relative
motion of machine rotors, is independent of the network. The system
potential energy, associated with the potential energy of network
elements and machine rotors, is always defined for the post-fault
system, whose stability is to be analyzed. The principal idea of
the direct methods is that a system's transient stability can, for a
given contingency, be determined directly by comparing the total
system energy which is gained during the fault on period, with a

certain critical potential energy. For a two-machine system this

critical energy is uniquely defined and the direct analysis is

equivalent to the equal area criterion.
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The correspondence of the equal-area criterion and the transient
energy method for a two-machine system is illustrated for the equiva-
lent single machine infinite bus system in Figure 2.1. In this
figure the kinetic energy KE(GC) = A1 gained during the fault-on
period (using equation (2.3))

sC

V(8€) = KE(8®) = f Fl(X,Pf)dX
651

is compared to the critical potential energy PE(sC,s") = A, (using
equation (2.4))

s! f

V(sY,6%) = PE(s%,6") = [ FZ(X’PD‘)dX

5C
For A2 = PE(8Y,5°) > KE(5C) = Al’ the system remains stable and for
Ry = PE(G“,GC) < KE(8°) = Al, the system loses stability.

For a system with three or more machines, the direct analysis
becomes more difficult. In this case the critical energy is not
uniquely defined and its determination becomes the key step in the
analysis. According to the Lyapunov-based theorem [7], the critical
energy is chosen to be the potential energy at the unstable equilib-
rium point. This unstable equilibrium point is called the lowest
saddle point [10]. This critical energy frequently yields results

that are very conservative, especially for large systems.
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PREFAULT c
POSTFAULT
/Az
g
‘(,FAULTED
6sl 652 sC gy
Point 0: prefault operating point; § = 651, t =t
Point a: electrical power at t = t;, § = 651
Point b: electrical power at t = t;, 5 = &€
Point c: electrical power at t = t:, § = 8¢
Point d: operagzng point when transient subsides, t + =,
§ =8

Figure 2.1. Power angle curves for one-machine infinite-bus system.
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2.2.2. Definition of Transient Energy

The previous section describes the sequence of functions (2.1-
2.6) that characterize stability or loss of stability and the energy
transfers associated with this transient stability problem. The
equal area criterion, which precisely describes the energy transfers
for a single machine-infinite bus (equivalent infinite machine that
represents the rest of the system) model, is discussed based on
Figure 2.1. Although the equal area criterion has motivated the
methods used for multimachine power system, these methods have not
yet been shown to achieve the desired accuracy.

This subsection will develop the multimachine classical tran-
sient stability model and present the "total" energy function for
this model. Then the areas A1 and Az for the equal area criterion
will be defined using this energy function with the appropriate
model (the fault model for A, and post-fault model for Az), the
appropriate terms in this expression (kinetic for A1 and potential

651 and s for A1 and

for Az), and the proper limits of integration (
s¢ and &Y for Az). The PEBS and UEP methods, which are both based
on the definition of energy VC] and Vcr for post-fault network and
related to A1 and A2 respectively, are then discussed in subsection
2.2.3. The importance of the discussion of the equal area criterion
is (1) its use to justify the PEBS and UEP methods for the total
energy function in this chapter and the PEBS and equal area methods

based on an individual machine energy function in the next chapter;

and (2) the results in Chapter 4 that show the equal area criterion
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based methods for the individual energy function are extremely pre-
cise and accurate for determining region of stability. These results
using the individual energy function are much more accurate than the
results obtained using the total energy function.

The dynamic behavior of the power system is described by two
sets of differential equations. One set describes the internal
structure of machine quantities and their mutual relationships, and
the other set relates the terminal voltage and current of each machine
to those of the other machines [2]. Because of the fact that a syn-
chronous machine has several coupled circuits, inclusion of one or
more of the coupled circuits within the machine increases the com-
plexity of the power system model. The complexity will become more
apparent if a multimachine power system is considered. For the pur-
pose of investigation of stability for approximate and easily computed
transient security assessment, a simplified classical model will be
used to determine the dynamic behavior of the power system.

The classical model is characterized by [1]

(1) Mechanical input power is constant.

(2) Damping coefficient, both mechanical and electrical, is
neglected.

(3) The voltage behind transient reactance of the synchronous
machine is assumed to be constant.

(4) Loads are represented by constant impedances.

For the system model being considered, the equations of motion

are:
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Miwj = Py - Pe;
. i=1, 2, , N (2.7)
§; = uy
where
n
Pas =Z [Cijsm (85 - <sJ.) + Dij cos (68 - GJ.)]
j=1 ;
#i
P, =P . - EG
i mi i79i
and, for unit i,
Pmi = mechanical power input
Gii = driving point conductance
Ei = constant voltage behind the direct axis transient
reactance
“1’61 = generator rotor speed and angle deviations,
respectively
Mi = moment of inertia
Bij(Gij) = transfer susceptance (conductance) in the reduced

bus admittance matrix
The transformation of equations (2.7) into the center of angle
coordinates provides a concise framework for the analysis of systems

with transfer conductances. Define:
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i=1
n (2.8)
A
MT = M1
i=1
then
n n
"Two=Z<Pi-Pei>= P"ZZZD'“” Pcoa
i=1 1=1 i=1l j=i+l
60=w0 (2.9)

By defining new anlges and speeds relative to the center of angle
reference, o, 4 §; - 8, and @, 4 w; - wy, the system equations of

motion become

6. = o i=1,2, .uuu,n (2.10)

where the center of angle variables satisfies the constraints
n n
D My =D M =0 (2.11)
i=1 i=1

The transient energy function V is obtained from equation (2.7)
by first establishing the n(n - 1)/2 relative acceleration equations,

multiplying each of these by the corresponding relative velocity and
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integrating the- sum of the resulting equations from a fixed s.e.p.

(s°) to a variable upper limit [4]

n-l1 n
Z Z MiMslog = wi)(uy - oy)
i=1 j=i+l
n-1 n
=Z Z (Mjpi - Min)(m,i - wJ)
i=l j=i+l
n-1 n
i=1 j=i+l
n-1 n
= 1 2_1 s
v [ZMT MM (o = 98- g (=P M) (5,5 3)
i=1 j=i+1
s
- Cij(cos Gij - cos aij)
61+6j-260
+ Dij cos aijd(si + Gj - 260)] (2.13)
§

S. .S ~.S
1.-HSJ.-ZcSo

The system transient energy components in equations (2.13) are
identifiable. The first term is the kinetic energy. The second
term is related directly to the rotor angle position of generators,
so it is called position energy. The third term is magnetic energy
and the fourth term is the dissipation energy, which is the energy
dissipated in the network transfer conductances. It is common to

use the term "potential energy" to indicate the last three terms.
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To write the energy function in a more convenient form using
the center of angle variables, apply the above steps to the n center

of angle acceleration equations (2.10)

n n

= 1 ~2 s

v ?Z”i“’i -Z p. (0, - o)
) i1

n-1 n
s
- Z [Cij(cos 8;5 - cos eij)
i=1l j=i+l
[6 +92
9s+es D; 4 cos eijd(ei + ej) ] (2.14)
i

where eij =9, - ej .

The physical significance of the center of angle reference in
the transient stability problem formulation is illustrated by the
fact that, for systems without transfer conductances, the equilibrium
points are obtained by solving n - 1 real power equations (2.10,
2.11 where &i =0,i=1,2, ...., n) for an n machine system, given
appropriate initial angles [11]. This works satisfactorily for such
systems because there is no change in load.

For systems with transfer conductances, however, the total
load will differ from one operating point to another and therefore
a closed form expression for the total system energy cannot be
obtained. Many previous researchers have neglected transfer conduc-

tances, i.e., real part of the off-diagonal elements of the reduced

bus admittance matrix, which depend not onlyon the transmission Tine
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resistances but also on loads modeled as constants impedances. There-
fore, these terms can be large and in general cannot be neglected.

For transient stability assessment using the transient energy
function as a direct method, an approximation to the conductance
energy term is necessary since the conductance term is path dependent
and the entire trajectory must be known. A linear trajectory in the

angle space is assumed to express the integral term as

8;+6;
Iij = f Dij cos eijd(ei + ej)
8

S, .S
. +0%
1 eJ

.+ 0. - -
6] 8 8 )

J
ei'ej'e-+e.

= n
w Ku.

. . S .
[s1n eij - sin eij] Dij (2.15)

—
(&)

The transient energy function (2.13) or (2.14) for a two-
machine system with the assumption of zero transfer conductance is
analogous to the equal-area criterion.

Consfdering the situation at clearing time, the transient

sl

energy function, using the post-fault network and 8>" as reference,

is given by [13]:
8¢ 2
v.=V =~% M(aC) - Clz(cos 8¢ - cos 651) - Pl(eC - 651)

sl
0 (2.16)

The first term in the right hand side of (2.16) is the kinetic
energy produced during the fault period and is proportional to the

area oabf of Figure 2.1. The second and third terms add up to the
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potential energy of the system during the fault which is associated
with the (area cdfc- area oed). The clearing energy is thus the

area

oabf + (cdfc- oed) .

s2

The critical energy is evaluated from post-fault s.e.p. 8" to

u 2

the u.e.p., 6Y. The velocity of the system at both 8°¢ and eV is

zero and thus the critical energy consists of only potential energy,
V.=V (2.17)

The right-hand side of (2.17) corresponds to the area cgf + cdf.

2 as a reference [4], the transient energy

s
When Vcr use 6
function is not analogous to the equal area criteria. However,

Fouad et al. in [13] argue that the critical energy should be evaluated.

from 651 and thus a correction term of
e52
Vcor= v (2.18)
esl

r
vio=V _+V_ =V +V =V (2.19)

Vér then corresponds to the area dgcd - oed and contains the area

cdfc - oed in addition to A2. The Vc1 in (2.16) contains area
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cdfc - oed in addition to A Thus, the condition V_; < with

]
Vcr
the correction Vcor in Vér corresponds to the equal area criterian

(A1 5.A2). The critical energy can be found for multimachine power
systems by computing the proper u.e.p. 6Y and knowing initial operat-

ing point 951.

2.2.3. The Conservative Nature of Classical Lyapunov Methods

Unstable Equilibrium Point (UEP) Method. In a large inter-

connected network a fault followed with or without 1line switching
will result in a mode of stability which is different for different
fault locations in the system even though the post-fault configura-
tion may be the same. For a given post-fault configuration, there
are several singular points among which one is s.e.p. and others
are u.e.p. or saddle points. Depending on the location of fault,
severity, and type of fault, the post-fault trajectory if cleared
at t = t.. will pass in the vicinity of one among the saddle points.
It is not possible to find a unique closed surface (boundary)
in the state space separating stable and unstable regions which
will give accurate results for all faults. In the past, the critical
value was obtained as Min V(X) evaluated at all the saddle points.

Fouad [13] and Athey [14] showed that for t = t the post-fault

ce?
trajectory just becomes unstable and theoretically passes through

but practically approaches very close to the u.e.p. for a specific
fault. The critical energy (boundary) is defined as the energy of
the system when the post-fault trajectory passes very close to the

u.e.p. For different fault conditions, there is a different fault
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trajectory and a different u.e.p., and therefore the computation of
critical energy for each fault is a difficult problem in the multi-
machine case.

A method of selecting the proper u.e.p. from the possible
2-1 (for n machine system) has been suggested in [14]. For systems
without transfer conductances, the calculation of the unstable
equilibrium points using a Newton-Raphson or Gauss Siedel technique
can be used successfully. The recommended procedure consists of
solving n - 1 real power equations (2.10) having $i= 0, i=1, ...., n
for an n machine system with one reference machine. An initial
guess for the u.e.p. for machine i going unstable given the post-

fault stable equilibrium point 652 is

(63 A

4= (2.20)

’ T~ 95.2 J#i

’ K
If the set of generators {ik} are assumed to go unstable, the
k=1
initial guess for the unstable equilibrium point is
s2 sy s . .

. ej J# Tys Tos veens 1y

g5 = (2.21)

! - %2 R i :

™ j J 1, 2, ooooo s k

This works satisfactorily for systems without transfer conductances
since the starting values are close to the solution, and there is no
change in load.

For systems with transfer conductances, the total load at a

u.e.p. will differ from that at the s.e.p. The difference will be
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allocated to the reference generator bus resulting in a substantial
mismatch. The scalar function J, defined by

n 2

JéZ(P.-P.-EP ) (2.22)
= i eij MT COA :
i=1

is the objective function whose minimization provides an alternative
approach to the calculation of the u.e.p. Even this algorithm does
not readily converge based on the initial guess given above and in
this case the angle from the transient stability simulation when
the potential energy is maximum is used.

Having selected the proper u.e.p. and computed it, the pro-
cedure used to test for whether the system is stable or unstable is

based on

= uy - - u sl
Ver = Vpe(87) = Vpe ‘Zpi(ei - 657

n-1 n
+Z Z [Cij(cos e?} - cos elijj)

i=1 j=i+l

u
+ 0 - 82° - 03
i J i N ..U . .8l
+ D, ; (sin eij - sin eij)] (2.23)
i
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6 n n
Vg = V(6) =V =15 m < p.(6S - 031
cl o1 2 ik T ity i
] i=1 i=1
n-1 n
sl c
+Z Z[Cij(cos 613 - cos 613)
i=1l j=i+l
c c sl sl
8, + 87 - 067 -6 .
i A j i N S |
+ Dij C oC . o5l ; o5 (sin eij sin eij)] (2.24)
i J i j

where Dij and cij are the parameters of the post-fault network.
For Vcr 3_VC] system is stable and for vCr < Vc] system loses

stability.

Potential Energy Boundary Surface (PEBS) Method. The potential

energy boundary surface method [3] is an abstraction which examines
the potential energy function VPE(e) in the angle space for a multi-
machine power system. For a three machine system, the corresponding
potential energy surface is shown in Figure 2.2 as are the actual
stable and unstable system trajectories and the corresponding saddle
points. The line joining the saddle points and orthogonal to the
constant Vp contours is known as the potential energy boundary sur-
face (PEBS) (dotted line). A faulted trajectory if cleared at

t> tcc will cross the PEBS at some point on the curve. The critical

trajectory (fault cleared at t = tcc) will just touch the boundary

but does not cross it. The value of Vcr can be taken to be the

value of VPE(QB) (2.23) for a fault-on trajectory at the point eB
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(0,0)

Figure 2.2. Stable, unstable, and critical trajectory for a three-
machine system.
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when it crosses the PEBS. At the PEBS crossing, VPE(eB) has a rela-
tive maximum and Vk(é), kinetic energy, has a relative minimum which
is near zero and assumed to be zero in this method. This is the
Kakimoto method [3] of detecting PEBS crossing. The stability of the
system is determined by the following comparisons:

(1) If V(e%) < Ver = Vpg/max> then the system is stable.

(2) If v(e°) > Vep = VPE/max’ then the system is unstable.

Computational experience [8] indicates that the PEBS method
of computing Vcr is extremely fast and results are reliable and
accurate for only first swing stability cases.

In the latest effort on transient stability analysis, it is
claimed that the kinetic and potential energies of the "individual"
machines (and not the “"total" energy) must be considered for accu-
rately estimating the stability boundary (critical clearing time).
The next chapter is denoted to derivation, discussion, and compari-
son of the individual energy function derived by two different

methods.
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CHAPTER 3

INDIVIDUAL ENERGY FUNCTION AND ITS APPLICATION
IN TRANSIENT STABILITY ASSESSMENT

3.1. Introduction

In Chapter 2 an attempt was made to investigate the recent
development in assessment of transient stability by Lyapunov's direct
methods. The concept of potential energy boundary surface [4] and
energy accounting of the total system energy [13] was introduced.
Several stability criteria based on "total" system energy were iden-
tified, and the boundary energy Vcr was calculated alternatively by

(1) computing the energy at the lowest saddle point (u.e.p.
with minimum energy) oY;

(2) computing the energy at the u.e.p. 6! closest to trajectory;

(3) computing the value of the potential energy of the system
for a fault-on trajectory when it crosses the PEBS boundary.

It was pointed out that the region of stability evaluated
based on total system energy produces conservative results. For a
larger and more accurate region of stability and boundary (critical
clearing time), the stability of the power system must be investi-
gated in terms of the energy components that truly reflect loss of
stability for a particular fault and post-fault network. As a first

step, the separation of the total system energy into "within" and

30
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"between" coherent group energies was considered. The kinetic and
potential energy between the accelerated group and the stationary
group of generators, which can be considered an equivalent single
machine or infinite bus, was considered as the "between" group energy.
The "within" group energy was defined as the kinetic and potential
energy within both the stationary and accelerated groups. Although
the PEBS and UEP methods described in the previous chapter are more
accurate if the between group and within group kinetic and potential
energy are accounted for at clearing time and at the potential energy
boundary surface, the results are still conservative.

The most recent work [16,29] indicates that a much more precise
determination of the region of stabi]ity and the boundary (defined
by the critical clearing time) can be made if (1) an individual

machine is identified as the critical generator upon which the sta-

bility of the system depends for a particular fault; (2) an indi-
vidual machine energy function is.defined and then developed for the
generator determined as critical for the particular fault; and

(3) appropriate methods are developed for defining the boundary of
the region of stability. These methods are developed based on the
equal area criterion which precisely determines the boundary of the
region of stability for the single machine infinite bus model. The
methodology based on (1)-(3) above is shown via computational results
in Chapter 4 to precisely determine the boundary of the region of
stability for a particular fault for several fault cases on a multi-

machine power system model.
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The individual machine energy function is derived and the
methods for determining the boundary of the region of stability for
a particular fault are developed in sections 3.2 and 3.3, respec-
tively, assuming knowledge of how to identify the critical generator

that determines stability or loss of stability for a particular

fault and for which the individual machine energy function is written.

Section 3.4 then develops a procedure for identifying the critical

generator.

3.2. Transient Energy of Individual Machines

For the classical model described in section (2.2.2) of Chap-
ter 2, an expression will be derived for the individual machine
transient energy. Some energy functions describe the system tran-
sient energy using a synchronous frame of reference [9, 12]. Others
have used a center of inertia (COI) formulation [13]-[15]. The fol-
lowing two subsections describe the derivation of the individual
energy function with these two different reference frames:

(1) Center of Inertia (COI) Reference. Consider the mathe-

matical model described by equations (2.10) in Chapter 2. Multiply
the ith post-fault swing equation (equation of motion of critical

generator by éi to obtain

<

Mo.8: = (P. =P -1 P. )b,
i e; T COoI’ "4

(3.1)

Integrating (3.1) with respect to time, using as a lower limit

1 sl

t = t ., where 23* = 0 and e(tsl) = 9°° is the s.e.p., yields

.
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n B.I
1 2 _ sl .
'2' M1m = P1(6.| -0 ) - Z[Sl C1J s1n e,ijdei
R
n % M1 %
j=1"e; 83
J#i

n 9.
_1, ~2 sl 1 .
j=1 83
Jj#i
n fei Mifei ( )
+Z D.. cos o,.de. + PAnndo. 3.3
— 651 ij ijovi ﬂ; 651 COA™ Y
o "

i=1,2, ....,n

This integral is evaluated using the values of 8is ej, &i, and using

1

the values C.., D, and e?

J* Tid
term in the right-hand side of (3.3) is the kinetic energy of machine

for the post-fault network. The first

i with respect to the system inertial center. It is customary to
consider the remaining terms as a potential energy. Thus (3.3) can
be expressed as
Vi = Ve, * Ve, (3.4)
i i
Since (3.3) contains path dependent integrals, the verifica-
tion of Vi as being Lyapunov function cannot readily be determined

analytically in closed form, and the transient stability analysis
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using this energy function requires simulation of system trajectory
for critical generator. The above derivation of the individual
energy function can be found in [16].

(2) Synchronous Reference. Consider the mathematical model

described by equations (2.7) in Chapter 2. For generator i (being
known as critical generator) and an arbitrary generator j (j =1, 2,
«... 1=1, i+1, ...., n) the equations of motions of these generators

are written as

=
€
n
O
]
O

(3.5)

<
€
]
O
]
o

Multiplying first the equation of generator i(j) by moment of inertia
of the other generator Mj(Mi) and then subtracting these equations

from each other results in (3.6)

) (3.6)

M-M-((.U- - w.) = (Mjpi - Mipj) - (Mjp J

i3V j - Mipe

ej

1, ...., n
i

o

y
J
Equation (3.6) represents fhe equation of motion of the relative
velocity of generator i with generator j. Multiplying (3.6) by

(wi - mj) and adding these new n - 1 equations to each other yields
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n n
D MMy - ) ey - wg) = D MRy - M) (o - ug)
=1 1
J#i J#i
n
= Z (MJPe'I = M1PEJ)(w1 - (UJ) (3.7)
j=1
J#

Integrating (3.7) with respect to time, using as a lTower limit

1 sl

, results in the energy func-

= sl _ -
t = ts1 where v~ = 0 and 6(tsl) =6

tion of critical generator i

n n
M
i 2 1 sl
Vs "Z'M?Z Mjlog - wg)” - Wz (PiMj - PMi) (845 - 855)
j=1 j=1
J#i j#i
n
sl
- EE: Cij(cos 855 - cos Gij)
~ j:l
j#i
61 +6j -260

This representation of the individual energy function, derived
in [29], contains only one path dependent integral and requires
trajectory simulation for the transient stability analysis of the
system. However, in order to obtain the critical energy Vcr’ which
is the energy at the u.e.p. corresponding to the actual boundary of

separation, a linear trajectory in the angle space is assumed. This
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allows the temm in (3.8) to be analytically evaluated between the

Timits 65! and sY with the expression given in (3.8a)
u,.u,.u

) : -260

j +6J
u u sl sl
8. + 8. - &3 - 83
- 1 J 1 J | 3 |
Dij ] " <1 ) (sin Gij sin Gij) (3.8a)

Testing the above technique of transient stability assessment
on several moderately large power systems showed that the approxima-
tion is quite acceptable.

The stability criteria based on the total system kinetic and
potential energy for assessing the region of stability of the system
could be applied to the individual generator kinetic and potential
energy function with more accurate results. The following section
justifies the idea of using the individual energy function in tran-
sient stability assessment of the power system.

3.3. Analytical Justification of Using the Critical

Energy of Individual Machines for
Transient Stability Assessment

One way of assessing the transient stability of a power system
is by comparison of the critical energy, the energy at the lowest

saddle point, with the clearing energy V A second method is

cl’
based on the concept of potential energy boundary surface (PEBS) as
discussed in Chapter 2. In this method the critical energy is con-

sidered to be the potential energy at the crossing of the total
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system trajectory and the PEBS. It was pointed out previously that
the region of stability obtained by the application of the PEBS is
larger than the one resulting by consideration of the energy at the
lowest saddle point. Theoretically, these different approaches are
based on similar Lyapunov stability theorems but with different
regions of definiteness. This is clarified by the following theorem.

Theorem--Let V(X) be a scalar function. Suppose that the
region R = {X|V(X) < k} which contains the origin is bounded. Let
9(5) be the derivative of V(X) along the solutions of X = f(X);

f(0) = 0. IF V(X) is positive definite and V(X) negative definite
in R, then

(1) the origin is an asymptotically stable equilibrium state,
and

(2) every solution of g = f(X) starting in R converges to
the origin as t + =.

To obtain the best estimate for the domain of attraction by the
use of the theorem, one chooses the largest value k = k for which the
hypotheses of this theorem are satisfied. In the following, it is
shown that the individual machine energy function of the critical

group of machines does satisfy the hypotheses of the theorem. But before

proceeding to the proof for the critical groupof machines, it is appro-
priate to show how the conditions of the theorem can be shown to be
satisfied for the total system energy function. The sign definiteness
of the total system energy function V and its derivative V cannot be

proven when the transfer conductance term is included in V [14, 18].
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However, the total system energy function restricted to a suitably
small region of interest can be shown to be positive. The derivative
of this total system energy function without mechanical damping is
zero for t > tC based on simulation results for all system trajec-
tories. This observation is then coupled with a proof that the
effect of the mechanical damping is negative definite to suggest
that 9(5) < 0. This same "proof" has been attempted for the indi-
vidual energy function. This proof is now outlined and then shown
to be incorrect. This suggests that the individual energy may not
be a Lyapunov function and thus that one may not be able to apply
normal Lyapunov theory to establish a region of convergence. The
excellent computational results obtained using the individual energy
function and the physical understanding of how loss of stability
occurs in relation to the individual energy function are the basis
for using it at this point in its development.

Consider the mathematical model including the mechanical

damping

Mjwj = Py = Poy = Dju;

where D1 presents the mechanical damping for i =1, 2, ...., n.
Writing the equation of motion in terms of center of angle

results in (3.9)
. M M
Mg = (P4 - Pey - Dyuq) - 5 Poon * M—TZ Dje;5
J=1

M M
= (Py = Pei -7 Peon) - (Djes - F;TEE: Dju5) (3.9)
j=1
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From (3.9) the contribution of the mechanical damping to the

time derivative of the energy function is

n M. n
-Z[o.w.-—l Diw; 3
11 3] 1
i=1 " j=1
n n n
= '[Z Djwjuy - O] = [Z Djuf - Z i“’i‘*’o] (3.10)
i=1 i=1 i=1

The right-hand side of (3.10) is negative, if
Wy <€ Wj i=1,2, ...., n (3.11)

Condition (3.11) and the fact that (from simulation) the time
derivative of energy function of a model without mechanical damping
is zero results in 9 < 0. IfV is indeed positive definite and V is
indeed negative definite, one is able to apply an invariance theory
to estimate a larger region of stability. In summary, the steps
taken in this analysis [16] of the positive definiteness of V and
the negative definiteness of Q are

(1) to show that the energy function is positive in a suitable
small subregion;

(2) to suggest that the constant energy of the undamped system
in simulation results indicates the time derivative of the energy
function is zero; and

(3) to suggest that the contribution of damping under certain
conditions is negative and thus results in a negative time derivative

of the energy function.
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Despite the above argument outlined from [16], one is not
able to make any judgment on the sign definiteness of the time
derivative of the individual machine energy function. In contrast
to the case of the total system energy, the individual machine energy
does not maintain a constant value after the fault clearing time.
There is always a transfer of energy back and forth between machines.
Figure 3.1a illustrates the sum of the potential energy produced
between generators 5 and 6 (critical group) and all of the generators
of the stationary group. Figure 3.1b depicts two plots: one for
the potential energy produced between generator 5 and the rest of
the system, and a similar one for the partial potential energy
between generator 6 and the rest of the system. The oscillatory
nature of the potential energy of the critical group in Figures 3.1la
and 3.1b clearly displays the nondefinite behavior of the time
derivative of the energy. Thus, the individual energy function is
not a Lyapunov function for weakly damped systems and thus the
invariant theorem cannot be used as the theoretical basis of the
algorithm developed in later sections even though the argument was
made in [16].

These algorithms need not be justified based on Lyapunov
stability theory because there are sound physical arguments for
Justifying these algorithms, which are presented in the subsections
3.3.1 and 3:3.2 for the PEBS and equal area methods. Furthermore,
the very high accuracy of the algorithm in predicting critical clear-

ing times based on application to several fault cases on different
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Figure 3.1. Partial energy analysis. Clearing time = .1922 seconds.
(a) Sum of partial energies for generators 5 and 6.
(b) Partial energy for generators 5 and 6.
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power system data bases further justifies the algorithm and stability

criteria based on the individual generator energy function.

3.3.1. Potential Energy Boundary Surface (PEBS) Method

By making use of total system energy functions, the boundary
of the region of stability is determined by hypersurfaces which are
orthogonal to the equipotential surfaces and which pass through the
saddle points. These hypersurfaces form the principal energy bound-
ary surface (PEBS) as shown in Figure 2.2 in Chapter 2. At the
PEBS, the potential energy for the system is maximum, and on the
boundary of the region of stability, the total energy of the system
is approximately equal in magnitude to the potential energy at the
PEBS. If the system trajectory never crosses the potential energy
surface, since it is stable, the potential energy should reach a
maximum and the kinetic energy should reach a minimum at or near
the point where the trajectory most closely approaches the PEBS.

The magnitude of this maximum potential energy for the trajectory,
when the fault is cleared at a clearing time t. less than the critical
clearing time tcc’ should then be less than the potential energy at
the PEBS, since the potential energy for points along the PEBS are
larger than points in the region of stability near but not at the
PEBS.

The above properties of the potential energy boundary surface
for the total energy function are also true for the individual energy
function defined for the critical generator for the particular

fault [16, 18]. Moreover, it was suggested in [16] that the
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individual machine potential energy for the critical generator will-
be nearly constant for all points on the PEBS.

The results in Chapter 4 suggest that the potential energy at
the point on the PEBS when the fault clearing time tc equals tCc is
significantly larger than the points on the PEBS crossed by the
system trajectory when tC > tcc' A method for determining stability
requires the determination of the maximum potential energy along
the trajectory for a particular fault as a function of clearing
time. The clearing time at which this function is maximum is the

critical clearing time tC and the system is stable if tc < tcc' A

c
second method, which is not as accurate, uses the potential energy

at the PEBS for a fault on trajectory as the critical energy Vcr
based on the incorrect assumption that the energy along the PEBS is
constant. This method may not be accurate in determining tCc or
determining whether the system is stable or not if the peak potential
energy along the trajectory is greater than this value of Vcr. How-
ever, the method will determine whether the system is stable if the
peak potential energy along the trajectory is less than Vcr since at
this value the trajectory never reaches the potential energy boundary
surface. Figure 3.2 indicates selecting Vcr as the value of the
potential energy at the PEBS for a fault on trajectory results in an
interval around tCc where stability or loss of stabi]ity.cannot be

determined. However, for development of fast on-line stability

assessment by operators, this interval of uncertainty appears to be
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0,0) 0

Figure 3.2. Stable, unstable, and critical trajectory for a three-
machine system.
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acceptable in terms of the accuracy required in determining tCC or
more likely the stability for a particular fault.

The procedure for transient stability assessment using the
transient energy of individual machines (or groups of machines) is
outlined below:

(1) For the post-fault network, the stable equilibrium point
651, the admittance matrix YBUS’ and the parameters Cij and Dij for
all i, j=1, ...., n are determined.

(2) For the particular fault and a fault on trajectory where
t. > tcc’ using the special computer program compute the energy

c
values

. n n
M.
=1 ooy 1 } _ <5l
Vi = A 2 1: Mjlog - wg)” - 1 D (PMy = P (85 - 63)

3= j=1
J#i J#i
n sl sl
5. + 6, - 83 - &8
) . sl j J 1 J
;E; Pigheos Syg - co8 55 * Dy 5. - 6. - 651 4+ 851
= 1 J 1 . J
Jj#i
* (sin Gij - sin 6?%) (3.12)
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fori=1,2, ...., nalong the faulted trajectory at every time
interval aAt.

(3) By examining the value of Vi = Vpp, ¥ VKEi and its com-

Iy

i
ponents at each time step, determine the value of V. where Ve has
i

maximum value and the value of VKE- is near zero (this particular
i

value of energy Vi is called the critical energy and defined as
vi/critica] = vai/max) and store for each fault location.

(4) Repeat step (3) for the same fault for the particular
clearing time tc <t to be investigated and determine the maximum
potential energy along this trajectory and let this value of maximum
potential energy be denoted as Vi/t=tc'

(5) Check for the stability of the machine i. If
machine i would be unstable.

3.3.2. Local Equal Area Criterion

The second method for determining the region of stability
boundary of stability for a multimachine power system is based on
the well-known "equal-area criterion" of one machine infinite bus
systems. The local equal-area method is an extension of equal-area
criterion in the sense that a particular machine of the critical
group is considered against the rest of the generators in the power
system. Then by comparison of the energy transfers between this
particular generator and the rest of the system during and after the
fault period, a decision on the stability of the entire power system

is made for a fault at or near this generator. The discussion
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concerning determination of the critical generator is left to the
next section. In order to clarify the concept of this equal-area
criterion applied to a multimachine power system, the equal-area

criterion applied to a single machine infinite bus is reviewed.

For the one-machine infinite bus model,

My = P - Py (3.13)
where
EqE)
Pe = T sin § = C sin § (3.14)
12

Consider the power angle representation Pe of Figure 3.3 illustrat-
ing the behavior of the single machine against the infinite bus
during the transition from one state to another where Po sin §,

P2 sin &, and P1 sin § represent the electrical real power of the
system before the occurrence of the fault (pre-fault), during the
fault period and after the fault is cleared (post-fault), respec-
tively. The area A1 in Figure 3.3a which is obtained from the mis-
match of power existing between the mechanical input and the faulted
electrical output, represents the kinetic energy of the generator's
inertia that resulted from the fault that reduced the electrical
power Pe below mechanical input power Pm. The area A1 is compared
with a critical energy Az, which is shown in Figure 2.1 and represents
the energy capacity of the transmission network for a particular
mechanical power Pm, network configuration and fault clearing time.

The critical energy A shown in Figure 3.33 is the amount of
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tc<tCC tc>tCC tBl tB2 time

Figure 3.3. Equal area criterion

(a) Power angle representation of one-machine
infinite-bus system.
(b) variation of energy margin vs. time.
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decelerating energy produced by the post-fault network to compensate
for the acceleration energy Al‘ Note that for any tc < tcc the
rotor angle position §(t) peaks when !All = |A3| and starts to
decrease and oscillate afterwards. If the system is damped then the
rotor angle also damps out and assumes the post-fault steady-state
angle. If the post-fault transmission network cannot decelerate the
machine and cause a reversal of direction of motion at some time tgs
then the generator will lose stability. This can be understood by
defining A; and A; and AE(t).

AE(t) = Al(tc) + A3(t) is defined to be a function of rotor

angle position which in turn is a function of time as follows:

( c(tc)=5°
. c
_,;sl (PM - P251n §)ds §(t) < 8

Al(tc) =

o
O
—
ct .
~
Iiv
O
(g

A3(t) =

v

s(t)
j (PM - Pisin §)ds s(t) 8. (3.15)
)

Figure 3.3b depicts the quantity AE(t) = A + A; as a function
of time. In the fault period AE(t) > 0, and reaches its maximum
value at the clearing time tc. At tc, the network is switched to

assume the post-fault network and hence for t.o < tee AE(t) decreases

cc
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until it becomes zero at tg (decelerating energy A3(tB) < 0, provided
by the post fault network is capable of capturing the accelerating
(kinetic) energy Al(tc) produced by the fault). For t. =t the
minimum of AE(t) takesa longer time to become zero. Note that tB1 is
also the time at which the rotor angle position is maximum (5(t81) =
Gmax)' For tc > teeo
for t < tc and then decreases (AE(t) = Al(tc) + A3(t)) for t > t..

the quantity AE(t) = Al(t) increases with time

However, in this case AE(tB)= Min (aE(t)) > 0 and occurs where

s(t) = Y at t = th. Thus, the decelerating energy capability of
the post-fault network A3(t32) is less than the acceleration energy
Al(tc). Since AE(th) = Al(tc) + A3(tBZ) > 0 is a measure of the
net decelerating energy and the kinetic energy remaining in the
machine's inertia and since AE(t) remains positive and never reaches
zero for all t > 0, the machine angle &(t) never changes its direc-
tion of motion and continues to increase for t > tB2 as shown in

Figure 3.2. Thus AE(t) = Al(tc) + A3(t82) + A4(t) for t > tBz where

0 s(t) < &Y

A4(t) =

6(t)
[ (PM - Plsin §)ds §(t) > g4
\ §

where A4(t) >0

It should be noted that increasing t. for te < tees

AE(tB ) = 0, increases since more accelerating energy Al(tc) is put
1 :

tBl where
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into the system and thus a longer time for AE(tB )==A1(tc)4-A3(tB)= 0.
1

For tc> t decreases for increasing tc since there is a larger

cc’ th
excess accelerating and thus kinetic energy AE(tB ) = Al(tc) +
2

A3(tB ) > 0, which permits the trajectory to reach the PEBS
2

faster. Thus the maximum tB and tB occurs when tB = tB for
1 2 1 2
tC = tcc‘ Therefore, the boundary of stability (tC ) can be pre-

dicted by the following two different ways:

c

(2) the maximum value of t. for which the minimum value of
AE(t) over t is zero; or

(2) the maximum time ty for t.st
1
which AE(t) reaches its minimum value which satisfies tg. = tg and
1 2

c or tBz for toxtat

C cc

AE(tBl) = AE(th) for te =t
This equal area criterion is now extended to multimachine

systems represented as

8. = w, i=1, ....,n (3.17)

where

n
Pai = :E: [Cij sin o5 + Dij cos eij]
j=1
J#i
by attempting to apply a similar equal area analysis to the energy
associated with accelerating and decelerating torques between critical
generator i and the rest of the generators j # i in the system. The

potential energy measure is in part contributed by the torques on
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machine i and all j # i from the equivalent transmission lines con-
necting generator i to the rest of the generators in the system. By
observation of the behavior of AE(t) = A1 + A3, in Chapter 4, the
equal areacriterion based on either (1) or (2) above apply to the
multimachine model (3.17) just as in the single-machine infinite bus
case. Before going to the next chapter, the following remarks and
limitations are in order.

(1) The concept of equal area is justified only for the loss-
less systems.

(2) The loss of stability in a multimachine system will not
occur when the generator i (critical generator) reverses direction

with respect to a synchronous reference but rather when the generator

i reverses direction with respect to the inertial center of the other

machines in the power system model. Since these generators also

accelerate with respect to a synchronous reference the minimum resid-
ual energy AEi(tB) of generator i at the boundary, where generator

i reverses direction with respect to the inertial center, may be
positive.

(3) The generators in a multimachine power system do not act
as an infinite bus or even as a single equivalent machine. The
deceleration energy A3(tB) may exceed the acceleration kinetic energy
Al(tc) and thus AE(tB) could be negative.

It will be shown in Chapter 4 that if one generator is acceler-
ated by a fault the minimum residual energy value AE(tB) will be

negative for any clearing time tC <t for that fault, since the
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other generators do not act as a single machine and the network has
more deceleration energy than acceleration energy due to that fault.
If, however, a fault accelerates a large number of generators the
minimum residual energy AE(tB) for this fault will be positive since
generator i reverses direction with respect to the other generators
when it still has some kinetic energy with respect to a synchronous
reference.

The last and possibly most important point of interest in
direct stability analysis of the power system based on the individual
energy function is to determine which of the accelerated generators
will dictate the stability of the group and in general the stability
of the system. The following section proposes a procedure for iden-
tifying this individual generator (critical generator) that dictates

stability of the system.

3.4. Critical Group, Generator, and Boundary

It was argued previously that once the individual machine
energies are related to the entire system rotor angle position and
angular velocity, it could be used to estimate the boundary of the
region of stability of the entire system. Knowing that it is possible
to predict the critical clearing time by an individual machine raises
the argument that one has to identify a particular individual machine
whose behavior dictates most accurate the stability of the entire
power system.

In response to occurrence of a fault, the group of generators

which are most affected and disturbed by the fault energy (those
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generators which are electrically closer to the fault location) is
called the accelerated group. The longer the fault remains on the
system, the larger will be the number of generators in this group.
For example, in the Cooper case where the fault is applied to the
high side of the transformer connected to generator 2 and the fault
is cleared at t. = .220 seconds, only generator 2 is contained in
the accelerated group. On the other hand, if the fault is kept on
for a longer time and cleared at tC = .24 seconds, then generator 17
also joins to the accelerated group. Note that from Figure 3.4
generator 17 (Neb. CT, bus 774) is close to fault location and thus
would logically enter the accelerated group as the fault clearing
time increases. The rest of the generators in the system constitute
the stationary group (generators which are least affected by the
fault energy and remain relatively close to their pre-fault condi-
tions). Based on the fact that the behaQior of the generators of
the accelerated group is very different from that of their pre-fault
condition, it is believed that the specific generator dictating the
transient stability of the entire system is contained in the acceler-
ated group. It is worth noting that the generators initially forming
the accelerated group do not necessarily remain in this group, and
some of them may decelerate and join the less accelerated or "sta-
tionary" group at a later time. The stationary group plays the role
of the infinite bus in the classical equal area criterion for the

single machine infinite bus model.
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For a given small clearing time a generator or a group of
generators which accelerates and pulls out of the system simulta-
neously is the one which causes instability and it is called the
"critical group." For a longer fault clearing time, other generators
may also pull out from the system and thus result in a different
mode of instability, but these generators do not play any role in
determining the stability of the system. For example, the critical
group for the Cooper case consists of generator 2 and not generators
2 and 17. As another example, the critical group for the Raun case
consists of both generators 5 and 6. These two generators pull out
of the system simultaneously. A more detailed discussion for prac-
tically identifying the critical group will be presented in Chapter 4
where the simulation results are considered.

Once the critical group is identified, the dynamic behavior and
energy transfers between the individual machines in this group must
be investigated. Although all of the generators of the critical
group pull out of synchronism with the system, there is only one
particular generator whose stability or instability accurately indi-
cates the stability or loss of stability of the critical group and
thus the system. This particular generator in the critical group,
which dictates the stability or instability of the critical group,
is called the "critical generator." The appropriate boundary
encircling the critical generator is called the "critical boundary."
The critical boundary determines a potential or kinetic energy bound-

ary whose violation results in instability. The kinetic energy
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boundary is evidenced by a minimum of energy Min (A1 + A3) in equal-
area criterion. The crossing of a potential energy boundary for
the critical generator is evidenced by a maximum in potential energy
of the critical generator after the fault is cleared (PEBS).

Generators of the critical group will each cross their own
potential or kinetic energy boundary with respect to the generators
of the stationary group one at a time and the critical generator is
the last one in the critical group which crosses a potential or
kinetic energy boundary. If the critical generator crosses its
potential or kinetic energy boundary, then the entire critical group
loses synchronism with the stationary group. If this critical gen-
erator never crosses its potential or kinetic energy boundary, the
critical group will remain stable. To clarify the loss of synchronism
between the critical generator and the generators of the stationary
group, a very simplified example is in order.

Consider the real power transmitted between two generators i

and j connected by a lossless line with reactance Xi

j’
|ELTIE.]
ii " — 3 sins.. (3.18)
J X 1J
1
where 61j = 61 - aj and Ei’ Ej are the magnitude of voltage at buses

iand j. If Ei and Ej are kept constant, then

Pij = Pmax Sin §5 (3.19)

E.|IE.
where p = ul_ll_
max Xij
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The real power transmitted from bus i to bus j through line
ij clearly depends on the phase angle difference between buses i and
j. When the phase angle difference (due to load increase or a change
in generation due to a fault) is forced to attain a value near 90°,
the power transmitted will reach Pmax’ the maximum value, and any
additional phase angle difference (beyond 90°) will decrease the
transmitted power. At the point where § = 90° (the static stability
1imit), the system "pulls apart electrically" and the synchronism
between bus i and j is lost [20] if buses i and j are only connected
through this one path. If buses i and j are operating in such a way
that the phase angle difference is small, then these two generators

are said to be operating in synchronism or strongly coupled. In

contrast, if the angle difference exceeds 90°, buses i and j are

weakly coupled. If there are several paths connecting two sets of

buses I and J, then all buses ikeI and jzeJ must be weakly coupled
for I and J to lose synchronism. One can now argue that once the
potential energy of the line connecting bus ik to bus j£ achieves

its maximum capacity, then generators ik and jt become weakly coupled.
In a dynamic sense, if all of the generators ik belonging to the
critical group and all generators j belonging to the stationary
group exceed the potential energy capacity of the equivalent line
connecting them, the two groups lose synchronism and thus the critical
group goes unstable. The last generator in the critical group which
approaches its potential energy boundary of the lines connecting it

to the stationary group decides the stability of the critical group
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and hence the entire system. In Chapter 5, two boundary conditions
are investigated and the accuracy of the critical clearing time
estimates which are based on these stability boundaries will be

discussed.



CHAPTER 4

STABILITY SIMULATION STUDIES USING
INDIVIDUAL ENERGY FUNCTION

4.1. Introduction

The power network used in the validation studies of this
research is an equivalent of the real Iowa system (referred to here
as the Reduced Iowa System) [28]. This network consists of 17 gen-
erators and 163 buses. Figure 4.1 shows a one-line diagram of the
Reduced Iowa System.

The study done at Iowa State University confirms that this
reduction preserves the dynamic behavior of the system for "first
swing" stability. The generator data, together with the initial
conditions including the generator internal voltages, are given in
Table 4.1.

The Reduced Iowa System model was tested by running stability
studies for three different fault cases: the Cooper case (BUS 6),
the Fort Calhoun case (BUS 773), and the Raun case (Bus 372).

The objectives of this chapter are:

(1) To establish the critical generator concept on several fault
cases as well as on the Raun case where the critical group consists

of more than one generator. The critical generator must be identified

60
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Table 4.1. Reduced Iowa System generator data and initial conditions.

Initial Conditions

Generator
Parameters? Internal Voltage
Generator H X4 Pmoa E
Number (MW/MVA) (p.u.) (p.u.) (p.u.) (degrees)

1 100.00 0.004 20.000 1.0032 -27.92
2 34.56 0.043 7.940 1.1333 - 1.37
3 80.00 0.0100 15.000 1.0301 -16.28
4 80.00 0.0050 15.000 1.0008 -26.09
5 16.79 0.0507 4.470 1.0678 - 6.24
6 32.49 0.0206 10.550 1.0505 - 4.56
7 6.65 - 0.1131 1.309 1.0163 -23.02
8 2.66 0.3115 0.820 1.1235 -26.95
9 29.60 0.0535 5.517 1.1195 -12.41
10 5.00 0.1770 1.310 1.0652 -11.12
11 11.31 0.1049 1.730 1.0777 -24.30
12 19.79 0.0297 6.200 1.0609 | -10.10
13 200.00 0.0020 25.709 1.0103 - 8.10
14 200.00 0.0020 23.875 1.0206 -26.76
15 100.00 0.0040 24.670 1.0182 -21.09
16 28.60 0.0559 4.550 1.1243 - 6.70
17 0.0544 5.750 1.116 - 4.35

20.66

3n 100-MVA base
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properly to determine the machine for which the individual energy
function must be constructed.

(2) To show that the PEBS method for assessing transient sta-
bility using the transient energy of the critical generator results

in extremely accurate determination of the critical clearing times

compared to similar total transient energy methods.

(3) To compare the accuracy of PEBS and Local equal area

methods in terms of determining critical clearing time.

(4) To determine the effect of conductances on the accuracy
of the PEBS method by comparing the results when they are included

or excluded in individual transient energy function.

The following sections discuss these objectives by showing
the results of simulation runs for each fault case. Later in Chap-
ter 7, these results will be compared to the results obtained by
testing the proposed fast stability algorithms (which will be

described in Chapter 5) on each fault case.

4.2. Cooper Case
A three-phase fault is applied to generator 2 (Cooper) and is

removed by clearing line 6-439.

The system trajectory was simulated for different fault clear-
ing times and it was observed that although the generators 1, 17, 12,
and 16 are electrically close to the fault location (see Figure 4.1),
their behavior is different than that of generator 2. The fault
energy separated the system into two groups; one consisting of the
most accelerated (critical) generator 2, and the second of the rest

of the generators in the system. Figures 4.2, 4.3, and 4.4 depict



64

90]
70]
50]
30]
10

17

ANGLE ( DEGREE)

310 ' .620
Time (seconds)

(a)

.310 Time (seconds) .620

(b)

Figure 4.2. Swing curves for Cooper. Clearing time = .218 seconds.
(a) Generators 2, 17
(b) Generators 12, 16



3154010 1Ny

w0 o~

’
(314901 3 19N

F]gu,-e 4.



65

w 90

¥ 70 17

g s0

w30

g 10] - T 0

.33 .66 .99 1.2
Time (seconds)
(a)

~ O
o o

o

—

ANGLE { DEGREE )
v N
o o

.33 6 .99
Time (seconds)

(b)

Figure 4.3. Swing curves for Cooper. Clearing time = .220 seconds.
(a) Generators 2, 17
(b) Generators 12, 16



66

-330 SECONDS.

rrrr—rr-y
Q0 © 0 0 o
o 0O 00
N O O™

(33¥030)370NY

(R)

TIME (SECONDS)

qqqqq

(8)

Swing curves for Cooper.

Figure 4.4.



67

the swing curves for generators 2, 17, 16, and 12 for fault clearing
times of tC = ,218, .220, and .330 seconds, respectively. When the
fault is cleared at tc = ,218 all the generators stay stable, and
although the peak of the swing curves of generator 2 reaches approxi-
mately 150° (e2 > 90°), it ultimately decelerates and remains stable
with the rest of the system. Figure 4.3, however, illustrates that

for a longer clearing time (t_ = .220 seconds) generator 2 acceler-

o
ates and pulls away from the rest of the system and hence by defini-

tion is the critical generator and the critical group. As a further

step, Figure 4.4 illustrates that for tc = .330 seconds both gener-
ators 2 and 17 lose synchronism with respect to the rest of the
system, but the group consisting of these two generators, which did
not lose synchronism simultaneously, is not considered as the critical
group. Once the critical generator or group is determined, it is
appropriate to calculate the critical energy of the indiv%dual energy
function for this critical generator using the transient stability
simulation program.

The critical boundary or the PEBS for Cooper is based on the

maximum of potential energy as a function of time for t > tc

n
21
VPEz(t)-M;-ZE: (PZMj' PjMz)(e - eZJ }E: C2J cos 623 (t)

j=1
j#2 sz
sy Salt)r oyt -5 - o) [sin o,.(t) 1
- COS 6, S]n 8 - S]n 8
2] 2] 62(t) _ ej(t) _ 6;14- 6;1 2] 2]

(4.1)
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This critical generator maximum potential energy is calculated for
different clearing times tc and the results are summarized in

Table 4.2. The maximum potential energy (4.1) as a function of

time is determined for each clearing time tc‘ The time tB(tc) occurs
at the point in time when the trajectory most closely approaches the
potential energy boundary surface for the individual energy function
of the critical generator for the case where the clearing time tc is
less than the critical clearing time tcc‘ For clearing times tc
greater than the critical clearing time, the maximum potential energy
occurs at the point in time tB(tc) when the trajectory crosses the
potential energy boundary surface. The peak potential energy
VpEz(tB(tc)) should clearly increase for increasing clearing time t.
when the clearing time t is less than the critical clearing time
t.- The peak potent1a1 energy function VPEz(tB( )) has been claimed
to be nearly constant for all t greater than the critical clearing
time in the previous literature [16]. It is clear from Table 4.2
that VPEZ(tB(tc)) decreases slowly for tc greater than critical
clearing time since VPEZ(tB(tc)) decreases for t. > 0.220 seconds,
where it is clear that the system is unstable for te = .220 seconds
from Figure 4.3. There is a very significant peak in VPEz(tB(tc))
when tc is close to tcc’ making it easy to accurately identify tcc
The decrease in the peak potential energy for increasing tc beyond
the critical clearing time is due to the fact that the generator 17
and ultimately 16 and 12 will lose stability with generator 2 and

thus the angle differences between generator 2 and these generators
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Table 4.2. Potential energy boundary surface energy as a function of
tC for determining tcc'

with conductance without conductance

* *
te Vpg(tg) tg Vpe(tp) tg
.192 6.546 .368 4,961 .368
.208 8.105 .448 6.586 .448
.210 8.362 .480 6.879 . 480
217 10.173 .644 8.876 .637
.218 10.843 .687 9.549 .687
.219 12.897 .814 11.042 .821
.220 15.133 .935 13.924 . 946
.222 13.672 .848 11.388 .848
.224 12.021 .672 11.241 .672
.240 9.403 .432 8.180 .464

tB - time at which the maximum of potential energy occurs

tc - clearing time
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at tB(tc) will be smaller making VPEz(tB(tc)) decrease with clearing
time tC > tcc‘ From the above discussion the critical clearing time
should occur precisely at the time that VPEZ(tB(tc)) is maximum.
For the Cooper case it is estimated that the actual critical clearing
time is tce (.219-.220) seconds based on the above criteria for
selecting tcc‘ This predicted critical clearing time is very accurate
compared to the results in [16] and very well comparable to simula-
tion results that indicate the critical clearing time lies in
(.219-.220).

The local equal-area critierionfor Cooper is based on the

minimum overtime of the energy margin

AEz(t;tc) = Al(tc) + A2(t,tc) (4.2)
where
e(tc)
A(to) = Ve,
e51

is evaluated using the local potential energy function VPEZ(t) with
the faulted network admittance matrix and
8(t)
Ay(tst.) = VpE2 (4.3)
e(tc)
is the local potential energy function with the post-fault network

admittance matrix. The local EAC (tc) is thus
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EAC (t.) = min aE,(t;t)) = aE,(tgst.) (4.4)

t > tc

Figures 4.5 and 4.6 show the simulation of AEZ(t;tc) performed
with small integration step for two different clearing times, .218
and .220 seconds. In both figures AEz(t;tc) starts from zero value
at time t = 0 and increases with time until it peaks at clearing
time tc = ,218 and .220 seconds. This increase of energy margin is
due to the excess kinetic energy (accelerating energy) A, of generator
2 during the fault period where A1 is positive energy and Aé = 0.

After the fault is cleared t > tc’ the post-fault network
starts to absorb the kinetic energy at clearing time and the minimum
AEz(tB;tc) is reached at some time tB after the clearing time. For
t. = .218 seconds, the minimum of AEz(tB;tc) occurs at tg = .676 and
tB = ,687 with and without conductance term included, respectively,
in equation (4.1). The value of EAC(tc) being negative for t_ <t .
indicates that the post-fault network is completely capable of
absorbing the faulted energy and decelerates the critical generator
to a point where its direction of motion is changed and the system
remains stable. However, for large clearing time tc > tcc’ more
kinetic energy is produced during the fault-on period which causes
the post-fault network to absorb more kinetic energy but no longer
all of it. As a result, the minimum of AEZ(tB'tc) for t > t..

never reaches zero and remains positive |A;| > [A,|, indicating the

fact that the critical generator does not change its direction of
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motion and the system loses stability. In contrast to the case of the
equal-area criterion of one-machine infinite bus, the minimum
AEz(tB;tcc) in a multimachine power system is negative and not zero
when the system is stable. As was discussed earlier, this phenomenon
was expected because of the fact that the non-critical machines do

not behave as an infinite bus and thus require more deceleration
energy A2 to reverse the direction of motion of the critical genera-
tor than if they acted in unison as a single bus.

The stability simulation program was run for different clearing
times to predict the critical boundary using Minimum Energy Equal-
Area Criteria and the results are summarized in Table 4.3. The
minimum of AEz(tB;tc) occurs at tB = .,946 for both cases where the
transfer conductances are and are not included. This observation
certainly shows that for the qualitative analysis the concept of the
equal-area criterion can be extended for a multimachine case.

From Table 4.3 it is clear that the estimated critical clearing
time is tc e (.219-.220) seconds which is comparable to simulation
results tC e (.219-.220). Note that the very sharp narrow minimum
for AEZ(tB’tc) for t. near tec makes accurate identification of tCc
quite easy.

The results of both algorithms PEBS and EAC in Tables 4.2 and
4.3 show that increasing tC for tc < tcc causes tB(tc) to increase
since the angle deviation of the accelerated generators from their
nominal (initial operating) state becomes larger and it takes more

time for generators to reverse their directions and return to the
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Table 4.3. Minimum of AEp(tg,t.) = Al(tc) + A2(tB,tc) for critical
generator 2 using stability simulation program.

with conductance without conductance

tC AEZ(tB’tc) tB AEZ(tB’tc) tB
.192 .423 .368 -2.199 .368
.208 .011 .464 -2.578 .480
.210 - .036 .495 -2.695 .495
217 -1.522 .637 -4.067 .637
.218 -2.111 .676 -4.647 .687
.219 -3.873 .821 -5.910 .821
.220 -6.358 . 946 -8.826 . 946
.222 -5.422 .848 -7.266 .848
.224 -4.032 .688 -5.909 672
.240 1.399 .496 -1.041 .464

tB - time at which the minimum of AEz(t,tc) occurs

t

C

- clearing time
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previous stable position. The maximum tB(tc) occurs when t. = tec

Thus there are two indicators of tCC by observing the minimum value
of AEZ(tB):

(1) the maximum value of tc for which the minimum value of
AEz(t,tc) over time is the smaller than some value ¢ |

(2) the maximum time tB(tc) at which the minimum of AEz(t,tc)

is less than e.

4.3. Fort Calhoun Case

A three-phase fault is applied to generator 16 (Ft. Calhoun)
in Figure 4.1 and is removed by clearing line 773-779.

From Figure 4.1 the generators electrically close to the fault
location are generators 17, 12,10, 5, and 6. For different fault
clearing times the system trajectory was simulated and generator 16
was found to be the first generator which was accelerated and separated
from the rest of the generators. Therefore, generator 16 constitutes
the critical group and the critical generator. Based on simulation,
it is observed that for clearing time of t. = .354 seconds the system
is stable but that for tc = ,356 seconds the system becomes critically
unstable. Figures4.7 and 4.8 illustrate the swing curves of some of
the generators of the stationary group and the critical generator
for clearing times of .354 and .356 seconds, respectively. Note
that the peak of the swing curves of the stationary group is some-
where around 80°-100° while that of the critical generator is about
170°-180° for the stable case, confirming the fact that the critical

generator is initially pulling away from the stationary group but at
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a later time all of the generators decay and resume a relatively
small angle indicating stability.

For clearing times tC = .354 and tc = .356 seconds, Figures 4.9
and 4.10 illustrate the energy margin AEls(t’tc) = Al(tc) + Az(t,tc)
produced between critical generator 16 and all of the generators of
the stationary group. From Figure 4.9, it is clearly seen that the
minimum of AEls(t’tc) occurs at tB = 1.2 seconds and it has negative
value, i.e., |A1| < |A2|, indicating that the post-fault network
captures the total kinetic (accelerating) energy produced during
the fault period and hence changes the direction of motion of the
critical generator; therefore the system is stable. For the larger
clearing time tc = ,356 seconds, Figure 4.10 shows that the minimum
of AE(t,.356) = EAC(.356) occurs at earlier time ty = .997 seconds
(because the post-fault network does not have the capability of
absorbing the faulted energy completely and it takes less time‘to
reach the minimum of (A;+A,). Table 4.4 shows the minimum of
AEls(t’tc) for different clearing times. From the entries of this
table it is clear that the lowest possible value occurs close to
tc = .354 seconds, indicating critical clearing time. Note that
AEls(tB’tc) has a sharp narrow minimum, making the accurate identi-
fication of tCc easy.

Similar analysis was done for different clearing times to cal-
culate the boundary energy (Maximum Potential Energy) of the critical

generator using the PEBS method. The stability simulation program was

run and the maximum of potential energy was calculated at each clearing
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Table 4.4. Minimum of aE;g(tg,t.) = Al(tc) + Ay(tg,t.) for critical

generator 16 using stability simulation program.

with conductance

without conductance

t. AEIG(tB’tc) tg AEls(tB,tc) tg
.320 .486 .624 - 3.287 .624
.345 - .064 .885 - 4.107 .885
.352 -3.440 .928 - 7.836 .944
.354 -6.220 .200 -11.149 .200
.356 -5.880 .997 - 9.982 .997
.357 -5.442 .959 - 9.400 .959
.360 -4.315 .900 - 8.011 .900
.368 -2.005 .816 - 5.428 .816

tg - time at which the minimum of AE16(t’tc) occurs

te

- clearing time
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Table 4.5. Potential energy boundary surface energy as a function of
tC for determining tcc'

with conductance without conductance
* %*

te Vpe (T8 ty Vo, t8) t

.320 7.681 .624 5.672 .624
.345 12.561 .885 9.825 .885
.352 14.402 .960 11.888 .944
.354 18.267 1.200 15.315 1.200
.356 16.382 . 997 14.265 .997
.357 15.708 .959 13.741 .959
.360 14.230 .888 12.528 .900
.368 11.848 .800 10.428 .816

tB - time at which the maximum of potential energy occurs

tc - clearing time
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time for two different cases, one with transfer conductances included
and the other with transfer conductances not included. The results
of this analysis are summarized in Table 4.5.

The entries in columns 2 and 4 of Table 4.5 indicate that for
clearing time t. = .354 seconds the maximum potential energy of the
critical generator has its largest value. This potential energy
value represents the boundary energy and the corresponding clearing
time (close to .354 seconds in this case) is called the critical
clearing time tcc' The accurate identification of tCC is again
possibly due to the sharp narrow peak of VpEls(tB). It should also
be noted that the critical generator trajectory for this particular

)

clearing time achieves the potential energy maximum at a time tB(tcc
which is larger than all the trajectories for which the fault was
cleared at tc # tec This phenomenon happens because of the fact
that for tc =t the angle deviation of the accelerated generators
from their initial operating state has the largest value and it
takes the longest time for generators to reverse their directions
and return to their previous stable position.

The results obtained for theFort Calhoun case indicate that
the concepts of the selection of the critical generator and both
EAC and PEBS are valid for multimachine power systems and both pre-
dict the critical clearing time very accurately t. e (.354, .356).

This investigation of the accuracy of assessing critical clear-
ing time by (a) identifying a critical generator, and (b) using the

PEBS or equal area method with the critical generator's individual
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machine energy function is extremely accurate and indicates these
methods truly capture the energy conditions that cause loss of sta-
bility. This attempt to determine the accuracy of the PEBS and
equal area criterion methods using the critical generator's individual
energy function has shown that there are very large changes in
VPE(tB;tc) for PEBS and AE(tB;tC) for equal area when t. is near t_..
This makes very accurate assessment of tCC quite easy.

The previous research using the PEBS method on an individual
energy function [16] did not attempt to determine how accurate the
method was and only indicated the critical clearing time belonged

to intervals of .011 and .008 seconds rather than .002 and .001 for

the Fort Calhoun and Cooper cases, respectively, as in this research.

4.4. Raun Case

A three-phase fault is applied to the high side of the trans-
former connected to generator 6 (Raun) and is removed by clearing
Tine 372-193.

Stability run for Raun case was done earlier in Reference [29].
To complete the thesis, the analysis and the results obtained are
summarized here. For different fault clearing times the system
trajectory was simulated and it was observed that generator 5 was
electrically closest to the fault location and thus possesses similar
behavior to that of generator 6. The fault energy separated the
system into two groups, one consisting of the accelerated generators
(5 and 6) and the other by the rest of the system. Figures 4.11

and 4.12 show the swing curves of the generators for fault clearing
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times tc of 0.19 and 0.1925 seconds, respectively. For tc = 0.19
seconds all the rotor positions do not exceed the stability limit
and do not accelerate indefinitely. However, it is clear that the
behavior of generators 5 and 6 is different from that of the other
generators. Figure 4.12, where the fault was cleared at tc = 0.1925
(sec.), also indicates the similarity in behavior of generators 5
and 6, but here they are both accelerated and thus pull out of step
from the rest of the system, causing instability. Based on simula-
tion, it was observed that for clearing time of t. = 0.1922 seconds
the system was critically stable as shown in Figures 4.13a and 4.13b.
Note that the peak of the swing curves of the stationary group is
somewhere around 90°-100°, while that of the critical group is about
160°-170°, confirming the fact that the critical group is initially
pulling away from the stationary group but at a later time all of
the generators resume a relatively small angle indicating stability.
For the same clearing time, i.e., tc = ,1922 seconds, Figure 4.14a
illustrates the sum of the potential energy produced between gen-
erators 5 and 6 and all of the generators of the stationary group.
Figure 4.14b shows the plot for the potential energy produced between
generator 5 and the stationary group and a similar one for the partial
potential energy between generator 6 and the stationary group. The
peak of the partial potential energy of generator 6 indicates the
maximum ene}gy capacity of the transmission network connecting gen-
erator 6 to the stationary group. Before reaching the peak of poten-

tial energy, there is a strong coupling between generator 6 and the
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stationary group, and after the energy exceeds the maximum potential
energy capacity of all lines connecting 6 and the stationary group,
the magnetic coupling between generator 6 and the stationary group

becomes weakly coupled. If generator 6 was the only machine in the
critical group, one could conclude that generator 6 would pull away

from the system and thus lose synchronism. However, for this case,
where generator 5 is also in the critical group, one cannot yet make
any decision on the loss of stability. Now consideration of the
energy behavior of generator 5 reveals that the peak of the partial
potential energy of generator 5 is reached at a later time, indicating
the fact that although generator 6 is trying to pull away from the
system, generator 5 maintains a strong coupling to the stationary
group. Thus, among the generators of the critical group (5 and 6),

generator 5 is the last generator to exceed its potential energy

boundary capacity and therefore is by definition the critical

generator.

Now that the critical generator is identified, it still remains
to identify a boundary of stability. For both the inclusion and
exclusion of the transfer conductances, several simulation runs for
different clearing times were performed by Rastgoufard [29]. Fig-
ures 4.15-4.18 illustrate some of these results. Figure 4.15 depicts
the partial potential energy across the boundary of generator 6,
Cleared at t. = .18 seconds. It is clearly seen that for this case
the minimum of AEs(t,tc) is negative (for both cases with and without
transfer conductances), confirming the stability of the system.

However, in contrast to the case of equal area criterion of one
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Figure 4.15. Equal area analysis AE(t) = A (t) + A . Raun case,
6-infinite bus. Clearing t1m£ .18 seconds
(a), (b) Transfer conductance excluded and included,
respectively.



93

45 -
S 151
Q.
~— 0‘ . . i . ~
2 .35 1.75
m - -
S ) (a)

-45 |

p

604

30+
s A1
a
~ 0
= ) 1.75
5 )
(-}
&

-304

)
-GOJ Time (seconds)
(b)

Figure 4.16. Equal area analysis. Raun case, 6-infinite bus.
Clearing time = .1925 seconds.
(a) aE(t) = A1(t) + A2(t) vs. time (transfer conductance
excluded).
(b) Areas A;(t) and A,(t) (transfer conductance excluded).



94

4.

1

2 4

s )
a

~ 0

>
} 8
g

w e

-4 |

5 4

34

s 1
G
=]

o -l.
=
(V8]

-3 4

-5 -

Figure 4.17.

(b)

Time (seconds)

Equal area analysis. Raun case, 5-infinite bus.

Clearing time = .1922 seconds. .

(a) aE(t) = A (t) + Ai(t) vs. time (transfer conduc-
tance incTuded).

(b) Areas A1(t) and Ay(t) vs. time (transfer conduc-
tance included).



Energy (p.u.)

Energy (p.u.)

Figure 4.18.

20 -

—
o
A A

o

95

A1 + A2

-10

-20

20 .

10 |

-10 .

. 445 > ) ’ 1.75

-20 -

~_ 4 - 7 ' 1.75

Time (seconds)

(b)

Equal area analysis. Raun case, 5-infinite bus.
Clearing t1me = .1925 seconds.

(a) aE(t) = (t) + Ao(t) vs. time (transfer conductance
1nc1uded)
) Areas A;(t) and Ap(t) vs. time (transfer conductance
1nc1udeé



96

machine infinite bus, the minimum of AEG(t,.18) is not zero. As

was discussed earlier, this phenomenon was expected. In Figure 4.16,
where the fault is cleared at t. = 0.1925, the minimum of energy
margin AEc(t,t ) has positive value (|A1| > [A2|), indicating loss

of stability.

Figures 4.17 and 4.18 depict the generator 5 potential energy
boundary for tc = ,1922 and .1925 seconds, respectively. In comparing
the behavior of generator 5 with that of generator 6, it is seen
that the minimum of AE(t,tc) for generator 5 takes place at a later
time than that of generator 6. Although the energy boundary of both
generators predicts tec € (.1922, .1925), the fact that the minimum
of AE(t,tc) for generator 5 occurs at a later time confirms that
generator 5 is the critical generator.

Both the PEBS and EAC methods using the individual energy
function accurately determined the critical clearing time for the
cases studied. However, these results were based on step-by-step
integration of system differential equations to evaluate the indi-
vidual potential energy required at each integration step. The major

point of interest here is to test the proposed direct methods (to be

described in Chapter 5) on the same Reduced Iowa System and compare
the results of predicting the boundary of stability with that of

simulation results.



CHAPTER 5

PROPOSED DIRECT STABILITY ASSESSMENT ALGORITHMS

The purpose of this chapter is to develop a fast PEBS method

and a fast equal area method using the individual machine energy

functions.

The results of the previous chapter indicated that both

the PEBS method and equal area method using the individual machine

energy function are extremely accurate in determining the critical

clearing time for a particular fault, which is a measure of its

ability to test whether a system is stable for that fault and the

clearing time and the margin of stability.

However, these results

were based on simulation of the system differential equations to

evaluate the individual potential energy:

. n
_ 1 sl
i -
Jj=1
Jj#i
n
+ZC (cos o, t) - COS e?})
f
8;(t) + 6.(t) - oSl - oSl
J 1 J :
- Dy ST 5T LSTn &
ei(t) - ej(t) - 6; + ej

97

sl]

.(t) - sin e1J

J

(5.1)



98

required for the PEBS and equal area methods at each integration
step. Thus the results of Chapter 4 suggest that the equal area
and PEBS methods are extremely accurate in confirming the conclusion
concerning whether the system is stable or unstable, which can also
be determined by observing the simulated system trajectory. Thus
the PEBS and equal area methods are totally dependent on the tran-
sient stability simulation and only provide a quantitative measure
in terms of energy of the relative margin of stability or instability.

The objective in developing the PEBS and equal area methods
was to develop fast stand alone algorithms that could determine
whether a system is stable or unstable; the margin of stability for
a particular fault, clearing time, and operating condition; and
the sensitivity of the stability to such operating conditions as
network configuration, load level, generation dispatch, etc. These
stand alone algorithms obviously should not require time step inte-
gration of the transient stability model but should provide the
same results and conclusions concerning the stability of the system;
the margin of stability for the fault, clearing time, and operating
conditions; and sensitivity to operating conditions.

The fast PEBS and fast equal area methods require methods
for:

(1) Obtaining the total energy which the system gains during
the fault-on period. This has previously been accomplished by per-
forming a step-by-step integration of the faulted system equations

and simultaneously calculating the appropriate energy;
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(2) Determining the critical generator and thus the generator
for which the individual energy function is evaluated;

(3) Determining the actual critical energy by calculating
the peak potential energy using the PEBS method;

(4) Computing the energy at the proper unstable equilibrium
point (u.e.p.) using the UEP method.

Two algorithms have been proposed for producing system trajec-
tory approximations that could provide the above information required

by fast PEBS and fast equal area methods. These Taylor series and

cosine series approximations algorithms are discussed in this chapter

and shown to either be inaccurate or require computational require-
ments comparable to simulating the system trajectory.

A fast PEBS and a fast equal area method are then proposed
based on using an RMS coherency measure to accurately predict the
state when the system trajectory either most closely apbroaches or
crosses the PEBS. These fast PEBS and equal area methods do not
require approximating the faulted system trajectory over time but
rather only require predicting the trajectory when it comes closest
to or crosses the PEBS for a specific fault and fault clearing time.

The cosine and Taylor series approximations of the system
trajectory are discussed first before the fast PEBS and equal area
methods based on the RMS coherency measure [21]. The RMS coherency

measure is then developed in Chapter 6.
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5.1. Modified Transient Energy Method

5.1.1. Fault Trajectory Approximation by Cosine Series

From the concepts of the previous section it is understood
that a knowledge of the faulted system trajectory is necessary or
very useful.

A simple approximation of the system fault trajectory developed
by Athay et al. has been proven to be sufficiently accurate in some
cases for the four purposes mentioned above. Representing the center
of angle referenced accelerating powers of the faulted system by

fi (i.e., f,

j = the right hand side of equation (2.10)), the form of

the approximation is

f,i = a; + b; cos wt i=1,2, ....,n (5.2)
The The method for determining the unknown constants 3, bi’
i=1,2, ...., nand the frequency w are quickly summarized;

basically, two power flow solutions are utilized [17]. The first,

at the instant of fault application, determines the parameters

ai’bi’ i=1,2, ...., n for a given frequency w. The second, along
an approximate trajectory shortly after the fault, is used to compute
w. Angles obtained from this fault trajectory approximation are
given in Table 5.1 for a particular case on the ten machine New
England System. The comparison of the actual angles and those
obtained by this approximation indicates that the approach can be
quite accurate in some cases. The approach will not be accurate

at all for long faults where the post-fault network determines the
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Table 5.1. Comparison of fault trajectory angles at t = 0.4 sec.
(fault on bus 15, New England system).

cosine
unit actual approximations

1 - 38.0 - 38.1
2 55.7 55.4
3 63.2 63.2
4 98.5 98.8
5 91.2 91.0
6 95.0 95.7
7 100.7 101.2
8 43.9 42.4
9 71.7 71.5
10 8.2 9.4
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.critical generator that loses stability and not the initial acceler-
ation during the fault. Thus, the cosine approximation can only
be used in cases where the fault clearing time is small and stability

is assured.

5.1.2. Trajectory Approximations by Taylor Series

The Taylor series method proposed in Ref. [19] is conceptually
attractive. The absolute rotor angles ai(t), i=1,2, ...., n are
approximated by Taylor series expansion and the coefficients of the

series are computed from the prefault operating point 651

using the
faulted admittance matrix. Because of the fact that all éi's are
zero, the computation of the Taylor series coefficients would be
simplified because all the odd coefficients are zero.

A more accurate form of this method would be to update the
Taylor series coefficients at successively smaller time intervals
until the desire accuracy is achieved. This procedure is in con-
trast with the alternative of increasing the order of the Taylor
series until the desired accuracy is achieved. This updating pro-

cedure involves more terms since the 61'5 are no longer zero at

each update. The form for updating at t = to for the fourth order

series 1is
(2)
§:°7(t )(t -t.)
8 (1) = 68t ) + 6V (e ) (¢ - 1)) + 100
(3) ) 3 (4) - 4



103
where

s (t) = wy(t) = sl (e)) + 6l (t)(t - t)

Bl - e s - 1)
2! 3!

+

where to is the time of last update

n

52 (t) =ML1'[pi - z (Cyy sin 6y5(8) + D45 cos &;5(8))]
j=1
j#H

2
(@1 - )]

- C.. cos 51’3
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To implement this Taylor series updated given t = 0 and {61.(0)}?=1

and {mi(O)}" 0:

i=1 "
(1) setm = 0.
(2) Compute the new (8{K)(t )31 fork=0,1,2,3, 4at
to =m-a .

(3) Set the new t = (m + 1) - A (time of update).

(4) Utilizing ng)(to), ty and t, compute {Gi(t)}?=1 and
{w;()}].; using (5.3) and (5.4).

(5) If (m+1)-a 2 te, stop; otherwise return to step (2)
withm=m+ 1.

These approximated trajectories produce very nearly the sahe
energy functions as the exact trajectories. From numerical results
of the fault on cases studied, a single update at t = 0.2 was enough
to give the same results as the exact trajectory.

Although it is found that the Taylor series method of Ribbens
Pavella [19] avoids integration of the differential equations and
gives acceptable accuracy, updating this Taylor series which cal-
culates the rotor angles {Gi(t)}?=1 and their successive derivatives
dgk)(to) for k = 0, 1, 2, 3, 4 at each updating time using equa-
tions (5.4) and (5.5) requires a large number of algebraic operations
(additions, multiplications, and divisions) which is comparable to
the number of operations needed to solve load flow equations using
a Gauss Seidel method at each integration step for a transient sta-

bility simulation.
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Thus the computation for each update of the Taylor series
algorithm at time step m. A is comparable to that for solving the
network equations using a Gauss Seidel algorithm at each integration
step. Since the time step for the Taylor series update and the
integration step sizes are comparable, the Taylor series algorithm
does not appear to significantly reduce computation compared to a
conventional transient stability simulation even though the Taylor
sieres can be quite accurate.

Having presented the two methods that have been proposed for
fast transient stability simulation, the PEBS and equal area methods
using the individual machine energy function are now reviewed in
terms of the information required to produce a fast transient sta-
bility assessment procedure. The results of this review o% these
methods is that one could produce an extremely fast method for tran-
sient stability assessment if a direct method for predicting the
state of the system when the system trajectory most closely approaches
the boundary energy (stable case) or crosses it (unstable case) for
a particular fault and clearing time could be developed. A method
for direct prediction of this state using the RMS coherency measure

is then proposed in the next chapter.

5.2. Fast PEBS Method

Using the individual machine energy function, the boundary of
the region of the stability is determined by the potential energy
boundary surface (PEBS) as discussed in Chapters 2 and 3. At the

PEBS which is defined for the post-fault network, the potential
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energy of the critical generator with respect to the rest of the
generators in the system is maximum, and on the boundary of the
region of stability the total energy of the critical generator with
respect to the rest of the system is equal in magnitude to the
potential energy at PEBS. Since at the PEBS the potential energy

is maximum, stability is maintained if the system kinetic energy

is totally converted to potential energy (single machine infinite
bus system) or if the system kinetic energy is minimum (multiple
machine system) before reaching the PEBS. This maximum of potential
energy as a function of time (5.1) varies with clearing time

t. < t . since the maximum ei(t) depends on t.. Thus, one can write
Max VPE(t,tC) = VPE(tB,tC) = V;E(tc) where tB(tC) is the time where
VPE(t,tC) is maximum for clearing time tc. Increasing tc for

tc < tCc will increase this maximum value of the potential energy of
the critical generator V;E(tc) and it reaches its highest value for

t

c tcc‘ This particular maximum value of potential energy for

te

tcc is called the critical energy of generator i with respect

to the rest of the system generators and it is denoted by vcr' For
large clearing times tc > t.c» some of the generators in the sta-
tionary group may start accelerating and also become separated from
the rest of the generators in the stationary group. As a result of
this phenomenon, the system kinetic energy is not totally converted
to potential energy (i.e., the power system does not behave as a
single machine and infinite bus system) and even for large system

the system kinetic energy is not minimum at the PEBS based on the
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individual machine energy function. Therefore as tC keeps increasing

for tc >t the maximum of potential energy VPE(tC) at PEBS decreases.

ce’
In order to determine the precise value of the critical energy as
well as the critical clearing time, one has to compute the maximum

of potential energy for different clearing times and search for the
highest value among these maximum potential energies.

Based on the fact that the rate of change of the maximum of
potential energy for tc > tcc may be small, one could use the maximum
potential energy V;E(tc) of the critical generator or group for some
arbitrary large clearing time tcl > tcc’ and compare it with the

~ potential energy of the critical generator or group at clearing time

tC < tcc < t_ where the stability is desired to be tested. If

c
1
V;E(tcc) is much greater than V;E(tcl), as shown in Figure 5.1., one
* - * . .
could use VPE(tcl) as V.. if VPE(tC) rises very rapidly for values

[} I3 . (3 * -
of t. slightly less than tcc' Utilizing VPE(t ) for t. = .240

c
1 1
would indicate the system is stable for tc < .217 rather than for
- . . ° *
tc 2t = .220 in the Cooper case from Table 4.2. Utilizing VPE(tcl)

for tc = .368 would indicate the system is stable for tc < .345

ratherlthan tee s .354 in the Fort Calhoun case from Table 4.5. As
tcl were to increase the error in being able to determine tcc or
judging values of tc for which the system is stable would increase.
The error does not appear unacceptable for the applications of a fast
transient stability assessment method such as a screening tool for
assessing fault contingencies in operation or expansion planning or

for use by operators in control centers.
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Determination of the critical generator or group as well as
the states (rotor angles of the generators) of the system at time tg

is the critical requirement for calculating the critical energy
8(tg,t.)
esl
for either tcl or t. using equation (5.1). Transient stability
simulation study shows that the rotor angles of the generators of
the system at time tg are at their peak values. The previous algo-
rithms discussed earlier in determining the generator angles at any
specific time dealt with the simulation of the trajectories and thus
required a significant amount of computations.
The RMS coherency measure (linear/nonlinear) technidue devel-
oped by Schlueter in 1978 [21] seems to be appropriate to use as a

maX and also

direct method of predicting the peak angles e(tB,tC) =9
the critical generator or group of the system. If one used the RMS
coherency measure to predict the state g(tB;tc) at which the trajec-
tory most closely approaches or crosses the potential energy boundary
surface for any clearing time in order to evaluate V;E(tc), the

error in determining t_. by maximizing the function V;E(tc) is only
the error in predicting e(tB;tC) for each t.. However, if one

evaluates V;E(tC ) for some t. >t using the RMS coherency measure,
1

cc
1
then the error in determining tec and assessing whether the system

. . * *
is stable depends on both the difference VPE(tcc) - VPE(tcl) and the

error in predicting e(tB;tc) for some tC and tC . The elimination
1
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of the computation to maximize V;E(tc) is justified if this error
in determining tcc due to V;E(tcc) - V;E(tcl) is not large.
Chapter 6 of this thesis defines this RMS coherency measure
and outlines the procedure of obtaining the peak angles e(tB;tc)
and identifying the critical generator. Finally, it provides the
theoretical justification and verification for the use of the RMS

coherency measure as a fault security measure based on analysis on

a second order system.

5.2.1. Efficient PEBS Algorithm for Predicting Stability

The procedure for computing the boundary (critical) energy

vcr and using it as a stability 1imit consists of the following

steps:

(1) Solve base case load flow equation (5.6) to obtain gen-

erator angles at prefault (initial) operating point 6S,

n
Miw; = P, - }E: [Cij sin 8;5 - Dij cos eij] =0 (5.6)
j=1
j#i
where
91j=ei-ej
8, =68, - 6
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3

§, A center of inertial angle

(2) For an arbitrary large clearing time (tc >> tcc) use
1
the linear or nonlinear RMS coherency measure for the particular

X

fault to obtain the peak angles eMX as well as the critical group

or critical generator.
(3) Having determined the critical generator i which is neces-
sary to determine the proper generator to write the individual

sl

machine energy function, the prefault operating point ¢ and the

peak angles e(tBI,tcl) = emax, calculate the potential energy at
tine ty V;Ei(tcl) - Voglty it )
gMmax
Ver = Ve, o Vpe(tg ote )



112

max max sl sl
0. + 0. - 08" - 8% :
. i J i J Lo amax s sl
Dij max max sl sl [sin eij sin eij] (5.7)

(4) For a specific clearing time tc <t.s where the stability
1
of the system is desired to be tested, repeat steps 2 and 3, and

then calculate potential energy of the critical generator V;E (tc)
i

. _ *
and compare it to Ver = VPEi(t ).

c
1
(5) If VPEi(tc) < Veps vai(tcl) the system remains stable,
and if VPEi(tc) >V = VPEi(tC1) the system would be unstable.

The applications of this algorithm to different fault cases
on the Reduced Iowa system are discussed in Chapter 7 and the results
obtained from these applications verify the accuracy of the

algorithm.

5.3. Fast Equal Area Method

From review of Chapter 3 it is understood that for multi-
machine power systems the equal area criterion considers a par-
ticular generator (critical generator) against the rest of the gen-
erators in the system. The amount of energy produced during the
fault period (accelerating energy) Al(tc) is added to the energy
after the fault is cleared (decelerating energy) A3(t) and the
quantity AE(tB,tc) = Al(tc) + A3(tB) at time tg, the time at which
the system generators peak, determines the stability of the system
as shown in Figure 3.2 in Chapte} 3 for single machine infinite
bus system. In order to determine the stability boundary of the

system tCc very accurately, one has to compute the minimum energy
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difference AE(tB,tC) = AE*(t for different clearing times and

c)
search for the smallest value among these minimum energy differences.
This search technique, of course, requires more computations and
hence it is time consuming and requires significant computation.
An approximation method is proposed that does not require
determining the minimum of AE*(tc). If AE*(tc) is near zero for
tC < tCc for any fault case, it may be possible to test for sta-
bility of the system by determining whether AE*(tc) is less than
some small . The selection of ¢ appears to be fault dependent
based on the results for the Cooper and Fort Calhoun cases in
Tables 4.3 and 4.4, respectively. Furthermore, the assumption that
if AE*(tc) < ¢ stability is assured is not exactly correct since
the value of AE*(tC) for some interval tC above tCC is less than ¢
as shown in Figure 5.2. If this interval is small, and if one could
find an ¢ for all fault cases, the algorithm presehted in the next
subsection could be used for fast stability assessment.
Determination of the critical generator and the generator
angle positions of the system at time tg (6™X*) and clearing time
tc(ec) is the key point in calculating the minimum of energy dif-
ference AE(tB,tC) = AE*(tc). Analogous to the "fast PEBS method,"
one could apply the same RMS coherency measure (linear/nonlinear)
technique referenced in section 5.2 for post-fault network and

X

directly predict the peak angles o"3X as well as the critical gen-

erator of the system.
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The angles at clearing time tc(ec) can be approximated with
enough accuracy by using the Taylor series approximation algorithm
as described in subsection 5.1.2 for the faulted network. The fol-
Towing subsection summarizes the algorithm and outlines the pro-
cedure in a suitable order.

5.3.1. Efficient Equal-Area Algorithm for
Predicting Stability

The procedure for computing the transient energy margin
AE*(tc)and predicting the stability of the power system involves
the following computations:

(1) Solve the base case load flow equation (5.6) to obtain
generator angles at prefault (initial) operating point 651.

(2) Apply Taylor series approximation algorithm for faulted
network to obtain the generator angles at clearing time
t..o(t.) = 6.

(3) Use the linear pulse coherency measure to obtain angles
at time tB,e(tB) = ¢MX and the critical generator.

(4) Having determined the critical generator and thus the
generator for which the individual machine potential energy is to

be evaluated, compute energy Al(eSI,ec) for faulted network using

equation (5.1)

1 .c
A, (85%,6%) = v
1 PEi esl
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(5) Compute energy Az(ec,emax) for post-fault network using

equation (5.1)
max

C max, _
A2( 9 ,e ) = VPE.
1 eC

(6) Compute the sum of Ay + A,

(7) If A, + A, < &, the system is stable. If A; +A, >,
the system is unstable.

This algorithm was tested on the 17-Generator Reduced Iowa
System for different fault cases and the results are shown in
Chapter 7.

Comparison of the two algorithms, the fast equal-area method
and the fast PEBS method, determines that the latter is more effi-
cient and computationally faster because:

(a) it is not necessary to calculate the system parameters
for the faulted network, and

(b) there is no need to calculate the generator angles at
clearing time e(tc) = ¢¢ using the Taylor series approximation which
in turn requires a reasonable amount of calculations.

The equal-area method requires both (a) and (b) to compute accel-

erating energy Al'



CHAPTER 6

DERIVATION, JUSTIFICATION, AND VERIFICATION OF
SECURITY MEASURE, PREDICTION OF PEAK ANGLES

6.1. Introduction

The concepts of this chapter deal with the development of a
linearized power system state model, a generalized disturbance model,
and the root mean square (RMS) coherency measure. These models and
the generalized coherency measure are used tb derive algebraic expres-
sions which relate the RMS coherency measure, evaluated over an
infinite observation interval for step, impulse, and pulse distur-
bances in mechanical input power, to.the parameters of the power
system state model and probabilistic description of the disturbance
vector. Finally, the theoretical justification of the fault security
measure for a second order system is discussed and the prediction of
the peak angles of the power system by RMS pulse coherency measure
is verified. The last section derives the computational algorithm

of pulse coherency measure for a multimachine power system.

6.2. Linearized Power System Model

A system of linearized state equations is derived for a power
system which is composed of classical synchronous machine models,

voltage dependent load models, and a transmission network model.

117
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A linear model can be derived from the nonlinear differential
equations for the electromechanical motion of the classical syn-
chronous generators plus a set of algebraic equations for the power
flows between the generators and the load buses of the system. The
electromechanical equations for the motion of each synchronous gen-

erator are:

a‘% 5,(t) = uy(t) (6.1a)
Mo & w(t) = PM,(t) - PB(t) - Dy () (6.1b)
i=1, 2, , N
where
M. = inertia constant of generator i (in p.u.)

D. = damping constant of generator i (in p.u.)

§; = rotor angle of generator i (in radians)

w, = speed of generator i (in rad/sec)

PM. = mechanical input power of generator i (in p.u.)
PG, = electrical output power of generator i (in p.u.)
n = total number of generators in the system

In some papers, equation (6.1a) is given as:

£ 6.(t) = wpu(t) = 2nfu.(t) (6.2)

where fo is the synchronous frequency of the system in Hertz, and

®j s in per unit (p.u.) instead of rad/sec. Equations (6.1) are
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nonlinear because of the nonlinear relationship between PGi and the
bus angles in the interconnected network.

Equations (6.1) can be linearized around the nominal operating

conditions 6?1, w?l, PG?I, and PM?1 by introducing the following
deviations:
_ sl
A(Si = 61. - 61.
_ sl
Ami = mi - wi
_ sl
APG; = PG, - PG
APM, = PM, - pMS1
i i j

The resulting linear model has the form

EdE AG].(t) = Awi(t) (6.3a)
M, % dw;(t) = APM,(t) - 8PG.(t) - D.tu, (6.3b)

where s indicates that the variable represents a small deviation
from , specified steady state operating point.

The changes in the complex voltages and power injections at
the network generator and load buses may be expressed using a

Jacobian matrix as [22]
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(ape | [apa/as  ape/oy  aPe/oE  aPG/av ][ as
APL aPL/38  3PL/ay  3PL/3E  aPL/3V || Ay
AQG 3QG/38  8QG/ay  3QG/3E  3QG/aV || AE
QL | [ aQL/as  aQL/ay  aQL/3E  3QL/3V || AV

(6.4)
where

PG = [PGI, PGZ’ ceees PGn]T real power injections at internal
generator buses (p.u.)

QG = [QGl, Gy, -vves QGn]T reactive power injections at
internal generator buses (p.u.)

PL = [PLl, Plyy wenes PLk]T rea]p?wer residuals at load buses
(p.u.

Qu = [QLy, QLy, .een, QLk]T reactive power residuals at load
buses (p.u.)

E = [El, Eoy vvvns En]T voltages behind transient reac-
tances at generator internal
buses (p.u.)

§ = [61, PYIRERRE cn]T angles at internal generator

buses (rad)

Vv = (Vl, Vo, ooe. voltages at load buses (p.u.)

-
-
~

8 = [el, By «ne angles at load buses (rad)

-
D
Vol

For Tow loss systems (resistances in the transmission network are
close to zero) equations (6.4) can be simplified by accounting for
the decoupling which exists between the real and reactive power
flows [23]. The real power flows are largely dependent upon the
voltage angles and as a first approximation, the effect of variations
in load bus voltage magnitude may be neglected by setting the terms

3PG/3V and 3PL/3V in equations (6.4) to zero. The voltages behind
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the generator transient reactances are constant, thus AE = 0. There-
fore, in equations (6.4) real power and phase angles are decoupled
from reactive power and voltage magnitude. These linearized decoupled

equations for real power flows can be written in polar form as:

APG 9PG/3s  3PG/3y || as
= (6.5)
APL 3PL/38  aPL/3y || aw

The partial derivatives corresponding to the above four terms are
most precisely calculated using the voltages and angles at the post-
fault steady state operating point 652, ¢52.

The power angle Jacobian matrix in the network equations (6.5)
is a sparse, symmetric, and singular matrix. Therefore, a unique
solution for A8 and A8, given APG and APL, cannot be obtained. This
minor problem can be solved by an angle referencing scheme [24].

Equations (6.3) and (6.5) are said to be synchronous frame
model since the deviations in generator and bus angles and generator
speeds are measured with respect to an external reference rotating
at the nominal system speed (fo = 60 Hertz). The deviations in
generator angles in response to a step disturbance in mechanical
input power will appear as ramp function. Therefore, the synchronous
frame model has an eigenvalue at the origin (step input, ramp output).

Since a linear state model is desired that has all non-zero
eigenvalues, an arbitrary reference is chosen for the angles and

speeds of the generators. Selecting generator N of the system as
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the reference is a common practice in power system analysis, and in
a practical power system generator N is usually designated to be one
of the generators with a comparatively large inertia. This fact
suggests a modified version of the generator N reference known as
the "Nth machine reference" frame. The resulting linear model with

N-machine reference frame has the form

de 20.(t) = ady(t) i=1,2, coeeyn-1 (6.6a)
S a0 (t) = M ILaPM (1) - oPG. (1)]

- M [aPMy () - aPG(t)] - od, (6.6b)

where

o =DM, i=1, 2, ,n-1
0.(t) = &.(t) - 8y(t) 21,2, ey n-
«31(1:) = w,'(t) - wN(t) i=1, 2, , n-1
"l’j(t) = Wj(t) - 6N(t) i=1, 2, » k-1

The power equations in terms of the new variables can be

written as:

APG 3PG/3e  aPG/av || ag

APL aPL/39  aPL/a¥ || aY

where
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_ T - T
8=0005 8ps evvy 8y g1, ¥ = (¥, ¥y, ooy ¥y 4]

The network equations can be used to express APG in terms of A9 and
APL. This can be done by solving the second equation in (6.7) for

A¥ and substituting it in the first equation in (6.7) to obtain

3PG  3PG [aPL -1 aPL PG [ePL -1
S TR Tl T 33]'32* DlEs ]A&
or
APG = Tag - LaPL (6.8)
where
aPG  3PG [aPL -1 3PL aPG [aPL -1
T=wg 7w |3 | 98 57 3|5 (6.9)

T is called the synchronizing torque coeffient matrix and L is called
the load reflection matrix.

Now, a linearized state space model can be derived by substi-
tuting PG in (6.8) into equation (6.6b) and writing the 2(n - 1)

equations in (6.6) in vector form to obtain
x(t) = Ax(t) + Bu(t) (6.10)

where

N T - (6.10a)



On-1) (n-1)} In-1 019
SN P  S— , B = ---#---- (6.10b)
|
- |
i MT i olno1 | I Mo ML ]
M1 -1 -
M1 : -MN
-1 I
M2 :
0 !
|
|
M = : (G.IOC)
i
0 | .
1
| 'MN
-1 -l
i M1 i My

The next task in this chapter is to derive the disturbance
model which can be used for deterministic as well as probabilistic
system disturbances. The disturbance model has been developed in

[21] and the presentation here follows that development.

6.3. Disturbance Model

The input u(t), composed of the deviations in the mechanical
input power APM on the generators and the deviations in load power
APL, can be used to model:

(1) loss of generation due to generator dropping

(2) loss of load due to load shedding

(3) changes in load injections due to line switching

(4) electrical faults
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These contingencies can be modeled by an input u(t) that has the

following form
u(t) = u(t) + gz(t) (6.11)

6.3.1. Step Disturbance

The vector function

91 t>0
uy(t) = (6.12)
t <0

1o

where gl(t) is a vector step function with amplitude up- Thus, the
non-zero entries in gl(t) can model the first three types of
disturbances.

The uncertainty due to a generator dropping, load shedding,

and Tine switching disturbance could be modelled by

APM LR
E{u;} = E§[----- = | -ee-- =m (6.13a)
aPL M2
Ry O
E{[gl - @1][91 - Tl]T} = eaea- % ----- = R (6.13b)
|
0 1 Ry

where
(1) M1 and 811 can describe the uncertainty in the location

and magnitude of generation changes due to generator dropping when
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the particular station, the generator in the station, and the power
produced on the generator are unknown.

(2) M, and R,, describe the uncertainty in the location and
magnitude of the load being dropped by any manual or automatic load
shedding operation.

(3) m2 and 822 can describe the uncertainty in the location
and the change in injections on buses due to any line switching
operation.

The uncertain model of u; can handle the case of a specific
deterministic disturbance by setting R, = 0 and m; = u; for the
particular disturbance.

The function gl(t) can only model disturbances that resemble

step changes.

6.3.2. Electrical Faults

To model electrical faults, first define the vector function

10
+
v
—
nN

gz(t) = 0tsT, (6.14)

10 Ic
n

ct

A

o

that represents a pulse of duration T2 and amplitude Us. This vector
function can represent the effects of electrical faults where T2
represents the fault clearing time and

aPM
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represents the step change in generation output equivalent to the
accelerating powers due to a particular fault. This change of mech-
anical powers, APM, which is equal to the accelerating powers on
generators due to a particular fault is calculated by an ACCEL pro-
gram [22], and has been shown to adequately model the effects of
that fault when a linearized model based on pre-fault load flow con-
ditions is used.

The above model can be generalized to model the uncertainty of
any particular disturbance and yet handle specific deterministic
disturbance as a special case. If the size and location of an elec-
trical fault are not known and if the clearing time T2 for this

fault is known, then a probabilistic description of this fault is

T21
E{uy} = | ----- =m, (6.15a)
0
Roq E 0
Elu, - myJluy - mpl'} = | -mmmv deem | = Ry (6.15b)
0 {0

where Moy and 321 describe the uncertainty in accelerating power on
all generators due to this electircal fault. This mean and variance
should be determined based on observed historical records or hypothe-
sized based on the present network conditions. If Bz = 0, and

m,y = APM for a specific fault, this generalized model then reverts

to the deterministic model of a specific electrical fault.
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It should be noted that APM and APL are assumed to be uncor-
related because this model is to represent only one specific type
of contingency at a time. For the same reason Uy and u, are assumed

uncorrelated with initial conditions, i.e.

"
o

E(x(0)up}
(6.16)

EX(0)up}

"
1o

where the initial conditions of the linear differential equations

(6.10) are assumed random with
E{x(0)} = 0 (6.17a)
E(x(0)XT(0)} =V (0) (6.17b)

6.4. Linear RMS Coherency Measure

The RMS measure of coherency between generator internal buses

k and £ based on the uncertain description of disturbances is [25]

r

T

! 2

CelTy) =\/#E[[ [(Aék(t)saaN(t))-(Aaz(t)-aaN(t))] dt
1 0

(6.18)

where

5,(T)) = & efx(t)xT(0)] et (6.19)
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is a (2n - 2) x (2n - 2) symmetric matrix which is defined in terms
of the state vector x(t) of the linear model of the power system.
The integer p is chosen to be one if a load shedding, line
switching, or generator dropping contengency occurs and zero if an
electrical fault occurs. This integer is chosen as one or zero so
that the above integral will be finite and non-zero for an infinite
observation interval (T1 = ®), e e is a (2n - 2) x 1 vector defined

below for the generator N reference

( 1 =k

-1 =k for k # N, £ # N

0 jJ#k, 2
{ 1 j=k
{gkl} = for kK # N, £ = N (6.20)

J | 0 j#k
1 j=42

for k =N, £ #N
0 Jt e

since the objective is to compute the n x n coherency matrix C where
{C}kl = th(Tl)’ k, £=1,2, ...., n

The elements of this matrix can bé easily computed, provided
that the upper-left (n - 1) x (n - 1) submatrix of §x(T1) is known,
because the coherency measure between any pair of generators depends
only on the generator angles (6.18). Denoting the upper-left

(n - 1) x (n - 1) submatrix of §X(T1) by sx(Tl), the coherency mea-

sure Ckz(Tl) can be found as
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\/{§X(T1)}kk+ (T dgpm Gx(Ty) by 184 (T1) e

k #N
- & . L #N
Ceo(Ty) = 18, (T Yy kK#N, £=N
(8,(T1)3pp k=N, £#N (6.21)
where
$,(Ty) = -13 j E{>_<(t)>_<T(t)}dt SN I I
T1 '
0 N -

The matrix §x(T1) can be easily computed by substituting X(t)
in equation (6.19). For the input function u(t) = gl(t) + gz(t),
X(t) has the following form

t
r At At
e x(0) + [ e” dB(u; + u,) for t <T,
0

.

At t At Alt-Ty) Tp At
e x(0) + e dwBu, +e e dtBu,
0 0

for t > T2 (6.22)

For a specific step input disturbance (load shedding, loss of genera-

tion, or line switching) with the following specification

P=1,m =u,m=0,R =Ry=0,and V (0) =0
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the matrix §X(T1) has the form

T T T
1 Aq Aq T
§X(T1) = lef {[j e dql}]glg{ [[ e dqB] }dr (6.23)
0 0

0

If the specific deterministic disturbance is an electrical

fault sincein this case

p=0,@1=0,m2=92,81=82=9,andyx(o)=9’

the matrix §x(T1) becomes

T2 T o T op T
§x<n>=f { f e‘qdq@hze‘z'[f e aag] | ¢
(0] 0 0

T T _ T, T
. j‘ l{[eé(r ) f zeeqdqg] gzg;[eé(r TZ)[ zdeqdqg]} .
.
2

0 0
(6.24)

This RMS coherency measure can handle both deterministic and
probabilistic descriptions of power system disturbances. It is
shown in [26] that the RMS coherency measure evaluated over an infi-
nite interval (T1 = =) can be analytically related to generator
inertias, synchronizing power coefficients t,, of equivalent lines

connecting internal generator buses k, £, and the statistics of the

disturbances.
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In the following subsections an infinite interval RMS coherency
measure will be derived for step, impulse, and pulse disturbances in

the mechanical input power of the generators.

6.4.1. RMS Coherency Measure for Impulse Input Disturbance

The RMS coherency measure matrix for the impulse input dis-
turbance can be obtained from the general equation (6.21) provided

S_(=) for impulse is derived first, using

.
1
S (=) = Zim Ex(t)x](t) )dt (6.25)

-X Tl_;.m

where x(t) is the solution of

x(t) = AX(t) + Bu (t) (6.26)

for the impulse input yI(t) = a- 6 (t) . Assuming zero initial
conditions, i.e., at t = 0, X(0) = 0, the state of the system at

time t can be found as

toA(t-q) At
X(t) = e Bas(t)dt = e Ba (6.27)
0
Substituting (6.27) into (6.26), Sy (») for impulse becomes
I
R U
S (=) = &im E{e Baa'B'e }dt
X1 T Jo
R AL
= gim (e” BE{aa }B'e” )dt (6.28)

Ti~=J,
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where

represents the step change in generation output equivalent to the
accelerating powers due to this impulse. The statistics of this

disturbance are defined to be

m
-al
m, = E{g,} Z | aceea (6.293)
0
oo rade
R, = E{[g - !‘a][g - TQ] } =] eeaam !.--- (6.29b)
0 !0
[ = 5
thus
r T ! "
R 1t Ma1Tal i 0
E{aaT} SR o+mm =] ccmemccmameee t--- (6.30)
-- -a  -a-a 1

where R , is the variance matrix and m , is the mean vector of the
uncertainty in accelerating power on all generators due to this

impulse (electrical fault).
T

m
a=a

T

Defining ya = Q(Ba +mm )B" equation (6.28) becomes
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S, (=) = Lim (e” Ve )dt (6.31)
= -a
I Tl*w 0

In order to obtain a closed form solution for §XI(w) it is
appropriate to approximate the impulse as a pulse with very short
duration. To clarify this let us start with the pulse and its sta-
tistics and try to relate it to the impulse and its statistics
approximately.

Define the pulse of duration T2 as
us(t) = { u 0<tsT, (6.32)

where u, = [aPM E Q]T , and its statistics are

P21
My = Elup} = [---m- (6.33a)
0
Ro1 0
82 = E{[Ez - Tz][Eg - Tle} = | ===-- ?"' (6.33b)
0 !0

The impulse now can be approximated by the above pulse as follows

0 t > T2
gI(t) = a8(t) = %iTO gz(t) x 1/T2 a O0<tx< T2
2 0 t <0
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and the statistics of pulse and impulse may be related as

_ 1
m, = TE m, (6.34a)
R. =L g (6.34b)
-2 TZ -a )

5 |

It has been shown in [26] that for a pulse of very short duration

(impulse), §x (») can be determined from the following equation
I
- W (6.35)

where W is the solution of the following Lyapunov equation

AN+ WA = - (6.36a)
and
V, = B[R, + mom 18" (6.36b)
1 oat ATt
W= £im (e V,e )dt
s T I )
1 ]
-T2 At ATt
= £im (e Voe )dt (6.36¢)
i~ Jo
Comparing equations (6.31) and (6.36¢c) and knowing that YZ = j? ya
-
it is obvious that W = l? S, (=). Substituting matrices W andz\_l2
T I
2

into equation (6.36a), the following Lyapunov equation is obtained
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AS, (=) + 5, (=)A= -V (6.37)

I I

This Lyapunov equation (6.37) can be easily solved by considering

the symmetric property of the matrix §x (). Thus, partitioning

I
S. (=) as
-XI
31 | 32
R e (6.38)
s ls
- -2 -3 -
and calculating
- 0 I 0 -
_ T\oT _ '
L L L i
| T \T
_9 | MR, *+m 1Ta1)@

along with some algebraic manipulation §1 becomes

PR -1 T T
3 % 2 (%) = g5 DML THR )+ myymgy M
+ MRy + mmt M (M) T (5.39)

The expression (6.39) shows that for the impulse input disturbance
the matrix éx (=), which defines the infinite interval RMS coherency
I

measure, is related algebraically to the parameters of the linear

system model and the disturbance statistics.
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6.4.2. RMS Coherency Measure for Pulse Input Disturbances

The RMS coherency measure for a pulse input disturbance Sy ()
p

may be obtained as the limit of §X (Tl) when T1 approaches infinity.
S, (=) for a pulse disturbance of duration T, has been derived in

p
[24] and is shown to be
"
s, (=) =) 2 A" W+ wa™?) ] (6.40)

where W is the solution of the Lyapunov equation (6.36a). The solu-
tion of this Lyapunov equation is similar to the solution of the
Lyapunov equation for the impulse disturbance. The solution of W is
exactly the same as the solution of §x1(w), except that we have to
use the statistics of the pulse rather than the impulse statistics.

Thfs solution has the form

2= [(MT) " IapM- aPM™MT + MapMapMTMT (MT) T

1o

1 Tl
0 55 [MAPMAPM'M' ]

-

(6.40a)

where M and APM are the inertia matrix and the acceleratiné
power on all generators due to the pulse input disturbance,
respectively (electrical fault). If the pulse duration time
T2 is very short, only the first term in the series (6.40)

will be required, and under this assumption Sy (o) = Tg W.

I
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Equation (6.40) shows that for the pulse disturbance, S_ (=), which

=X
P
defines infinite interval RMS coherency measure, is related alge-

braically to system structure and disturbance statistics.

6.4.3. Justification of Nonlinear RMS Coherency Measure

The nonlinear RMS coherency measure is now derived based on
the linear RMS coherency measure derived in the previous section
by showing the term [ﬂl]_lﬂAEﬂ in W is a linearized inertial load-
flow.

The inertial load-flow equation is first proven to be defined
as a singular point of the global energy function. An expression
for a linearized inertial load-flow equation is then obtained.
Finally, the angle changes for this inertial load-flow are shown to

satisfy
a5 = [MT]7 1M apM (6.41)

which appears in W. This justifies replacing expression (6.41) in
W by §u - §52.
The inertial load-flow equation that defines the singular

point of the global energy function is now derived.

Consider the energy function of the system represented by

n-1 n
3 S [ ey - ep? - CEE
2MT i J MT ij ij
i=1l j=i+l
C..(cos & §52) (6.42)
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Take partial derivative of V with respect to Gi and set equal to

zero, aV/asi = Q.

]
-
O
—h
= 3
.
=K
o
(3PN
=
—d e
+
™-
(g}
—d
[
w
-t
S
O
-
.
]
o

(6.43)
j:l J=1
j#i
n
P DM v N n
_J_:.]'_. - ._l . o= . S3 ..
MT MT PJ CiJ sin 513 (6.44)
J=1 j=1
Mi n n .
j=1 j=1
Assume that Pi = PMi; therefore
M. n
._1.. = i A
j=1 j=1

The equation (6.46) is an inertial load-flow equation and is
used to solve for an unstable equilibrium point of the system. This

equation can be linearized to form the following:

M n n
i =
APMi - EZ APM; = Z T].J-AGi (6.47)
j:l j:l

where



n
ICRED IR
j=1
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.

J

Expression (6.47) can also be written as

n-1
woM, -
i -
Py £
where
Ae1 = A61 - AGN
or
-
"
My
My

3

APMi

n-1

= T, .08,

5=

ENS

(6.48)

aPM

(6.50)

n
where ZMJ. = M;. Multiplying both sides of equation (6.50) from
j=1

the left by M, where:
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[ 1 1
Ml Mn
M:
1 1
! Mn-l Mn ]
and noting that:
o 1r T
1 U S R "
M1 Mn MT MT MT
Mo M "2l
ot LN
S W | B "n
L S | B Ll
then (6.50) may be written as:
MAPM = MT A6 (6.51)

Thus, the inertial angle changes for step input disturbance (loss of

generation i and generator buses are:

[MT]1™!MaPM (6.52)

A8

As a result of this discussion one could use the UEP angles
s2

48, calculated by a special program, instead of [MI]'I@ PM

g - o
to calculate the fault coherency measures (non-linear). This leads

us to the following equation



0) + 23(0) (8" - 8%%) (6.53)

In the next subsection the method of obtaining the peak angles from

matrix §x (») is described.
1

6.4.4. Theoretical Justification of Fault Security
Measure for Second Order System

Consider a second order system such as single machine infinite
bus power system; its behavior can be represented by the following

linear second order differential equation
M A8(t) + Das(t) + Tas(t) = u(t) (6.54)

where

=
o —
[} ]

inertia of the machine

damping coefficient

and u(t), As(t) are defined as input and output of the system. The
point of concern here is to study the response of this second order
system to

(1) step input disturbance

(2) impulse input disturbance

and then show that these responses are related to each other.

System Response to Step Input Disturbance. Defining the step

input function as




143

u(t) =

one could solve the linear differential equation

t>0 (6.55)

MIAES(t) + Das (t) + Tas (t) = aPM

and obtain the closed form solution Aas(t)

_D/2oM, t
APM { 1-e 1 cos (\/4M1T - 02/2M1) t

AGS(t) i o
-0/2M, t
- -;;15-:—35 e 1 sin (,/4MIT - DZ/ZMl) t} (6.56)

Steady-state response of the system is obtained when t + =
(6.57)

_ APM
885(=) = =~
To find initial acceleration AES(O), set D = 0 in equation (6.56):
(6.58)

_ APM
88,(t) = =~ (1 - cos (/aM,T/2M; )¢

and then take the second derivative of equation (6.58)

= 8PM s (VAM,T/2M) )t

A8 (t)
s M1
By setting t = 0, the initial acceleration will be obtained
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P - APM
AGS(O) = My (6.59)

Multiplying equation (6.57) by equation (6.59),

a8 (=) + 85.(0) = @ : AWF;M' (6.60)

Rearrange equation (6.60) and define M 2 ﬁ; to obtain the result in
1

the compact form

1

(MT) "MaPM - APM - M (6.61)

>
(o]
—
8
~
(>
O
—
o
~
1}

System Response to Impulse Input Disturbance. Consider the

same second order model and apply an impulse function u(t) = APM-§(t)

where §(t) is defined as a delta function.
M a8(t) + Das(t) + Tas(t) = aPM- s(t) (6.62)

The solution of this differential equation can be expressed as

-t
85, (t) = —=22PM o7l gin(ifamT - 0%/, )t (6.63)
I 3 ] 1
[aM,T - D

The maximum value of AGI(t) can be obtained by taking the first

derivative of AGI(t) with respect to t.

-1
a6 (t) = %%E§ e-(tan “a)/a (o papml (6.64)
Imax

where
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1

For the case where damping is zero (D = 0),

a5, (1) = APM_ = (M T)E apM (6.65)

max \/ MlT 1

Let M Q'ﬁ; and rewrite equation (6.65) in desired form
1

as;  (t) = (MT)7E M- ap (6.66)
max
By comparing equations (6.66) and (6.61) with each other, the rela-
tionship between the response of the system to impulse disturbance

and step disturbance is represented by

a8, (1) =Vfraas(m)A}s°s(0) (6.67)

max

For multimachine power systems, the security measure for impulse

input disturbance can be written as

2
A T
5, (=) = 4—2[(MT)‘1MAPMAPMTMT + MapMAPMTMT(ﬂT_)'T] (6.68)
substitute
(MT) ™ MapmapuTMT

by
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T
A8 (t) - as
'_Jmax _"Jmax(t)

in (6.68) and write the resulted expression in vector form

S, (=) = K[ae, a0 +a8] a8 ] (6.69)
I max max max max
where k2 ,
2 -2
a5

Having calculated the matrix sx (»), the diagonal elements of this
I
matrix are proportional to the square of the angle changes of the
.2
generators (Ae} ) fori=1,2, ...., ndue to impulse disturbance

max
and the post-fault system generator angles at time tB are

1 f kel ., i=1,2, ..., (6.70)
max max
The above development of the expression for the peak angle
deviation for the second order system (6.54) is based on the assump-
tion of zero damping. However, the RMS coherency measure depends
on the damping to inertia ratio ¢ = Di/Mi which it should because
the peak angle deviation should decrease for increased damping.
Thus, o should be set experimentally to reflect the effect of turbine
damping Di as well as the effective damping caused by the load
impedance reflected in the conductances in the transmission network.
Thus, the square root of the diagonal elements of the matrix

A

SI(w) can be added to the base case load-flow angles to predict the
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peak angles for the multimachine system. This prediction (6.70) of
the peak angles using the linear or nonlinear RMS coherency measure
has not been justified based on analysis of the multimachine model
but solely based on the analysis on the special case of the second
order system model. The accuracy of the prediction of the peak
angles (6.70) using the RMS coherency measure from experimental
results in the next chapter justifies the use of this prediction
model.

6.5. Computational Algorithm for Infinite
Interval Pulse Coherency Measure

From the discussion of subsection (6.4.2) it is understood
that the coherency measure for pulse input disturbance, which was

derived in [24], has the following expression

5, (<) - > 2" W) (6.71)
=2

where W is the solution of the Lyapunov equation (6.36a) and has the
form shown in (6.40a).

The objective of this section is to derive an algorithm for
computing the coefficient matrices 5”‘2y in the above series expan-
sion for the pulse coherency measure.

Consider the matrix W shown in (6.40a) and define the sub-

matrices X and Y as
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X = %Z [(M_)-lﬂAEﬂAEMTUT + @AEMAEMTMT(MI)-T]
(6.72)
_ 1 TuT
Y = 55 [MaPMapM'M™ ]
so that
X 0
!:
0 Y

For the power system model with zero damping (o = D/M = 0), the

matrix A has the following form

1>
1]
10
1=

(6.73)
MT 0

Once A and W are defined, the matrices en‘zy have the following

form

[ 0 L7 o] [ o Y

AW = -
| Mr ofL o v ] Lomx 0
[0 Iro vl [mx 0

A% = - J
M 0] [(Mm)x o] [ 0 (MT)Y
K 1] [um)x 0 0 (MT)Y

53U - -
| ur of[ o (my] Lom3 0
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(Mm)"" % 0 (MT)"X 0

E
"
(o]
11—
n

1oL I (vm)"y

=
3
10
o

Since the pulse coherency measure is computed from upper diago-

nal submatrix, it is clear that the matrices

2k k

(AZkE)ll = upper diagonal submatrix of A®"W = (MT)

X (6.75a)

need to be computed since

(AZk-lw) = upper diagonal submatrix of QZk'l

1 W=0  (6.75b)

for k =1, 2, .... If we define vectors

ne>-

L (1)~ Imapm
° 2k (6.76)

n>
—

2/a

then matrix X has the form

X = Voup * Vi (6.77)
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and the series (ﬂl)kg could be written as a function of these vectors

v_ and v, as the following

0
(MT)X = (MI)VOVI + (M_)vlvg = vle + VZVZ
2y _ T T _ T T
(MT)™X = (MT)vqvq + (MT)vovy = vovy + vavy

3, . T T _ T T
(MT)"X = (MT)vovy + (MT)vavy = vavy + Vv,

ky _ T _ T
where
Virl MT Vi o k=0, 1, 2,
The series
o k
k-2, P
(A7 Wy 17
k=2
can then be written as
© k 4
T T T
2 2 T 2 T T
2w WA = of (vl vgu) + gF G+ v+

and



k=2 (6.79)
As a result of this analysis, one has to compute the vectors V;
i=0,1, 2, 3 to compute the pulse coherency measure, which pre-
dicts the peak angles of the system for a particular fault.

The computational algorithm of the pulse coherency measure
for predicting peak angles of the generators in the system can be
summarized in the following order.

(1) Compute generator accelerating power APM using ACCEL pro-
gram, which requires one linear matrix equation to be solved. Then
compute vy = E%g MAPM directly.

(2) Compute v, from inertial load-flow equation for post-
fault network (see Appendix A).

(3) Compute Vis1? k=1, 2, ... from iterative equation involv-
ing pre-fault network Jacobian network matrix (see Appendix A).

(4) Compute post-fault stable equilibrium points e52 from
DC load-flow equation.

(5) Substitute vgs in equations (6.79) to obtain the pulse
coherency measure matrix sx (»). Then take the square root of diago-
nal elements of this matrix and add them to the post-fault stable
equilibrium point angles as was shown in equation (6.70). The results
would predict the generator peak angles for this fault disturbance.

This method of finding the peak angles of the system generators

is very fast and computationally efficient in comparison with trajec-

tory simulation method. Simulating the system trajectory



152

requires iterative solution of n + m (where n is the number of gen-
erator buses and m is the number of load buses) dimensional set of
nonlinear equations every integral step size At = .01 seconds during
fault and every At = .05 seconds after fault clearing. This approxi-
mation algorithm requires solution of only a few sparse linear matrix
equations such as:

(1) one linear equation solution for computing APM

(2) one solution of a nonlinear load flow for post-fault stable
equilibrium point 652

(3) one linear equation solution for computing Vo

(4) computational results showed that after four iterations
terms (ﬂl)kx, for k =1, 2, 3, 4, the measure (6.71) converged.
Therefore the algorithm requires in total six sparse linear equation

solutions and one nonlinear load flow solution.



CHAPTER 7

STABILITY ANALYSIS USING FAST DIRECT METHODS
AND COMPUTATIONAL RESULTS

7.1. Introduction

The same power network (Reduced Iowa System) described in
Chapter 4 was used to study the stability of the system by fast
direct methods for the same three fault cases, Cooper, Fort Calhoun,
and Raun, as described in Chapter 4.

The objective of this chapter is to apply the fast direct
method stability algorithms (the PEBS and equal-area) and show the
results of the direct stability run for each fault case and discﬁss

the accuracy of these results.

7.2. Cooper Case

A three-phase fault is applied to generator 2 (Cooper) and
is removed by clearing line 6-439.

The point of interest is to study the behavior of the system
due to the fault and directly determine whether the system is stable
or unstable without simulating the system trajectory.

Recall the efficient PEBS algorithm described in subsection
5.2.1. To compute the boundary energy VPEi(tB,tc) = Vcr from equa-

sl

tion (5.1) having the prefault operating state 8", it is understood

max

that one needs to determine the peak angles s (using linear or

153
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nonlinear RMS coherency measure) as well as the critical generator
or the critical group. The linear and nonlinear RMS coherency pro-
gram was run for different clearing times and generator 2 was found
to be the generator with the highest peak angle. Therefore, gener-
ator 2 is predicted as the critical generator. Tables 7.1 and 7.2
show the peak angles of the generators with respect to generator 13
as a reference generator for two different clearing times tc = 0.192
and 0.210 seconds. Although the predicted peak angles by RMS coher-
ency program (entries of columns 3 and 4) do not match with those
obtained from simulation program (entries of column 2) in these
tables, the results of computing the maximum potential energy of the
critical generator using these approximated peak angles shows that
the fast PEBS algorithm works accurately and predicts the stability
boundary of the system. For different clearing times, the proposed
PEBS method with both linear and nonlinear RMS coherency as peak
angle predictors were tested on the Reduced Iowa Test system and

the results are summarized in Table 7.3.

In Table 7.3 columns 2 and 3 represent the boundary energies
V;E(tc) calculated for different clearing times using the linear
RMS coherency measure as predictor, for the energy function (5.1)
with conductance term included and excluded, respectively. In
both cases the largest peak value of the boundary energies
occurs for clearing time within the interval toe (.210, .224)

indicating that the critical clearing time is in this interval.
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Table 7.1. Generator peak angles (8;-813) for Cooper using the RMS
coherency measure and simula%ion programs. Clearing
time = .192 seconds.

RMS coherency peak angles
generator simulation

number peak angles linear nonlinear

1 20.33 50.68 12.91

2 130.20 176.44 119.26

3 28.67 29.94 14.60

4 11.51 22.84 8.43

5 57.28 56.54 25.18

6 58.53 43.11 25.85

7 9.84 49.71 17.29

8 13.27 70.96 20.11

9 19.68 39.28 20.17
10 69.17 101.22 42.58
11 26.98 71.65 21.68
12 64.45 135.99 52.16
13 --- --- ---

14 - 0.26 6.49 2.12
15 13.66 16.52 9.40
16 74.12 113.28 46.51
17 92.78 138.14 56.29
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Table 7.2. Generator peak angles (8;-613) for Cooper using the RMS
coherency measure and simula%ion programs. Clearing
time = 0.210 seconds.

RMS coherency peak angles

generator simulation
number peak angles linear nonlinear

1 20.33 50.68 12.91
2 130.20 176.44 119.26
3 28.67 29.94 14.60
4 11.51 22.84 8.43
5 57.28 56.54 25.18
6 58.53 43.11 25.85
7 9.84 49.71 17.29
8 13.27 70.96 20.11
9 19.68 39.28 20.17
10 69.17 101.22 42.58
11 26.98 71.65 21.68
12 64.45 135.99 52.16
13 --- --- ---

14 - 0.26 6.49 2.12
15 13.66 16.52 9.40
16 74.12 113.28 46.51

92.78 138.14 56.29

—
~




Table 7.

clearing
times

0.192
0.208
0.2:0
0.2:6
0.224
0.24
——
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Table 7.3. Determination of maximum potential energy (PEBS) for
Cooper using the fast direct method.

linear nonlinear
clearing with without with without
times conductance conductance conductance conductance
0.192 9.907 4.915 9.937 6.886
0.208 9.941 5.156 10.896 7.928
0.210 9.947 5.174 11.009 8.057
0.216 9.949 5.197 11.336 8.187
0.224 9.773 5.112 11.744 8.930

0.24 9.516 5.062 10.917 8.735
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Comparison of these results with the actual tcc z ,220 seconds
obtained from simulation program (Table 4.2) confirms the accuracy
of the algorithm. It should be noted that in this research there
was no attempt to determine the stability boundary very accurately.
However, one could calculate the boundary energies V;E(tc) for addi-
tional clearing times to pfecisely determine the highest possible
value of V;E(tc). The corresponding clearing time for which this
maximum energy value occurs was the critical clearing time from the
results of Chapter 4. The results in columns 4 and 5 of Table 7.3
show that the boundary energy V;E(tc), where the nonlinear RMS coher-
ency measure was used as the predictor, peaks for clearing time

t. e (.216, .240), therefore the critical clearing time is within
this interval.

Although the critical clearing time tcc for the nonlinear
case appears to occur at a later time compared to the critical clear-
ing time of the linear case, the results are still in agreement with
actual simulation results.

For the same fault location (Cooper) the fast equal area
algorithm was applied to the same test system and stability of the
system was tested by computing the energy margin AE(tc) = Al(tc) +
A2(tc,tB) for different clearing times. The results of this analysis
are summarized in Table 7.4.

From Table 7.4, where the local equal area energy margin for
generator 2 is considered, it is observed that when the linear RMS

coherency measure is used as the predictor of generator peak angles,
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Table 7.4. Determination of minimum energy margin (EAC) for Cooper
using the fast direct method.
linear nonlinear

clearing with without with without
times conductance conductance conductance conductance
.192 - .372 1.487 1.548 .791
.208 1.559 2.709 .486 .071
.210 1.832 2.886 .374 .004
.216 2.661 3.021 .018 .0038
.224 3.955 4.287 - .509 -.569
.24 6.244 6.215 1.573 .583
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the minimum of AEZ(tB) increases as the clearing time increases.
The critical clearing time based on the second and third columns

of this table is not predictable because there is no minimum point
for AEZ(tB) versus clearing time t. and hence the algorithm based
on the linear RMS coherency measure does not work properly. The
entries of the fourth and fifth columns with the nonlinear RMS
coherency measure show that the energy margin AEZ(tB) decreases as
the clearing time approaches the critical clearing time for tc< tcc
and then AEZ(tB) starts to increase as clearing time increases for
tc > tcc' The critical clearing time based on the fourth and fifth
columns of Table 7.4 is again estimated to be in the interval

t.c (.216, .240). These results confirm that the approximation
algorithm based on the nonlinear RMS coherency measure for predicting
critical clearing time is very compatible to the results obtained
from simulation.

The nonlinear RMS coherency measure requires very significant
computation to obtain the unstable equilibrium point. Since the
linear RMS coherency measure appears to perform quite well for the
PEBS method and since it can be computed at the cost of a decoupled
load flow, the nonlinear RMS coherency measure was not applied to
either the Fort Calhoun or Raun cases. However, the nonlinear RMS
coherency measure performed satisfactorily for both the equal area
and the PEBS methods where the linear RMS coherency measure only

performed adequately for the PEBS method.
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7.3. Fort Calhoun Case

For the critical generator 16 of the Fort Calhoun case, a
similar analysis to that of generator 2 of the Cooper case is per-
formed. Generator 16 is correctly selected as critical from the
maximum of peak angles predicted by the RMS coherency measure.

Tables 7.5a and 7.5b summarize the results obtained by monitoring

the individual machine potential energy (PEBS) and energy margin
AE(tB,tc) for generator 16, respectively. Note that in these analy-
ses only the linear RMS coherency is used to predict the critical
generator 16 and the peak angles of the system generators. From
Table 7.5a it is clearly observed that as the clearing time increases
toward the actual critical clearing time (which is not known at this
time), the maximum of the potential energy increases until it reaches
its highest value for t. e (.360, .368). However, this result is
off by .008 seconds from the result obtained from simulation

tc e (.352, .356) in Table 4.5. From Table 7.5b, where the minimum
energy margin for generator 16 is considered, it is observed that
again the minimum of AE16(tB) increases as the clearing time increases.
Since there is no minimum point for AEIG(tB) versus clearing time

tc’ the critical clearing time once again cannot be predicted using

the fast equal-area algorithm and the linear RMS coherency measure.

7.4. Raun Case
For the Raun case, for both the inclusion and exclusion of
the transfer conductances the proposed fast PEBS and EAC algorithms

for different clearing times were applied. In both cases the linear
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Table 7.5a. Determination of maximum potential energy (PEBS) for
Fort Calhoun using the fast direct method.

linear
clearing with without
times conductance conductance
.320 11.442 4,232
.336 11.584 4.451
.345 11.678 4.627
.352 11.714 4.721
.360 11.737 4.819
.364 11.748 4,936
.368 11.740 4,907
.384 11.690 4,749

Table 7.5b. Determination of minimum energy margin (EAC) for Fort
Calhoun using the fast direct method.

linear

clearing with without
times conductance conductance
.320 -3.647 -1.504
.336 -2.831 -1.125
.345 -2.137 - .844
.352 -1.681 - .601
.360 -1.131 - .294
.364 - .883 - .082
.368 - .549 .046

.384 - .700 .822
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RMS coherency measure was used to predict the critical generators and
the generator peak angles. This coherency measure indicates gener-
ator 6 is the most accelerated generator in the system. Therefore,
by definition, generator 6 would determine the stability or insta-
bility of the system. Thus, generator 6 is the critical generator

in this case. However, in Chapter 4 it was shown that both gener-
ators 5 and 6 were accelerated and separated from the rest of the

system simultaneously, and it was also shown that more time was needed

to drain out the excess clearing energy of generator 5 than that of

6. In other words, although both generators 5 and 6 lose synchronism
with respect to the stationary group, generator 6 becomes weakly
decoupled where generator 5 is still strongly coupled and becomes
weakly decoupled at a later time if the system loses stability. This

confirms the fact that the true mechanism of stability is dictated
by generator 5 rather than 6. The linear RMS coherency measure
therefore did not correctly identify the critical generator in this

Raun case.
However, in both algorithms (PEBS and EAC), the energy of gen-

erator 6 was used to predict the stability boundary of the system.

Tables 7.6a and 7.6b show the results obtained from the direct appli-
cation of both the PEBS and EAC algorithms on the Reduced Iowa Test
System, respectively. From the entries of Table 7.6a, for both

the inclusion and exclusion of the transfer conductances, it is

clear that the potential energy maximum of generator 6 with respect
to the rest of the system has the highest value for clearing time

around tc = .1922 seconds. This phenomenon indicates that the



164

Table 7.6a. Determination of maximum potential energy (PEBS) for
Raun using the fast direct method.

1linear
clearing with without
times conductance conductance
.160 10.384 7.205
.176 10.672 7.711
.1922 10.691 7.858
.208 10.184 7.608
.224 9.420 6.946

Table 7.6b. Determination of minimum energy margin (EAC) for Raun
using the fast direct method.

linear
clearing with without
times conductance conductance
.160 117 : 1.251
.176 2.785 3.216
. 1922 6.294 5.941
.208 10.623 9.434

.224 15.686 13.640

———
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estimated critical clearing time is approximately equal to tcc =
.1922 seconds, which is very compatible to the actual boundary
t. e (.1922, .1925) obtained from the simulation results.

Table 7.6b shows the minimum energy margin of generator 6

with respect to the other generators AEG(t in the system for dif-

c)
ferent clearing times for both the inclusion and exclusion of the
transfer conductances. In both cases, the minimum energy margin
AEG(tc) varies with clearing time, i.e., for increasing clearing

time tc’ AEB(tc) increases and this relationship holds even for
Targe clearing times. Thus, function AE6(tc) does not have a minimum
point with respect to clearing time tc and hence one cannot predict
the critical boundary tCC using the fast equal area prediction method
with the linear RMS coherency measure.

The PEBS method for the individual machine energy function
with the linear RMS coherency measure used to predict the peak
angles is quite accurate compared to results obtained:

(1) Using the PEBS method for the individual machine energy
function based on the actual simulation [16]. The results in Chap-
ter 4 indicate that the critical clearing time could be determined
much more accurately but the accuracy obtained in [16] was deemed
adequate to indicate accuracy of the method.

(2) Using the PEBS [17] or critical UEP methods [2] based on
the total energy function. These methods have limitations on their

accuracy due to use of the total energy function.
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The fast PEBS method is quite acceptable in its level of
accuracy because:

(1) the results using the PEBS method for the individual
energy function with the linear RMS coherency measure are as accu-
rate as these previous results, and

(2) for applications of this fast PEBS method for on line
simulation at utility control centers and for screening contingen-
cies for operation planning, and expansion planning it is more than
sufficient.

The fast PEBS method with the linear RMS coherency measure
does not require the significant computation required for computing
the nonlinear RMS coherency measure. Thus, since the linear RMS
coherency measure appears to give results with adequate accuracy,
the fast PEBS method with the non]inea} RMS coherency measure was
not explored in depth.
| The linear RMS coherency measure did not perform properly
for the equal area criterion method for the individual machine energy
function. The nonlinear RMS coherency measure did perform adequately
for the equal area method but was not explored in depth due to the
significant additional computation required for the nonlinear RMS
coherency measure. The equal area method also requires computing
the angles at clearing time using a Taylor series which is additional

computation.
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In conclusion, the fast PEBS method with the linear RMS
coherency measure thus appears to provide adequate accuracy at a

minimum computational requirement.



CHAPTER 8

REVIEW, CONCLUSION, AND TOPICS
FOR FUTURE INQUIRY

8.1. Chapter Review

A fast accurate direct method for assessing whether the power
system will or will not lose stability for a particular fault, line
clearing action, and fault clearing time has been sought for over
thirty-five years. The development of such a direct method should
not require simulation of the fault and the clearing action for a
particular fault clearing time but should require approximately
the computation associated with a fast decoupled AC load flow. If
this direct method of assessing stability for faults had the computa-
tion requirements of an AC decoupled load flow, it could be applied
in the following applications for fault contingencies as the decoupled
load flow is presently used for line outage and loss of generation
contingencies.

(1) A screening tool for operation planning where all first
and second contingencies are evaluated to (a) assess whether the
operation plan for any day, week, or season is vulnerable to a loss
of stability, (b) determine and rank contingencies for which the
system is vulnerable, and (c) select the contingencies to be evalu-

ated on-line at the utility control center. Theoperationplan would
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be modified if the particular operation plan was vulnerable to any
credible first or second contingency. The fault contingencies that
are found to be most severe can be evaluated using more accurate
models to assess the cause and severity of the particular contingency.

(2) As a check for system operators at control centers. The
operators could assess the severity and whether the system would
lose stability for any fault contingency or set of contingencies
that appear of great concern because of loss of generation; line
outages or fault contingencies haveoccurred that were not anticipated
in the operation plan. The set of contingencies selected off line
as part of the operation plan could also be simulated to determine
if any of these contingencies would cause loss of stability or
security due to changes in operating conditions. The operator will
attempt to modify the operation based on the results of the con-
tingency simulation to eliminate the security or stability problems
identified by the contingency simulations.

(3) A screening tool for expansion planning where all first
and second contingencies are evaluated for each alternate expansion
plan for several operating conditions. The relative security or
reliability of the expansion plan will be used to help decide which
expansion plan should be implemented. Detailed simulation of fault
contingencies found to make the system vulnerable would be under-
taken to accurately assess the cause and severity of the security
or stability problem.

The proposed contributions of this thesis are:
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(1) To further refine the potential energy boundary surface
and equal area methods developed previously [16, 19] using an indi-
vidual machine energy function. The method for identifying the
critical generator in [29] is used to select the machine for which
the individual machine energy function is written. The potential
energy boundary surface method, which determines the maximum poten-
tial energy of the individual machine energy function as a function
of clearing time, is shown to have a very sharp narrow peak at the
critical clearing time. It was thought, based on [16], to be nearly
flat for all clearing times greater than critical clearing time.
This very sharp narrow peak for the maximum potential energy as a
function of clearing time at the critical clearing time (a) makes
extremely accurate identification of the critical clearing time
quite easy, and (b) indicates that the combination of the method
for identifying the critical generator and the method for determin-
ing the maximum potential energy produces an energy metric that
truly captures the structural conditions that cause the loss of
stability for a particular fault. The equal area method measures
the accelerating energy and decelerating energy for the individual
machine energy function of the critical generator for a particular
clearing time. The maximum decelerating energy is determined by
noting the maximum of decelerating energy as a function of time.
The difference between the accelerating energy as a function of
clearing time is shown to be close to zero for small clearing times,

have a very sharp negative peak at the critical clearing time, and
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have positive values for clearing times greater than the critical
clearing time. This result was not known previously and (a) shows
that the equal area condition of single machine infinite bus system
does apply to the multimachine system if properly applied to the
individual machine energy function for the critical generator,

(b) hakes extremely accurate identification of the critical clearing
time quite easy, and (c) shows this difference in accelerating and
maximum decelerating energy as a function of time is another energy
metric that captures the structural conditions that cause loss of
stability for a particular fault, clearing action, operating condi-
tions, and clearing time. The individual machine energy function
for the critical generator and the PEBS or equal area method appear
to finally have been established experimentally as properly captur-
ing the structural conditions that cause loss of stability in power
systems. These methods still require theoretical justification,
which is a topic of further research.

(2) The second major contribution of this thesis is the
development of a fast accurate method for determining loss of sta-
bility without requiring transient stability simulation of the fault,
the clearing action, and the fault clearing time as was required in
the previous results to date [16, 17, 29]. This method is shown
to require computation that is approximately that of an AC decoupled
load flow and thus could be utilized in the applications mentioned
earlier. The practical contribution of this method cannot be under-

estimated because the previous literature on direct methods were
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principally concerned with showing that the retention or loss of
stability obtained from observing angle differences on a transient
stability simulation could also be obtained via observing a measure
of energy on that same transient stability simulation. The research
performed to eliminate the need to perform the transient stability
simulation was quite limited, never thoroughly investigated, and
either required very extensive computation or was not very accurate.
Thus, the development of the fast accurate method is an important
contribution because the objective of the research on direct methods
of stability assessment for faults is the elimination of the need
to simulate the fault contingency.

Such fast algorithms are based on the potential energy of the
individual machine with respect to the rest of the generators in
the system. Computation of this potential energy requires calcula-
tion of the initial operating state, the final operating state (gen-
erator peak angles), and the post-fault network conditions. The
initial operating state and the network conditions are easily obtained
by solving a load flow equation. However, the calculation of the
generator peak angles is the key point to implement these algorithms.

A linear RMS coherency measure for pulse input disturbance is
a proper fast method to predict the generator peak angles of the
system. A nonlinear RMS coherency measure based on the critical
unstable equilibrium point is an alternative approach for predicting
the peak angles, but it requires significant additional computation

compared to that required by the linear RMS coherency measure. As



173

a theoretical basis, the RMS coherency measure is justified for a
second order linear single machine infinite bus system model. The
theoretical justification of RMS coherency measure, for a multi-
machine power system, is a subject for further research.

The algorithms are implemented and tested on the Reduced Iowa
System consisting of 17 generators and 163 buses. The results in
Chapter 7 indicate the accuracy of the algorithms and their signifi-

cant promise for further improvement.

8.2. Topics for Future Research

Based on the development of the first seven chapters, it is
concluded that for direct stability assessment, the energy behavior
of a particular individual machine (critical generator) is the deter-
mining factor in accurately estimating the region of stability
(critical clearing time). The results obtained from application of
the fast direct methods for different fault cases on a test system
are extremely promising and could be further investigated as follows:

(1) development of a topological energy function that does
not aggregate the network back to internal generator buses, allows
arbitrary nonlinear real and reactive load models, and allows arbi-
trarily complex generator models;

(2) development of an individual machine energy function for
this topological energy function;

(3) showing that the PEBS and equal area criterion can easily

and accurately identify the critical clearing time for this
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topological individual machine energy function based on time simula-
tion of the fault; ‘

(4) development of an RMS coherency measure for the more
complex power system model;

(5) development of a fast computational method for predicting
the state at which the trajectory most closely approaches or crbsses
the PEBS using this modified RMS coherency measure;

(6) testing this fast computational method for predicting
the state at which the trajectory most closely approaches or crosses
the PEBS on several fault cases to show that it is a fast efficient
and accurate computational method for direct prediction of stability

on this more accurate power system model.
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APPENDIX A

Computation of Vi,q

In section 6.5 of Chapter 6 it was shown that Vie] = (M_I)vk

for every k = 1, 2, ....

Here it will be shown that Vi4] can be

computed by solving the linear equation

0

1

11

=21

where

A9 = [Ael, £8yy ...

a8 = [a8), 865, ...

APG = [4PGy, 4PG,, ...

iz || 48
(A.1)

o2 JL28
, Aem]T; angle changes at load buses

, AS 1]T; angle changes at generator
n- buses

- APGn_l]T; real power changes at internal
generator buses

First solve equation (A.1) for a8

or

A -1 -
48 = -y Jpp A8

(A.3)

Then substitute this a8 value in the second equation of (A.1) to
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obtain the expression of APG

_ -1 -
8PG = - Jpy Jyq Jyp 88 *+ Jpp 48

APG =T~ 4

107 >

where

) -1
T =49y -d21 9171 12

(A.6)

Define v, 4 Aé and multiply both sides of equation (A.5) by

matrix M

MaPG = MT v,

(A.7)

By comparing Vis1 = MT v with equation (A.7) it is obvious that

Visp = MoPG

This implies that the Vi+l is the solution of linear equation

r~ - A r A9
0 ][99 |[42

Vel [ Mo Mz | k|

d J-

for each k = 1, 2, ...

(A.8)
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A.2. Computation of Vj

Recall v_ and vy defined in section 6.5:

0
oL (Mm) " IMapy (A.10)
° 25
vy = = MapM . (A.11)
2vas
vy = (ﬂl)vo (A.12)

Recall equation (A.6) and multiply both sides by matrix M and rewrite

it in the following form:

-

MAPG = (MT)as (A.13)

Again define v°==A§ and compare equation (A.12) with equation (A.13).
As a result v, = MAPG. Substitute this value of v, in equation (A.11)

and write the result as

MAPM = MAPG (A.14)

N|H
al

Based on this analysis, one could obtain Vo 23S the solution of linear

equation
o 0 - - - N -
v 911 ng 86
- (A.15)
1 .
—— MaAPHM MJ MJ Y
.2/5' - _J --‘21 "'22-' i OJ
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Therefore computation of Vo requires one linear equation to be

solved.



BIBLIOGRAPHY



10.

BIBLIOGRAPHY

P.M. Anderson and A.A. Fouad, "Power System Control and Stability,"
Iowa State University Press, Ames, Iowa, 1977.

A.A. Fouad, "Stability Theory--Criteria for Transient Stability,"
Conference Paper, presented at "Systems Engineering for Power:
Status and Prospects." Heniker, New Hampshire, Aug. 17-22, 1975.

N. Kakimoto et al., "Transient Stability Analysis of Electric '
Power System via Lure type Lyapunov function, Parts I and II,"

Trans. IEE of Japan, vol. 98, no. 516, May/June 1978. See

also their papers in Memoirs of the Faculty of Engineering,

Kyoto University, vol. XXXIX, Part 4, October 1977.

T. Athay, V.R. Sherket, R. Podmore, S. Virmani, and C. Pnech,
“Transient Energy Stability Analysis," Systems Engineering for
Power: Engineering Operating State Control. U.S. Department
of Energy, Publication no. CONF-790904-PL.

M.A. Pai, "Transient Energy Analysis of Large Scale Power
Systems, A Tutorial Survey," Presented at University of I1linois,
Feb. 1980. ~

J.P. LaSalle, S. Lefschetz, "Stability by Liapunov's Direct
Method with Applications," Academic, New York, 1961.

J.L. Willems, "Stability Theory of Dynamical Systems," John
Wiley and Sons, Inc., New York, 1970.

System Control Inc. Final Report, "Transient Energy Stability
Analysis," presented at the Engineering Foundation Conference,
U.S. Department of Energy, Sept. 30-Oct. 5, 1979, Davos,
Switzerland.

N. Kakimoto, M. Hayashi, "Transient Stability Analysis of Multi-
machine Power System by Lyanpunov's Direct Method," Conference
on Decision and Control, 1982.

C.J. Tavora and 0.J.M Smith, "Characterization of Equilibrium

and Stability in Power Systems," IEEE Transaction Power App.
Sys., vol. PAS-91, 3, pp. 1127-1145.

179



11.

12.

13.

14.

15.

16.

17.

18.

19,

20.

21.

180

A.H. E1-Abiad and Prabhakara, "A Simplified Determination of
Transient Stability Regions for Lyapunov Methods," Paper
T74-407-3, presented at the IEEE PES Summer Meeting at Anaheim,
California, July 1974.

M. Ribbens-Pavella, Lj Grujic, J. Sabatel, and A. Buffioux,
“Direct methods for stability analysis of large-scale power
systems," presented at IFAC Symposium on Computer Applications
in Large-Scale Power Systems, New Delhi, India, August 16-18,
1979.

A.A. Fouad, "Transient Stability Margin as a Tool for Dynamic
Security Assessment," Prepared for EPRI, RP 1355-3.

T. Athay, R. Podmore, and S. Virmmani, "A practical method for
direct analysis of transient stability," IEEE Transaction Power
App. Sys., vol. PAS-98, pp. 573-584, 1979.

A.A. Fouad, S.E. Stanton, "Transient Stability of a Multi-
machine Power System, Part II: Critical Transient Energy,"
IEEE Transaction Power App. Sys., vol. PAS-100, pp. 3408-3424,
PES, Winter 1981.

A.N. Michel, A.A. Fouad, V. Vittal, "Power System Transient
Stability Using Individual Machine Energy Functions," Iowa

State University, IEEE Transaction of Circuits and Systems,
CAS 30, pp. 266-276, May 1983.

T. Athay, R. Podmore, and S. Virmani, "Transient Energy Stability
Analysis," Engineering Foundation Conference--System Engineering
for Power, Henniker, New Hampshire, August 21-26, 1977.

A.A. Fouad and S.E. Stanton, "Transient stability analysis of

a multi-machine power system. Part I: Investigation of system
trajectory," IEEE Transaction Power App. Sys., vol. PAS-100,
pp. 3408-3424, August 1981.

M. Ribbens-Pavella, B. Lemal, and W. Pirard, "On-line Operation
of Lyapunov Criterion for Transient Stability Studies," IFAC
Symp. 1977, Melbourne, Feb. 21-25, pp. 292-296.

0.I. Elgerd, "Electric Energy Systems Theory," McGraw-Hill,
Inc., New York, 1971.

R.A. Schlueter, H. Akhtar, and H. Modir, "An RMS Coherency
Measure: A Basis for Unification of Coherency and Modal Aggre-
gation Techniques," IEEE Transaction Power App. Sys., PAS-98,
no. 1, pp. 5-6, January 1977 (abstract) and Text of Abstract
Papers, 1978 Summer Meeting, IEEE Publication 78 CH1 361-5.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

181

R. Podmore and A. Germond, "Development of Dynamic Equivalents
for Transient Stability Studies," Final Report on Electric
Power Research Institute, Research Project 763, May 1977.

B. Stott and 0. Alsac, "Fast Decoupled Load Flow," IEEE Trans-
action Power App. Sys., vol. PAS-93, May/June 1974, pp. 859-
869.

J.S. Lawler, "Modal-Coherent Equivalents Derived from an RMS
Coherency Measure," Ph.D. Thesis, Michigan State University,
August 1979.

R.A. Schlueter, U. Ahn, and H. Modir, "Modal Analysis Equiva-
lents Derived Based on the RMS Coherency Measure," IEEE Trans-
action Power App. Sys., vol. PAS-98, no. 4, pp. 1143, July/
August 1979 and Text of Abstract Papers--1979 Winter Power
Meeting, IEEE Publication 79 CH 1418-3.

J. Lawler, R.A. Schlueter, P. Rusche, and D.L. Hackett, "Modal
Coherent Equivalents Derived from an RMS Coherency Measure,"
IEEE Transaction Power App. Sys., vol. PAS-99, no. 4, July/
August 1980, pp. 1415-1425.

M. Lotfalian, "Simulation and Security Analysis Methods for
Transients Due to Loss of Generation Contingencies," Ph.D.
Thesis, Michigan State University, August 1982.

S.E. Stanton, "Assessment of the Stability of a Multimachine
Power System by Transient Energy Margin," Ph.D. Dissertation,
Iowa State University, Ames, Iowa, 1982.

P. Rastgoufard, "Local Energy Function Methods for Power System
Transient Stability," Ph.D. Thesis, Michigan State University,
July 1983.

P.C. Magnuson, "The Transient-Energy Method of Calculating
Stability," IEEE, PES 1947, vol. 66, pp. 747-755.

P.D. Aylett, "The Energy-Integral Criterion of Transient Sta-
bility Limits of Power Systems," IEEE Transaction Power App.
Sys., July 1958, pp. 527-536.

A.H. E1-Abiad and K. Nagappan, “Transient Stability Regions of
Multimachine Power Systems," IEEE on PES, Feb. 1966, pp. 169-
179. .

F.S. Prabhakara and A.H. E1-Abiad, "A Simplified Determination
of Transient Stability Regions for Lyapunov Methods," IEEE
Transaction Power App. Sys., PAS-94, March/April 1975.



34.

35.

182

K. Uyemara et al., "Approximation of an Energy Function in
Transient Stability Analysis of Power Systems," Electrical
Engineering in Japan, vol. 92, no. 6, pp. 96-100, Nov./Dec.
1972.

C.J. Tavora and 0.J.M. Smith, "Equilibrium Analysis of Power
Systems," IEEE Transaction Power App. Sys., PAS, pp. 1131-
1137, May/June 1972.



