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New Methods for Computing Power System Dynamic
Response for Real-Time Transient Stability Prediction

Chih-Wen Liy Member, IEEEand James S. Thorpellow, IEEE

Abstract—Using new systems capable of making synchronized S
phasor measurements, the real-time stability assessment of a
transient event in power systems has become an important area
of investigation. Using these phasor measurements as input
conditions for computing a relatively good, simplified dynamic /
model can yield accurate and real-time transient stability predic- —
tion in a central location equipped with high-speed computers. ]
In an effort to reduce the computing time for integrating the S~
differential/aAlgebraic equation (DAE) model of postfault power ——DC
system dynamics for prediction use, this paper presents a faster
Implicitly Decoupled PQ Integration technique. Two piecewise
dynamic equivalents are also proposed, i.e., piecewise constant
current load equivalent and piecewise constant transfer admit-

tance equivalent. These equivalents can eliminate the algebraic observatio prediction
equations by approximating the load flow solution piecewisely interval interval
such that only internal generator buses are preserved, while

approximately retaining the characteristics of the nonlinear loads. present

The proposed techniques have been tested on two sample power

systems with promising simulation results. Fig. 1. Prediction of power system stability for adaptive protection.

Index Terms—becoupled integration, dynamic response, piece-

wise equivalent, phasor measurements, transient stability. ) ) ) ) )
future time interval of an evolving swing can be calculated with

relatively accurate simplified dynamic models. If the outcome
. INTRODUCTION of a developing swing can be predicted in real time, it is pos-

ITH the advent of phasor measurement units (pMU-§jbIe to initiate appropriate protection and control actions, such
W[l]—[4] capable of tracking the dynamics of an electri@S out-of-step blocking and tripping, or fast-valve control of tur-
power system, together with modern telecommunication abflnes.
ities, utilities are becoming able to respond intelligently to an One such real-time control strategy is already being imple-
actual event in progress. By the synchronization of samplifgented at the Florida—Georgia interface [8]. An important fea-
with microprocessor based systems, phasor calculations cariysg of the Florida—Georgia situation is that interarea oscilla-
placed on a common time scale [5]. Commercially availabfons between the two regions can always be modeled as a sim-
systems based on Global Positioning System (GPS) satelptfied two-machine equivalent system. When interarea oscil-
time transmissions can provide Synchronization tpslaccu_ lations occur, phaSOI’ measurements are taken within Florida
racy, which means that a relative phase angle can be meas@@d Georgia in order to develop the corresponding state of the
to a precision of 0.02 electrical degrees. Utility experience ifivo-machine equivalent. Future stability is then determined by
dicates that communication systems can transmit these tird@Plying the equal area criterion. This method of prediction is
tagged phasor measurements to a central location every five é§ed for adaptive out-of-step relaying at the Florida—Georgia in-
cles [6]. The magnitudes and angles of these phasors indicdgidace.
the state of a power system, and are used in state estimation arfdany existing transient stability assessment techniques,
transient stability analysis [7]. although simple in off-line application, are too complicated

The power system itself provides us with the system trajet@r real-time prediction use. However, real-time monitoring
tory up to the current time. The time track of state variablé¥viates the need for some of these techniques since the system
and several of their derivatives are available in an observati#elf is actually solving the differential/algebraic equations

window (Fig. 1). Thus, it seems possible that the outcome fo{RAE’s). What is required is a computationally efficient way
of processing real-time measurements to determine whether

. . . , an evolving event will ultimately be stable or unstable. The
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few hundredths of a second to compute a system trajectory ame adopt the classical model of generator with ZIP load model

second into the future. to describe the dynamics of a postfault power system. We first
In an effort to reduce the computing time for integratinglerive the DAE description for the adopted model, and then

a DAE description of a postfault dynamic model, this papeaferive piecewise dynamic equivalents.

presents an efficient implicitly decoupled PQ integration

(decoupled integration) technique. While DAE description 8- Differential/Algebraic Equation Description

accurate for an adopted model, it becomes complex as th&uppose there aN, generators aniNo buses connected
size of a study system increases. Therefore, two piecewigetransmission lines and transformers, WiKly — N, buses
dynamic equivalents are proposed, i.e., the piecewise constgaing loads and no generations. It is convenient to introduce
current load equivalent (current load equivalent) and piecewigitious buses representing the internal generation voltages.
constant transfer admittance equivalent (admittance equivavese fictitious buses are connected to the generator buses via
lent). Together, these can eliminate the algebraic equatigagctances accounting for transient reactances and connecting
by approximating the load flow solution piecewisely so thaines. Thus the total number of buses in the augmented system

only internal generator buses are preserved, while retaining tsev, + N, = N buses. We order the buses as follows:
approximate characteristics of nonlinear loads.

(1,2,...,Ng) generator internal buses
(Ng +1,...,2Ng) generator terminal buses
Il. REAL-TIME PREDICTION PROBLEM AND DYNAMIC MODEL (2Ng+1,....N) load buses

._Our re;ea_rch addresses the question of accomplishing St%\ quasi-static network/load representation is assumed. Let
bility prediction when the system does not always reduce t r?fecomplex voltage dth bus be the phasd; = V; /6, where
previously known two-machine equivalent. Possible methods of: " " o phase angle with respect tc; a sylncr;;onously -

approaching this problem which we have investigated fall mﬁgting reference frame. Thgh generator frequency deviation is
two broad categories. denoted as;; = 6;. The network is represented by the node
1) Infer a small-size (e.g., two-, three-, or four-machinq})us) admittance matri¥ = G + jB.
equivalent from the postfault phasor measurements,l) Generator Dynamic EquationstWe assume that the gen-
which can model the particular oscillation mode of th@rators are modeled by constant internal voltage sources behind

fault in progress. Solve the model forward in time iRransient reactance. The angle of this voltage is determined by
order to predict future behavior. the swing equation

2) Use an appropriately simplified postfault dynamic model b —w. el N (1)
of the system (e.g., the 39 bus model for New England) ! " VT8
which adequately covers the many modes of oscillation mw;, +dw;, =Puni — P, i€1,2,... N, (2)
initiated by different events. Solve the model faster than
real time if computational resources permit, or else traiffnere
a pattern recognition tool (e.g., decision trees and neural
networks) off-line in order to associate in real-time the
postfault phasor measurements with the outcome of fu-
ture behavior. P, = Z Gi;V,V, cos(8; — 6;)

Previously, in [9]-[11] short-term prediction algorithms for the J
above two strategies were propoged. In this paper, we propose ZBijViVj sin(6; — 8;), j€Ng+1,..., 2N,
new methods to solve the dynamic model faster than real time 7

to enhance the second strategy. 2) Transmission System EquationBor a lossy transmission

Aq _approprla-tely S'mP"f'ed po.stfault dyna.m|c model play%ystem the power flowing through the transmission lines con-
a critical role in real-time stability prediction problem. Anected to theth bus can be written as

detailed model, although more accurate for prediction of a

transient event over a longer window may involve so much®i = ZGiiViVj cos(6; — 6;)

computation such that it cannot meet real-time demand. On the J

other hand, an overly simplified model, such as the classical + ZBUVN]» sin(é; — 6;), 1,j€Ng+1,...,N
model of a generator with a constant impedance load model, J

has been observed to give overly optimistic stability results 3
[12]. In a real-time stability prediction problem, a model which
g@ves more con_se_rv_ative results _is _preferable to_a model whic(gi _ Z Gi; ViV, sin(s; — §;)
gives more optimistic results. This is because failure to execut -

necessary special protection schemes in real time can prove

m; > 0 generator inertial constant
d; > 0 generator damping coefficient
P mechanical power input

quite costly [13]. It seems that the classical model of generator ~ — »_ Bij ViVjcos(8; — 6;), 1,j € Ng+1,...,N.
with static composite constant impedance, constant current i
and constant power (referred to as ZIP) load model offers 4)

an effective compromise between accuracy and simplicity3) Load Equations:Here, we introduce the polynomial
required for real-time applications [12]. Therefore, in our studfiinction of the static ZIP load model at load biisA static
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ZIP model is a composite load which consists of constawife can rewrite (7)—(10) in more compact vector forms
impedance, constant current and constant power loads, all 6= w (11)
in parallel. Thus, the load model is nonlinear and the power

balance equations for the system loads can be written as o = M-(P,, — Dw — £(6,0,V)) (12)

P; = -Py(V;) = -P{ (a+ DbV, +cV?) (5)
0=P%+g(6,6,V) (13)

Qi =-Qi(V,))=-Q (d+eV; +fV72) . (6)
Herea, b, ¢, d, e, andf are coefficients that express the propor- 0=Q°+h(6,6,V). (14)

tion of various loads combined togethgr.is the voltage mag-
nitude of load budi. Equations (1)—(6) constitute the system Remark: Define the Jacobin/,, matrix as follows:

model, which is a set of DAE's of the form g g
- . -G oW
b = wy, 161,2,...,Ng ) 5 v

60 A%
Then, by the implicit function theorem, if the Jacohip is
nonsingular, locally there exists @' mapping,¢, such that

b= —(Pai—diwi —P;), i€12.. N, (8 (&V)=¢()and

i 0="P"+g(6 ¢(5))
0= Q" +h(é¢(5)).
—Pi(Vi) =Y Gi; ViV, cos(s; — §;) Thus, we obtain an explicit solution éfand V' for load flow
J equations (13)—(14) in terms of generator angl&ubstituting
+ Z B,; V. V;sin(8; — 6;), this local solution into (11)—(12) yields equivalent ordinary dif-
J ferential equations locally. Conversely, if thig is singular, then
i,jeNg+1,...,N (9) the system will lose load bus voltage causality. The model will
then collapse and voltage behavior can no longer be predicted.
-Qi(V;) Z G;; V,;V;sin(6; — 6;) B. Piecewise Constant Current Load Equivalent (Current
J Load Equivalent)
- Z B;;V;V;cos(6; — 6;), While the DAE description is accurate for the adopted
j transient dynamics model, it becomes complex with increasing
i,je Ng+1,...,N. (10) computation cost as the size of the studied system becomes

Define the following vectors and matrices:

large. Since the number of algebraic equations is usually

much larger than the number of differential equations in a

§:= (81, bng)" typical power system, there will be a significant reduction of
= (6ng+1,-- - 0n)T computing burden if one can obtain a local ordinary differential
w = (wi,...,wng) T equation equivalent for the original DAE.
Vs (Vy V! We first present one of two equivalencing techniques which
gt ‘T can eliminate the algebraic equations such that only internal
= (Bnts s Pag) generator buses are preserved, while approximately retaining
=(P g+1v~~~7PR,)T the characteristics of ZIP loads. This is achieved by repre-
senting the ZIP loads with piecewise constant current loads.
(QN9+1’ ’ ’QN) In a region where the loads are constant current sources, they
£(6,0 V) (£1(6,0. V), ... . £ny (6,6, V)T can be moved to the generator buses using techniques from
g(6,6,V) := (fx,41(6,6 V) I (8,6, V)T circuit theory. Whenever the generator angles move beyond the
(6,6, V) = (hxys (6,6, V) hy (6,8, V)T boundary of the moving hypercube (which defines the region
Y . g o in generator angle space) centered at previous update trajectory
D :=diag{d,, ..., dng} point, we update the load current injection by solving the
= diag{m,,...,my,} load flow equations. The piecewise linear approximation of a
£,(6,6,V) Z Gi; ViV, cos(6; — 6;) nonlinear load model has also been suggested in [14], although

J
+ Z B“VZVJ Sin(&i — 61) + Pz(Vz)
J

h;(6,60,V) Z G;V;V;sin(6; — 6;) which has an additional current injection at its bus, accounting
J for the effects of load current injection, as shown in Fig. 2. The
— Z B;; ViV cos(8; — 6;) + Qi(V,). two additional current injections are functions of the machine

7 angles one and two.
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there are significant differences between the two approaches.
We use the following example to illustrate the above con-

cepts. The sample power system consisting of two generators

and several ZIP loads can be reduced to two generators, each of
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Sample Power System

O

Equivgalent System

Fig. 2. Sample power system and current load equivalent.

The following are details of the piecewise equivalencingquation (16) has two terms, with the first term representing
process. For the original system, the bus current phasors #e contributions to generator current injections from generator
related to the bus voltage phasors and bus admittance nyatrixoltages and the second term representing the load current's con-

through tributions. By using (16), the swing equations for thkegener-
I v v v ator can be readily derived as
g | — ag gl g :

|:Il :| - |:Ylg Y” :| |:Vl :| (15) 61 = W; (19)
where the subscriptdenotes the load buses to be eliminated and
the subscripy denotes the internal generator buses that are to O = L(P —djw; — P)) (20)
be preserved. After simple algebraic manipulations, the current- Comg M T
voltage relationship equation (15), reduces to where

L, =YV, + DI (16)

P; = Real(Vy1};)

where Ng

YU =Y, - YuY;'Yy, 17) = Vil D [Y5H Vsl cos(6; — 85 — 657)
j=1

N

+ |Vgi| Z |D?Jq
D™ =Y, Y, (18) j=Ng+1

|L2;1(8) cos (8 — i (8) — ¥5})
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and|Y;'|Z ¢ are the entries of matriY *1 and|D§}| Z«; ! are 8, Generator Angle Space
the entries of matriXD°. Note that the load currefk;;|Z¢;;
is, in fact, a function of generator angles due to the ZIP loads @ : Update Point

The principle of the technique is that we approximate the loac
current, which is a function of generator angles, by a constar
value whenever the generator angles lie inside the moving hy
percube along the projected trajectory on generator angle spac

The hypercube is a set of generator angles defined in ang
space as

{6i + |6 — 67| < v}

where they is an update parameter with unit radian or degree !
specified by monitors, and}’ is the angle of last update trajec-
tory point. Fig. 3 illustrates the moving hypercube along the tra-
jectory. With the approximation of constant current load in thelg. 3. Moving hypercubes in the current load equivalent technique.
moving hypercube and update of currents whenever exceeding

th_e hypercub_e, the transient dynamics are then described'am/er algebraic manipulations, (21) yields

piecewise swing (19)—(20). When the generator angles move  veq

beyond the boundary of the current hypercube, the constant L = Y*(V)V, (22)
load current will be recomputed by the following proceduregvhereY 4 is a function of voltage magnitude at load buses and
First, we choose the current generator angles as the new cefélerived as

Trajectory Projected on Generator Angle Space

of the moving hypercube and then solve load flow equations YUYV) =Y, — Yle(V,)ljlY,g (23)
(13)—(14) using current generator voltage magnitudes and fkere

gles as knowns for load bus voltage magnitudes and angles at B Pi(V2) — jQ,(V)) -1

a given load bus. Then, the new constant load agthéus is Y (Vi)' = {d { v, l } - Yu} - (24)

computed as When the generator angles move beyond the boundary of the

hypercube centered at the previous update trajectory point, the

\/ P3(V;) +Q3(V,) equivalent admittancE*? is updated by first-order approxima-
Lij|20ij = v, L(01 — ¢15) tion to avoid matrix inversion. Assume theg is prefault load
’ voltage magnitude andV; is incremental load voltage magni-
whereg,; is the power factor angle at byigiven by tude due to angle swing, which can be obtained by solving load
! flow. A first-order Taylor expansion fo¥ *4(V? + AV,) is ob-
N tained as
-
P;(Vy) YU (V) + AV)) = Yo AY® (25)
This completes the equivalencing process. where

Yot = Yo —Yg (Yll - Y?)il Yy,

C. Piecewise Constant Transfer Admittance Equivalent . o1y e o1
AY q4 = Ygl (Y” — Yl ) S dlag[éV”](Y” — Yl ) Yeg

(Admittance Equivalent)

In this subsection, we present the other equivalencing te&lrld
nique which can eliminate algebraic equations so that only the Y; = diag [
differential equations describing the dynamics of internal gen-
erator angles are preserved, while approximately retaining the g (W)
nonlinear characteristics of ZIP loads. This is achieved by ab- S = diag av 1)2
sorbing the ZIP loads into piecewise constant transfer admit- !
tance. Fig. 4 shows that sample power system consisting of ti¥g using (25), the swing equations for tkte generator can be
generators and several ZIP loads. This power system can bereadily derived as
duced to two generators, each of which is connected by trans-

P;(V)) _le(Vl):|
Vi

mission line with equivalent admittance and incremental equiv- b = wi (26)
alent admittance accounting for the nonlinear characteristics of
the ZIP load.
The.eqL.uvaIencmg techmque is described as follows. First, miw; + dyw; = Py — P, 27
from circuit theory, one obtains
where
I, _ Y, Yy Vg (21)
L Yy, Yu| |V’ P; =P, +AP;
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Sample Power System

E, 23, Y, +AY™ E, 43,

s Eatiian
I 2

Equivqgalent System

Fig. 4. Sample power system and admittance equivalent technique.

and D. Criteria for Transient Stability Prediction
Na_1 This section establishes the criteria for stability identification
P, = G5, ViV cos(é; — 65) of a developing swing. Traditionally, transient stability is con-
i=1 cerned with the capability of generators to capture synchronism
R _ following a large disturbance, such as three-phase short circuit,
+ Z B, ViV;sin(é; — ;) loss of generator, or sudden change of load. In this case, the
j=1

criteria can be so defined that a swing after a fault is deter-
Nag 1 . mined as an unstable swing if the relative angles of different
AP; = Z AGo?jViVJ cos(bi — &) generator groups separate indefinitely with times. Otherwise,
J=1 it is identified as a stable swing. However, in practice, a post-
Na1 . ) fault swing which does not cause a synchronism problem may
+ Z ABO?jViVj sin(6; — &) exhibit pole slipping, voltage dip, and transmission line over-
g=1 loading. These conditions may initiate important relay opera-
whereG7H +jB Y, = Y(; are the entries oY ;7 andAGJ; +  tions such as out-of-step blocking or tripping, thus causing un-
JABG; = AY,} are the entries oA Y. desirable situations. Therefore, a more stringent stability crite-
With the approximation of equivalent admittance in the hyfion is needed to meet real-time operation requirements and we
percube and update of equivalent admittance whenever the tigfine the practical transient stability criterion in terms of the
percube is exceeded, the transient dynamics are then descrimiirity constraint region in state—space for prediction use.
by piecewise swing (26)—(27). This completes the equivalencingl) Generator Angle Security Constrain€onsiderations of
process. out-of-synchronism and pole-slipping conditions impose limits
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on the machine angles of internal buses with respect to neidgie the time history of(kAT), w(kAT), (kAT), V(KAT),
boring buses as k=M+1,M+2,...,M + N over a prediction window
with length N AT before the transient swing actually occurs,
so that one can predict whether a developing swing is stable or
not by the following criteria.
Stable swing: §(kAT), w(kAT), (kAT), V(KAT) €
Rs = {6:|6x| < 7}. Rrs, fork = M +1, M+ 2,...,M + N, otherwise, the
2) Generator Frequency Deviation Constrainthe fre- SwIng 1s d?termmeq 0 be_ unstable. S
e . . .Remark: In practice, since there are uncertainties in the
guency deviation that accompanies system disturbances is . : o
: : model and noise in the real-time measurements, it is safer
caused by the imbalance between load and generation. Ex%gss

eneration will cause a rising frequency. Excess load, however predict the stability of a swing by processing consecutive
\?vill cause the frequency to gro qBoth )(/:Iases can caljse or oggerved measurements as different initial conditions and going
q Y P P %E{)ugh the methodology in turn. When these are complete, the

nent damage to steam turbines. Therefore, limits are imposea . o of stability prediction is checked. If the number of

i u
on the generator frequency deviation as stability status is greater than the instability status, the swing

|6k| <.

Denote the security region inside the limits By, i.e.,

P < |lwi| €, k=1,2,...,N,. is identified as being stable. Otherwise, it is determined to be

L - . unstable.
Denote the region inside the limits W, i.e., In the following two sections, we propose three method-
R, ={w:¢¥<w<a}, k=1,2...,N,. ologies, decoupled integration, current load equivalent, and

) , admittance equivalent for solving the above stability prediction
3) Load Bus V\oltage Magnitude Security Conproblem.

straint: Consideration of operating and voltage dip impose the

limits on load bus voltage magnitudé as lIl. 1MPLICITLY DECOUPLEDPQ INTEGRATION (DECOUPLED

1-A<Vp<l+e k=Ng,...,N. INTEGRATION) TECHNIQUE

Numerical schemes for simultaneous solution of DAE's are
currently available [15]. The simplest one, using the implicit
trapezoidal rule, has proven to be numerically stable, as well as
Rv:={V:1-A<V,<1l+4¢e k=Nyy,...,N} having only minor errors for solving DAE's, such as the well-
known Dommel's technique [16]. This scheme involves forming
an update matrix and performing matrix factorization, such as

transmission lines and transformers. By calculations ar"réfJ decomposition, at several time steps. Hence, the implicit in-

approximations, the line flow constraints may be express&%pratlon meth odtsh are oftle_n_tc_or:&de:_e dto bt?w c&)mputﬁtlon?rl:y
approximately in terms of phase angle differences, implyi ore expensive than explicit integration methods such as the

that there are limits imposed on load bus voltage angless .unge—Kutta.rr}ethod. Using the proposed Qecoupled integra-
P ge angl tion method, it is demonstrated both theoretically and numer-

0 — 0j] <38, k,j=Ngi1,...,N ically that, under certain conditions, a constant and decoupled
form of the update matrix can be used to speed up the implicit
integration technique. Specifically, the algorithm is shown to be
Ro:={6:16r—0;] <B, k,j=Ny41,....,N}L convergent under some reasonable assumptions.

Denote the corresponding security region in spicby Rv,
ie.,

4) Load Bus Voltage Angle Security Constrairfthermal
considerations limit the amount of current flowing throug

Denote the security region thspace byRy, i.e.

5) Practical Transient Stability Criterion:We define the se- A. Decoupled Integration Algorithm

curity setin(é,w, ¢, V) space as The decoupled integration technique is outlined below.

Rrs:=Rs x R, x Ry Xx Ry First we define the following functions for the ease of state-

. . . ments in the algorithm
With the preceding concepts, we precisely formulate the

real-time transient stability prediction problem in the following A,, (6,w, 6,V ,s) = (6—6,,,)—§(w+wn) (28)
way.

Problem: Given a set of real-time measurement
vectors  6(kAT), w(kAT), §(kAT), V(KAT)  where ¢ 5, 9V, g) = (w—w,) — §M—1[2P —D(w—wy)
E = 1,2...,M, AT is the sampling period and/AT S 2 " "
is the length of the observation window after a fault. Fet 0, — (6.6, V) = £(65, 6, V)] (29)
the measurement vector comprises the prefault steady state. For
k=1,2,...,M, the measurement vectors comprise the post-
fault observed dynamic states. Usually, stability prediction i€an(é,w,60,V,s) =P’ +g(6,60,V) (30)
based on an observed eight-cycle window of real-time measure-
ments. Three consecutive measurements, four cycles apart, are
taken, that isM = 3. The objective is to find a methodology H,,(6,w,8,V.,s) = Q° +h(5,6,V).
that can process the observed real-time measurements to calcu- (31)

Authorized licensed use limited to: National Taiwan University. Downloaded on March 9, 2009 at 04:17 from IEEE Xplore. Restrictions apply.



LIU AND THORP: NEW METHODS FOR COMPUTING POWER SYSTEM DYNAMIC RESPONSE FOR REAL-TIME TRANSIENT STABILITY PREDICTION 331

Step 1) Discretize (11)—(14) by the implicit trapezoidal rule,
yielding

forn = M + 1, then divide the step size by 2 and
repeat Steps 2) and 3), usi@m.,wm;&m, Vin)
as the initial condition. If convergence still does
not occur, then check the singularity of; at
(6ms Wiy O,y V). I Jp is nearly singular, then
stop the algorithm and give the prediction of voltage
instability. If .J, is nonsingular, reduce the step size
until convergence occurs in Step 3). Repeat Step 4)
until the prediction interval is finished or voltage
instability is determined.
Remark 3.1: The advantages of this technique are the nu-
merical stability of implicit integration and a large reduction of
computational burden because there is no new function evalua-
tion during Steps 3) and 4).

Remark 3.2:In our numerical experiments, we required only
0=Q" +h(6n, b, Vi) (35)  one evaluation foyq & J¢ evaluated at the prefault condition in
wheres is the step size and the subscripts 1 and Order to predict several seconds into the future. This implies that

n denote the time index of two successive trajectoy€ can compute varioug; & /i and store them in the prefault
points. The postfault trajectory in state space is a¥tage for different configurations, so that computing time can be

ordered set of trajectory points, i.e., saved in the postfault prediction stage.
Before demonstrating the effectiveness of the above algo-
{(671’(“)713 ena Vn), n-—=— 1, 2 .. }

rithm by numerical experiments, we would like to theoretically
which satisfies (32)—(35) recursively. Partition funcshow the feasibility of the algorithm by the following lemmas

tions (28)—(31) into two groups. Group A consistingnd theorems. _ _
of functions (28)—(30) and Group B consisting of Define the system Jacobii, of (28)—(31) with respect to

é(&n — 1) = %(wn + wn—1) (32)

1 1
—(Wp —wWp_1) = QM_1[2Pm

S —D(w, +wp_1)

- f(6n7 env Vn) - f(énflv enflv anl)]
(33)

0=P%+g(6n,0n,Vn) (34)

function (31).

(6,w,8,V) as follows:

Step 2) Evaluate the Jacobin mattfy of Group A with I -3 0 0
respect to(6,w, #) at the prefault operating point, SM-1%E T4sMID sM-19E spp1of
(60, wo, B0, V). Note that we do not need to assumels = | ° g o 20 g o 2 g ov
knowledge of the fault location i 0 o o
I _—SI o 96 . o .(’)V .
. a1 OF i o1 Of Lemma 3.1 (Existence of the Successive Trajectory
Ji= ;M5 I+;M7'D ;M5 (36) Point): If J; is evaluated as nonsingular at a trajectory
%% O ‘3—% point, (6., wx, 65, Vs,), then there exists an unique successive
and also the Jacobian matri%, of Group B with trajectory point (6,41,wn+1,60n+1, Vay1), which can be
respect toV’ expressed as function effor sufficiently smalls.
oh Proof: Note that
JE = —. 37)
BT ov Ay (8yw0n, 00, V,0,0) =0
Step 3) Find the next trajectory point Q0 (6ry Wiy 00, Vi, 0) =0
(8nt1>Wnt1,0n+1, Vr1) by  quasi-Newton G (61 s by Vi, 0) = 0
method usindé,,,wn, 6, V,,) as the initial point. P T
Setting H,(6,,w,,0,,V,,00=0
(63,953, 02,V2) = (Barwn, O Vi) and
. . . I 0 0 0
the guasi-Newton iterations are 0O T 0 0
orrey ek D (5, 08, V) Tlnonenton =28 0 2 2
wptt | = fwn | = @D | Qa(by,wy, 00, V) | (38) dh g b On
Ontt O G (85, wy, 07, V)
So,
B+l _ ke _ (goy—1 k  k ok vk I 0 9g  Jg
Vit =vVE— (%) [Hy (8, wn. 08, V)] (39) det Is|(s, wn,en,vi,0) = det [0 I}det[% g}
k = 0,1,2,... until the convergence condition is —detd; o
satisfied. £0

Step 4) Perform Step 3) to compute successive trajectory

points (6,,,w,, 8., V;,) until the prediction interval Hence, the result follows from the implicit function theorem.
is finished, or until convergence does not occur for Lemma 3.2 (Nonsingularity of§ & J9): If the following
some value of. If convergence fails to occur, e.g.,conditions are satisfied:
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i) the angle difference),; —6,; between any two connected This proves thal}, = 8h/8V is nonsingular. Next consider
buses at prefault stage are small suchdbaf,; —6,;) ~ det Jg

1 andsin(f,; — 6,;) = 0; I S| o
i) voltage magnitudey,; andV,; are around one per unit 2
. e g 0 o 70 © detJ =det | MY T4 :sM-!D sMEE
Then there exists a small step sizgesuch that/; & J are og o og
nonsingular. 86 20
Proof: First consider the entries @éfg/90 and 3h/oV = det <%) +O(s).
evaluated at the prefault operating point. a0
Fori # j Thus, there exists a small step sizguch that/{ is nonsingular.
De This completes the proof. O
8i _ —V.iV,;Gyjsin(fo; — 0,5) Now, we proceed to derive the convergence conditions in-
a0. . L . . .
J volved in Step 3). Here, itis convenient to represent the intertive
= VoiVo;Bij cos(bo; — bo;) (38)—(39) as follows:
~ —By; _
o, L $(x) = x — A7HF(x)]
an = VoiGij sm(90i — 90]') — VoiBij COS(QOZ‘ — Hoj) Where
~ —Byj. B(x) = [SHL, WL Rl yRHYT
Fori = j X = [627(")2797’;7V2]T
_ It o
Jg; A7l = ) o\ —
a§ = ZV07V0kG7k Sin(eoi - eok) O (JB) '
I A F(x) = [A®x), 2(x), G(x), Hx)|”.
+ Z VoiVorBik cos(bo; — 0oi) ThenJ,(X) = (0F(X)/8X). Suppose that the successive tra-
ki jectory point(8,41,wni1,0ni1, Vas1) := X* exists, which is
~ Z B guaranteed by the condition of Lemma 3.1. Thati§X*) =
ki 0 = ¢(X*) = X*. This implies thatX* is a fixed point of the
oh; ) function ¢(X). Suppose that in a neighborhodd, of X* the
av, —2VoiBii + %&: VoiGisin(0o; — Oor) following condition is satisfied:
3]
=3 VoiBig cos(0o; — Hor) ma || 22) ‘ = max||[A"NA - J,(x))| =c< 1.
o z€U || 9% zeU
~ —2B;; — Z B, Then byC* properties off"(X*) and the mean-value theorem,
ki there exists a balB. which is contained i/ and centered at
X* with radiuse, i.e.,
Hence .
o= {x:x—xT|| < e}
‘agi . ZBi’“ _ Z IBis| such that¢(X) is a contraction-mapping (idB.) with con-
a0; P P traction constante. Then by the fixed-point tTheorem [19],
(.- all By, have the same sighs if the initial point X° lies in the B. and is sufficiently close
5 ' ok 9IS 10 xo by the condition||¢(x”) — x°|| < (1 — ¢)e, then the
Z 8| Z |- By| = Z B, sequencex’, ¢(x?), p(¢(x?)), ... will converge to the fixed
oy 26; oy oy point x* = (6,41, Wnt1,0n+1, Vig1). We summarize the
above conditions by the following theorem.
‘ dh, ~|_2B,; — ZBik = [2Byi] + Z Bix| Theorem 3.1 (Sufficient Conditions for Convergence of Step
IV, oy oy 3): If the following conditions are satisfied:
(.- all B;, have the same sighs i) the existence of the successive trajectory point
ahz 671 n 971 Vn s
> v, ~ Y |-Byl=)_ [Bil. (Bt k1, Ot Vi)
ji J J#i J#i .
So i) J9 & J% are nonsingular;
iii)
g Jg; dh; ohy
> d > ) = ma “1(A — .
‘aei _Z i ‘avi > Z v, o= max AT (A - LX) < 1;

J#i NE

iv) the initial tion(AS, Aw, A8, AV tisfi
Therefore, by Gershgorin's theorem [21, p.341], b@ghy 56 V) the initial correction{Aé, Aw, Af, AV) satisfies

anddh/8V are nonsingular. [[(AS, Aw, A8, AV)|| < (1 —c)e
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then the iteration performed in Step 3) converges to the succegpresses the load bus voltage magnitude and angle increments

sive trajectory pointé,,+1,wnt1,0n+1, Vae1) Starting from as a known function of the generator angle increments. There-

(6ns Wy By Vi ). fore, the load bus voltage magnitude and angle variations can
Remark 3.3: Although Condition iii), which is a complex be monitored in terms of the generator angles within the hyper-

function of both step size and system structure itself, is difficutube.

to check, our numerical experiments show that most cases willThe current load equivalent technique for real-time transient

converge by reducing the step size. Thus, in practice, there isstability prediction can be summarized as follows.

need to directly check Condition iii) before integration. Instead, Step 1) Set up the practical transient security regiefs

we put an adaptive step size adjustment procedure in Step 4) of and update parameter Then compute quantities
the algorithm in order to obtain convergence. qu7 D4 and IIO at prefau|t Steady Operating con-
dition.

IV. PIECEWISE EQUIVALENTS TECHNIQUES Step 2) Integrate the swing equations [(19) and (20)] and
Basically, there are two kinds of computations used in piece- solve the linearized load flow equation [(42)]
wise constant current load equivalent (current load equivalent) one step ahead by using arrived phasor measure-
and piecewise constant transfer admittance equivalent (admit- ment. Check whether the one-step prediction value

tance equivalent), namely, fourth-order Runge—Kutta integra- (8(AT),w(AT),0(AT), V(AT)) lies within Rrs
tion and decoupled power flow calculation. anq pre(j|_ct instability in the case that it does not.
1) Piecewise Constant Current Load Equivalent (Current If instability has not occurred, the one-step pre-
Load Equivalent): The fourth-order Runge—Kutta integration diction value is checked to see whether it exceeds
is used to integrate the piecewise swing equations (19)—(20). the boundary of the current hypercube. If it does,
The decoupled power flow method is used for updating equiv- recompute the load currents and update the swing
alent load current injections whenever the generator angles equations. Otherwise, no update is made. _
exceed the boundary of the moving hypercube. Since the load!eP 3) Repeat Step 2) until either the prediction interval is
bus voltages (magnitudes and angles) do not appear explicitly finished or instability is determined.
in the swing equations, they must be updated using a sensitivity?) Piecewise Constant Transfer Admittance Equivalent (Ad-
analysis. mittance Equivalent):Here, similar to the current load equiva-

The load bus voltages can be computed by solving the lilenttechnique, the fourth-order Runge—Kutta integration is used
earized load flow equations as follows. By linearizing the loal@ integrate the piecewise swing equations ((26) and (27)). The
flow equations about the base trajectory point centered in t@coupled powerflow is employed to update the transfer admit-
current hypercube, the real and reactive power increments ¢ance matrix whenever the generator angles move beyond the
be expressed in terms of the voltage magnitude increments, fgeindary of the current hypercube. The load bus phasor varia-
phase angle increments, and the Jacobian mdtrix matrix tions are approximated by (42).

form we have The admittance equivalent technique for the real-time tran-
AP, I Jo Jis Ju AS, sient stability prediction can.be summarized as .follows.
AP, Jor Joo Joz Jou AS; Step 1) Set up the practical transient security regi@gg,_;
AQ, | ~ |3 J J J AV |- (40) and update parameter. Compute the quantities
g 31 32 33 34 g eq o1 .
AQ Ju Jio Jus Ju AV, YO_ ,thl(Y”—Yl )+ andS at the prefault operating
point.
Under the assumptions of constant generator voltage magniStep 2) Integrate the swing equations [(26) and (27)] and
tudesAV,; = 0 and ZIP loadsAF; = AQ,; = 0 (40) reduces to solve the linearized load flow equation [(42)] one
0 Ty Jou] [ 26, Joy step ahead. Check whether the one-s_tep p_re_diction
{0} = {J@ J4J {AVJ + [J4J Abg.  (41) value(§(AT), w(AT), 8(AT), V(AT)) lies within
Rys and predict instability in the case that it does
Rearranging (41) to solve fakV; and Aé; yields not. If instability has not occurred, the one-step pre-
diction value is checked to see whether it exceeds the
{ Ab; } — GAS (42) boundary of the current hypercube. If it does, recom-
AV ! pute the transfer admittances and update the swing
where equations. Otherwise, the transfer admittances re-
. main unchanged.
Go— [JQQ JM} [Jm} (43) Step 3) Repeat Step 2) until either the prediction interval of
Joo Jyu Ja |7 interest is finished or else instability is determined.

Since a load flow is performed at each update of load current
in the current load equivalent method, the Jacobian matrices in
(40) are available for the base trajectory point in the current hy-This section presents numerical simulations of the proposed
percube. However, it is typical to computeat the prefault op- techniques, i.e., decoupled integration, current load equivalent
erating point. This does not result in a severe loss of accuraapd admittance equivalent, on two sample power systems. The
whereas the savings in CPU time are considerable. Thus, (iggt system is a four-machine six-bus system with ZIP load

V. NUMERICAL EXPERIMENTS
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: Generator
4-Machine 3-PQ Load Power System
Fig. 5. One-line diagram of the four-machine system.
TABLE | Gen.3

AVERAGE CPU TIME (SECONDY OF THE
DECOUPLEDINTEGRATION TECHNIQUE AND THE FULL JACOBIAN METHOD FOR
THE FOUR-MACHINE SYSTEM 1-S DyNAMIC RESPONSE

580 T T T

Disturbance Decoupled Integration Full Jacobian
Stable Swing 0.18 0.64
Unstable Swing 0.20 0.67

Fig. 7. Representative unstable angle swing of Gen. 4 calculated by decoupled
integration and current load equivalent using step size, 0.02 s *: decoupled
integraion,CPU = 0.55 s +: current load equivalefit = o), CPU = 0.05

so : current load equivalerity = 60°), CPU = 0.07s

on an HP 9000/720 workstation. There are two important met-
rics, CPU time and approximation error, for evaluating the effec-
tiveness of the proposed techniques for the real-time prediction
problem. The CPU time was measured by placing timing rou-
tine calls within the program. The first call was placed before
Fig. 6. Representative stable angle swing of Gen. 4 calculated by decourlBe@ postfault computation (not including the computation of the
integration and current load equivalent using step size, 0.02 s *: deco“pbpefaultquantities such a[% Jo . yea peqa Il(5 ) Yel S and
integration,CPU = 0.7 s +: current load equivalefiy = o0), CPU = 0.11 a1 and th ’ Bd ”’ ’ | Od’ 0 h’ d.Th
s.o: current load equivalerity = 60°), CPU = 0.16 s. Yo (Yu - Y, ) and the second call was place att. eend. The
approximation errors were measured by the following formula:

(a=1,b=0,c=0,d=1,e=0,f =0), taken from a sem- E= max |6(KAT) — §(kAT)||oo

inal paper on transient stability regions [17]. The second sample kCpreditetional interval

power system is the New England ten-machine, 39-bus systesnere

with ZIP load(a = 0.7,6 =0.1,¢ =0.2,d = 0.7,e = 0.1, f = 6(kAT) generator angle calculated by proposed tech-
0.2). The programs are coded in FORTRAN and implemented nigues;
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Fig. 10. One-line diagram of ten-machine system.
Fig. 8. Representative stable angle swing of Gen. 3 calculated by decoupled
integration and admittance equivalent using step size, 0.02 s * : decoupled
integration,CPU = 0.7 s. +: admittance equivalefty = oo), CPU = 0.10  the decoupled integration technique when calculating stable and

s o : admittance equivalerfty = 60°), CPU = 0.13 s unstable swings caused by different fault locations. For compar-
ison, we also measured the speed of integrating the same stable
€00 °°f"3 and unstable swings by implicit trapezoidal integration with a

full Jacobian update at every time step and the same stop cri-
teria as decoupled integration technique. This is based on the
fact that the decoupled integration technique has the same ac-
curacy as the full Jacobian method. The average timing results
are shown in Table I, showing that the decoupled integration
technique is about three—four times faster than the integration
technique which uses a full Jacobian update at every time step.
It is observed that the integration speed of the decoupled inte-
gration technique is faster than the real power system response
time (1 s) for both stable and unstable swings. Thus, the decou-
pled integration technique can predict the stability of swings in
real time for the four-machine system.

In the second phase of simulation, we compared the perfor-
mance of the decoupled integration technique and the two piece-
wise equivalent techniques, current load equivalent, and admit-
tance equivalent by timing the CPU time and measuring the ap-

Fig. 9. Representative unstable angle swing of Gen. 3 calculated by decoup%g)(lmatlon errors. A representative 4 s stable transient Swing

integration and admittance equicalent using step size, 0.02 s * : decoupl¥@S integrated by the decoupled integration and current load
integrationCPU = 0.35 s + : admittance equivalety = o), CPU = 0.05  equivalent techniques using both no update= ~c) and 60
so : admittance equivalerity = 60°), CPU = 0.06 s update(y = 60°) for the current load equivalent method. The
corresponding swing curves computed for Gen. 4 are shown in
S§(kAT) generator angle calculated by ETMSP simulaFig. 6. The CPU times are 0.7 s for the decoupled integration,
tion package [20]; 0.11 sfor the currentload equivalént= ~o), and 0.16 s for the
|l lleo:  I-infinite norm. current load equivalerfty = 60°). The approximation errors for
Note that we regarded the generator angles calculated by the current load equivalelity = oo) and current load equiva-
ETMSP as the accurate values compared to generator anglesleak( = 60°) are52° and21°, respectively. Note that all three
culated by the piecewise equivalent techniques. The justificatioriegration techniques can predict the swing in real time for this
is obvious because the ETMSP did not make any approxintase. Moreover, it only takes 0.05 s more CPU time for the cur-
tions in the adopted zip load model. rent load equivalenty = 60°) to reduce the approximation er-
1) Test System 1The four-machine six-bus system is showmors by about 60% from the current load equivalept= o).
in Fig. 5. We treated Gen. 1 of the four -machine system as theFig. 7, a representative 2 s unstable swing is shown for Gen.
slack bus in the initialization since it had the largest inertia co- The CPU time of this case are 0.55 s for the decoupled inte-
stant. Three-phase short circuit to ground faults were simulatgdtion, 0.05 sfor the current load equivalémt= co) and 0.07
to occur on various lines with two-cycle (1/30 s) fault clearing for the current load equivalefy = 60°). This case is es-
times. In the first phase of the simulation, we timed the speedmécially significant since the current load equivalépt= o)
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TABLE I
CPU TIME OF VARIOUS TECHNIQUES FOR1-S DYNAMIC RESPONSE OF A
39-Bus SYSTEM

Fault Loc. | Decoupled | Current Load Equivalent Admittance Equivalent
Integration
Bus-Bus CPU Time CPU Time (sec.) CPU Time (sec.)
(sec) r=5 y=10 y=10 y =30
11-12 2.71 0.51 0.44 0.75 032
13-14 2.75 0.54 0.50 0.76 0.55
15-16 2.66 0.56 0.51 0.73 0.54
33-34 3.27 0.63 0.49 0.90 0.50
36-37 3.58 0.62 0.50 0.89 0.52
TABLE I

ERRORS OFPROPOSEDPIECEWISE EQUIVALENT TECHNIQUES FOR1-S
DYNAMIC RESPONSE OF A39-BUS SYSTEM

Fault Location. | Current Load Equivalent| Admittance Equivalent
Bus-Bus Error(deg.) Error(deg.)
y=5 y=10 y=10 y =30
11-12 8.57 15.52 9.98 20.61
13-14 8.19 17.80 6.94 12.01
15-16 4.90 12.83 5.34 9.29
33-34 6.62 15.87 7.82 8.70
36-37 2.87 5.99 5.56 8.68
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an acceptable degree of accuracy. For example, the approxima-
tion errors of current load equivaleft = 5°) and admittance
equivalenty = 10°) with step size (0.02 s) are less thf.
Although decoupled integration can not be faster than real-time
response for this test system, it would be possibe to speed up de-
coupled integration to achieve real-time prediction by upgrading
the workstation used for simulation. By increasing the step size,
we achieved a faster calculation, although the approximation er-
rors became larger. Moreover, in this test system we found that
the decoupled integration would diverge if we used a step size
larger than 0.06 s for most fault locations.

VI. CONCLUDING REMARKS

Decoupled integration, current load equivalent and admit-
tance equivalent techniques were proposed and tested on two
sample power systems to show solutions for a real-time tran-
sient stability prediction problem. Depending on the nature of
the system, one of these three techniques may be selected to
provide increased speed as well as accuracy. If there are several
computers connected by network in the control center, then the
proposed three techniques can be sped up by paralleling the al-
gorithms. Since the update matricé€$ and.J are constant in
decoupled integration, decoupled integration is inherently par-
allel. For the two piecewise techniques, parallel Runge—Kutta
schemes are already available from the literature. Therefore,
greatly improved performance of computer-based transient sta-
bility prediction can be expected in actual situations by using

calculation, which represents the typical constant current loHt® Proposed techniques.
model, yields the wrong stability prediction, while the current

load equivalen{~ = 60°) takes only 0.02 s additional CPU

time and predicts thesame instability as the decoupled integra-

tion.

We conducted similar simulations using transfer admittance

both without update admittance equivalént= oo) and with
60° updates admittance equivaleght = 60°). The results are

shown in Figs. 8 and 9. Again, it is significant that for the un-

stable case the admittance equivalént= o) predicts the
wrong stability status while admittance equivalémnt= 60°)
takes only 0.01 s additional CPU time to give same results
the decoupled integration.

2) Test System 2The IEEE ten-machine 39-bus system is 6
also used to illustrate the performance of our integration tech-
nigues. The one-line diagram of this system is shown in Fig. 10.

Although this system is not very large, it is a good examp

of a reduced-order system in an interconnected network, repre-
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