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ABSTRACT

In this work, the Lyapunov's direct method is used to carry out
transient stability analysis of an N-machine power system
considering a more sophisticated generator model. Each generator
is represented by the so-called 2-axis model [1], in which the two
voltage components E'q and E'q of the generator internal voltage
E are considered to be changing with time. The system loads are
represented by constant shunt impedances, then the system nodes
(except the generator internal nodes) are eliminated, and finally the
system reduced admittance matrix of the order N, is computed.
Applying the decomposition-aggregation method, the system is
decomfosed such that each subsystem includes three machines ,
instead of only one machine as considered so far [2], in addition to
the comparison machine. Describing each generator by a fourth-
order dynamic model, and considering non-uniform mechanical
damping, the system mathematical model (the transfer
conductances are included) is determined and decomposed into (N-
1)/3 15th -order interconnected subsystems. Each of them is
decomposed into free subsystem, containing six nonlinear
functions,and interconnections. A vector Lyapunov function is
constructed and used for the system aggregation. A square
aggregation matrix of the order (N-1)/3 is obtained, whose stability
implies asymptotic stability of the system equilibrium. As an
illustrative example, the developed approach is applied to a 10-
machine, 11-bus power system ,and an estimate for the system
asymptotic stability domain is determined. The system transient
stability computations are carried out considering a 3-phase short
circuit fault, and the approach is used to determine directly the
critical time for clearing the fault. It is found that the developed
approach is suitable and can be easily used for practical and on-line
stability studies of power systems (number of machines may be
more than 10). The developed approach can also reduce the
conservativeness of the decomposition-aggregation method.

Keywords: Power systems, Transient stability, Two-axis model,
Lyapunov method, Large scale systems.

INTRODUCTION As the power systems increased in size
he study of the transient stability of and complexity so did the difficulties in
power systems began in about 1920. applying the Lyapunov scalar method to
ce then, various methods have been stability analysis of these systems, and in
veloped to attack the problem. The particular when the problem of the stability
merical methods allow accurate and domain estimation of the system is attacked
ailed representation of power system,but [3-6].

.Zj. are not suitable for on-line application Because of the high efficiency of the
¢ to large computation time. The Lyapunov's direct method, it has important
apunov's direct method, which has been applications in power system design and
ed to carry out analysis of power systems operation. It can be used , for example, for
ce 1966, has the advantage of avoiding estimating critical fault clearing time for on-
 need for a direct solution of the system line security assessment, and for emergency
linear differential equations. control [7]. However, the direct methods of
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stability analysis are acknowledged to
provide satisfactory practical results, as far
as the use of a simplified mathematical
system description may be acceptable [8].

Attempt to overcome the Lyapunov scalar
method drawback have led to the
application of the general decomposition-
aggregation method, which is based on
Bellman's concept of vector Lyapunov
functions [9]. The expected advantages of
the decomposition-aggregation method are,
however, numerous. It is obvious that the
Lyapunov  function of a low-order
disconnected subsystem can handle more
sophisticated generator and transmission
models than a multimachine one. Exact
estimates of the overall system stability
domain may also be defined [10].

The decompositicn-aggregation method
has been used for stability analysis of an N-
machine power system in a number of works
[5, 6, 11-20 ]. In those works it is noted that
the stability analysis was performed
considering the generator classical model
(hat is, the generator internal voltage E' is
considered constant), which is equivalent to
neglecting the effect of generators flux
decays.

In References 7, 21-23, the authors
carried out power system stability analysis
assuming each generator to be represented
by the so-called one-axis model, in which

the generator voltage component E'q is
changing with the time while the second
component E'q is assumed constant.

Further, the authors used different forms of
(scalar). Lyapunov functions which were
constructed neglecting  the transfer
conductances Gjj . This essentially means

that resistances of the system lines are
neglected, in addition the system network
cannot be simplified by eliminating the
nodes at which system loads are connected.

In Reference 24, transient stability
analysis of an N-machine power system was
carried out considering the transfer
conductances, and assuming the generator
two internal voltage components E'q and
E'y to be changing with time. The system

was decomposed into (N-1), two-machine
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subsystems, and it is obtained (the uniform
mechanical damping was considered)an
aggregation matrix of the order (N - 1). A3
machine, 4-bus, power system was used a
an illustrative example.
In the present work, transient stability
analysis of an N-machine power system i
performed considering non-uniform
mechanical damping, transfe
conductances, and variations of
generator internal voltage E' in both
quadrature and direct axes. Applying the
"four-machine” decomposition, the system i§
decomposed into only (N-1)/3
interconnected subsystems.
A scalar Lyapunov function of the forr
"quadratic form + sum of the integrals of si
nonlinear functions", is accepted for eack
free subsystem. The free subsysten
Lyapunov  functions  are used fo
constructing a vector Lyapunov function by
which the system is aggregated. Au
aggrergation matrix of the order (N-1)/ 3,18
obtained for the considered system.

POWER SYSTEM MODEL
Let us consider an N-machine powe
system with mechanical damping,
assume that the machine parameters
and Ppmi of each machine are constant.
Now neglecting the stator resistance ang
assuming each machine to be represented
by the two-axis model [1], in which the t
voltage components E'q and E'q of
internal voltage E', are considered to be
changing with the time. Then, the absolute
motion of the i-th machine is described by
the following three differential equations
(see Notation ),

M; §;+D; 8; =Pmi - Pg;
T'd0i E'qi=Efdi ~E'qi + ( Xdi - X'di) ldi

Tqoi E'di=E'di~(Xqi - X'qi) I gi O

where

Pei =E'di Idi +E'qi Iqi - (X'qi - X'di) ldi Lai
= 12 o @)



Under the assumption X'qi = X'qi
ichines with solid cylindrical rotors are
'-ered), we get ™

N

Z Vil [Eq]cos ®; - 5 -
=

(E\g; sin (0;; - 8;)] +E'y; [E'y; cos(®;; ~ 8,
B'q] sin( 0jj - 51])”, = l e ST, 3

here §; , is the rotor angle of the i-th
achine, or position of the rotor g-axis from
e common reference frame.

Note carefully that, in this work , the
pamics of the automatic voltage regulator
has been, for simplicity, neglected ,
d hence the voltage Egq; in Equation 1,

GiN= ®f - O N= OjN

-EQ] gg(ﬁu ) +EDj fu(cu)]}
E

* E(l] fl] ( Gij )+EDJ glj { Gij i3 .

N
vhere, I is defined as ¥ , and the
j#l
wing nonlinear functions are defined,

ij (ij)=cos (cij + 8°%j — Bij ) ~ cos(8%j-01ij)

ij (Gij)=sin (oij + 8°j - 0ij) — sin (8°j - 6ij)

ij(oij) =cos(oij + 8%j-0ij)

Bij (0ij) = sin (ojj + 8% - Ojj)

: s A5 120N (6)
It is to be noted that the two

nonlinearities fij and gij of Equation 6,

satisfy the following conditions
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is equal to its pretransient value E fd;.

Now, let us select the Nth machine as a
comparison machine, and let the following
(4N -1) state variables to be introduced,

O'IN‘_"alN = 8°iN ,i #N

(s)i = 61 ,i = ,2,,N

EQi= Eqi-E'qi . EpDi = E'di- E'dgi
e Ll )

where 8°jN , E 'di and E 'qi are the steady-

state (pretransient) values of 3 jN, E'dj and

E'qi, respectively.

Hence, the overall system motion is
governed by the following state equations:

O =2 j - (1/Mj}{Gj[ E QI+ZEQ1 E QI+E2DI +2Ep; B! di] *ZYij Ay Sij (O )+AU gij (i)
+[Equ+E ED_]] fu(cu) [E {EQj - qu EDJ]gU(cu) +[EQ1(EQ]+ECU)+
+ Epy, (Epj+E ') f ij (0ij) - [Ep; (Eqj+ E'q) -Eqi (Epj+ E'g)l &ij (o)1}

Eqi=T; EQi +K; {Gy ED1 +2Y;i [E'gj fij o i) -E'qggij (o4

Di EDI Ly 80 Boi +ZYij [E qj fl_l (e4)+ E' dj &ij (oij)

R &)

fij (0)=4ij (0)=0,0< fij(cij)/ aij = §ij
0<|gij(cijy/oij | = &ij.oij 20,
i#j,i,=12,.,N )

where &jj and E_,ij are positive numbers,
and may be determined as,

Eij =(8ﬁj (cij)/ 8 0ijj)oij=0
and

Eij= (1 2gij (i) /2 5jj ) | 0§ = 0 )
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POWER SYSTEM DECOMPOSITION
In this paper, decomposition of the
considered N-machine system is carried out
as follows:

. All the system loads are represented by

constant impedances to ground ( those
impedances are obtained fror the
pretransient conditions of the system).
gene-
rators internal nodes, are eliminated .
Hence, we obtain the system Nth-order
reduced admittance matrix Y .

. To reduce the conservativeness of the

decomposition-aggregation method, it is
found that each subsystem should
contain a largest number of machines
[16,17,19,20]. Accordingly the consi-
dered power system is decomposed such
that each subsystem includes four
machines, instead of only two machines
as proposed so far [2].

Referring to the obtained Y-matrix, and
using the "four-machine" decomposition [19]
the system is decomposed into only (N-1)/ 3
subsystems, instead of (N-1) subsystems
for the pair-wise decomposition.

Now, let us define the state vector X |

in the form

Xr= [GiN » Sil+1,N,CiH2 N, @il , Oil+1 , ®i[+2 , ON ,
EQil » EQil+1 ,EQil+2.EQN . EDil. EDil+1, EDil+2,
EpNIT= [X11. X2, X13 5o JXng.XnsiT - 9

Then, the mathematical model of the whole
system (Equation 5) can be decomposed into
S = (N-1)/3 15th-order interconnected
subsystems, each of them can be written in
the general form

X1=P X1 +BiFr(c1)+hi(X),o1= CTI X1,

1=12....8 (10)

where P; , B] and Cj are constant matrices
with appropriate dimensions, and FJ (0]) is a
nonlinear vector function, whose elements
are arbitrary chosen.

It is of importance to note that each
subsystern of Equation 10, may be
decomposed into the free (disconnected)
subsystern
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X1=PIX]+B[F{(c]),  oFClXI
F=12 i . S (11

and the interconnections hj ( X ).

Referring to Equations. 5 and 9,
matrix P; is derived in the form |

Notation) B
{Tai-0, Oysge
O e e e
P;=1015x3 | 67 !
: ¢ T
508x4i -------- hemmennne
: Pl | Pr7 |
where O and I , are zero and iden

(square) matrices, respectively, of
indicated dimensions , and where

a=[10 , 1.0, 10 T
Py =diag [ A . Aji+) }il+2 SN
Ppp=diag (E 'qil Gir itMi1 » E'qil+1Gir+1 i1+1/
Mir+1: E'qileaGitvg,it+2 /Mil+2,
E'qnGNN /MNT
Py3 = diag [ E'gif Giit' Mir- E'gir+1
Gir+1,it+1Mit+1, E'git2 Gito i+2M il
E'qnGNN /M N ]
Py =diag [Ty . Tip+1 - Tiv2 - I'N|
Prs=diag [Kj; Gip 1. Kir+1 Gir+1,i1+1> Kir+2
Gir+2,i1+2 - KNGN N ]
Prg=diag [Li Gir i1 - Lir+1 Gir+1,i1+1- Lil+2
Gir+2,i1+2: LN OGN N
Py =diag [W, W] + 1M + 2 BN (13)
Now, to define the matrices By, C; an
hy, we must at first select elements of the
nonlinear functions F|. However, a largest

asymptotic stability domain estimate can be
obtained for a power system provided that
each interconnected subsystem of Equation
10, is decomposed such that the free
subsystem contains the largest number of
nonlinearities [16,17,19,20].




Applying the proposed "four-machine"
scomposition, it is found that each free
bsystem can include at most 24
inear functions, instead of only four
nlinearities for the two-machine
ecomposition [2]. However it is found, after
xpanding the free subsystem 24
inearities, that there are only six
onlinear functions satisfy the Lurie sector
pndition on bounded intervals. These six
unctions are given as,

1 (01)= sin (GiIN + 8%IN ) - sin(8%4N)
2(0p2)=sin (Oil+1,N + 8°i1+1,N )-sin (8°i[+1 N )

13 (03)=sin ( Gil+2 N + 8°{1+2,N)-sin (8°1+2.N )

14 (014)= sin (o] j1+1+ 8°iL,i1+1) — sin ( 8% i[+1 )

5 (075) = sin (0iLil+2 + 8%L,iT+2 ) - sin ( 8%Lil+2)

s (o76)=sin (ojl+1,il+2+ 8°j1+1,il+2) -

sin( 8%+ ,i+2 ) (14)

t is to be noticed that for the nonlinear

functions of Equation 14, there exist positive
constants gy € (0.§[x), for which the

following condition

2
o Jik(o ) 2 e O g
£=12....6 (15)

k=12,.....,6 (16)
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where Uk, Uk are the negative and

positive solutions, respectively, of the

equation

f”( (opreny oppk=1.2,.....6 (17
Using the six functions of Equation 14,

the nonlinear vector F] is constructed in the

form:

Fy(op = /71 Cor) . /12 (o12) » f13(0o13), f14
(©14). /15 (015) . fi5(o16) 1" (18)
Hence, the corresponding C; and Bj

matrices are derived, referring to Equation.
6, as

I3 :
CTI = _ITO""—_I_.()""()"*; O6 x 12
1.0 0 -1.0
p AP <1b !
05 (19)
03x6
- By By
ay O1x3
By = By Bys
-ap) O1x3
- By3 Big
a3 O1x3 (20)
where O is zero matrix with indicated

dimension, and where (see Notation),

Byy = diag [Hjp N+ Hip NOMip i N+ Hipe ) N Mir 1, i N+ Higgo N) /Mg |

By = diag [Kj; (SipN — SitN) - Kit+1 Sit+ 1N - Sit+1N) - Kite2 Sir2N

= §11+2,N)1

B3 = diag [Li; Sir,n+ SipN) . Litt1 GitelN + Sit+1.N) > Lire2Gir2 Nt SNl
ar = (VM) [(Hipn - Hig N (Hig N- Hige N (Higo N - Hipo N
ap = Ky (SNt - Snip - SN+l = SN+ - (SN2 - SNi+2) )

a;3= Ly [(Snip +SNGiD) - (SNi+1 + SN+ - (SNjil+2 + SNi+2) ]
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i " Hipie) /Min ~ @i Hipg) /My 0
Big= | Hipi+1~Hirir+1) /Mir+1 0 - Hip+1i1+2 + Hi i1+2) / Mjf+1
0 Hipif+2 — Hﬂ i+2) /' Miji+2 i+ ir+2- H11+1,11+2) / M1+
. B i
Kir (Sirit+1 - SiLite)  Kir (Sipire2 - Sivii+2) 0
Bis=  FKire1 Siprrir =Site1ip 0 Kit+1 (Sitrpir+2 = Sir+1,ir+2)
0 -Kire2 (Sip2i1 = Sim2i1)  ~Kit2 (Sir2,it+1 = Sire2,i+1)
~LirSipir+1* Sipgpey)  Lir SiLit+2+ SiLil+2) 0
Big=  Lit+1 Sir+1i1 + Sit+1,iD 0 = Lig+1 (Sip+1i1+2 * Sil+1,i1+2)
0 Lit+2 Sir241 * Sit+2,i1)  Lit+2 Sir2,il+1 + Sit+2,i1+1)

Now, using Equations 9,12,18-20, the free subsystem of Equation 11, is completely de
Referring to Equation 5, the interconnections,that is, the matrix hj (X), is derived in the form,

hy (X)=[0,0,0, hI4(X) 5 ]115(X), ...................... s 14X, hy5(X) ]T (22)

where,

hy (X)= - (1/ M ){Z Yirj By f:u("ﬂ,ﬂ Aﬂ,; irj Cir )*"(Xxs*Equ)[EQj iLj ED]giL]
+(Xp +E'dll)[E f QJgU]+XISE f +EdIgIJ]+X112[E f

Eg gﬂ,JHJr(HzIN H N} Ry (o) + (Hy iLil+] HzI11+1) 4 (O1y) +(H1111+2 H:I,1I+2)

R;s (075)}

hys (X) = (”Mﬂﬂ){z Y11+1,|[A11+1,| f;1+u("11+1,1) 1I+1,i :‘I+U(°il+l,j)
+(Xpo +E q11+1)[EQJ f11+1,1 +Ep;j g11+1,31 +(Xp)5+E d11+1) [Ep; fi[+1,i‘ Eqj
g11+u]+x9[E f11+1,| di g1l+1J!+X113[E fil+l,} -Bly Eirr1 il

i N Hip N Ry Opp) +(H +H (o) +(H

Hii Jil+2) Ris (o16) 3

il+1,i1 Vi) Ry i+1,i+2 ~

16 (X) =~ (1/ Mjp,0) Z Yiri A2 fire2) Ciajt A11+2_.1' 8ir+2j Cir2j)*

X 110+E'q11+2)[E® f11+2J Dj g1+2,|1+(x114 E'4ir+2) [EDj fite2j—Eqj Eijlt
X110 [E'gi f11+:z,| 2 di g11+2,1 M Xy, [E'g f11+2,1 E'gi minajll* Hipp n— Hipp R
(o) + (Hlm at HinziD) Rys ©19) + Hireg i1 + Hipeo ie1) Ry (016)
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(0=~ 1/ MY YN tANG Ty Ong) - Ayj BNJ Onj) * gy *EB'qN) By fNJ Epj

| gNJ]+(XIIS+EdN){Em le EqQj gN,J“Xm{ECU fNJ+EdJ gNJ]+X115[EdJ fN,J

-Ey gNJ “+(H1]N+ Hy 0 Ry o)+ (Hip v+ Hipn ) Ry o)+ Hingn +Hipa )
R;3 (1)}

C0=K; (D Yy (Ely £y7iy5)-Ely gy500))- Eqi gnf EDj%iI,j“(SiI,N'i' §iI,N]
Ry (o) + (S iLil+1% SiLir+1) Ry, (014)+ ( S iLil+2 * Siri1+2 ) Bys (Op)}
hyy (X) = Ku+1{z Yiuri CE'g firer i Oinarj)"E'q 80, j ©ipn )~ Eqi gijﬂ,i *Epj
fﬂ+1,!] + i N* Sin1 NI R o)t S it Simi) Ry O+ S i+Li+2
Sit+1,i1+2) Ris (C16)}
by 0 = Kipp {2 Yirajl E'y fi142) Cinri) ~E'qj 8i742) Cipnj) ~EqQj gil+2,i *
Epj fi[+2,j] H(SiT+2,N +§i1+2,N) Rz (op)+ (§iI+2,iI +8 j1+2,iD Ry5 (015) +
Siraite * Sit+2.i1+1) Ris (016)} "
by =Ky (2, YjlE'y Sy (CNi)~ -E'g gy N ;) ~Eqj gN,ﬁEDj Fl+
| (SNl +5N ir) Ru (011) +( SN il+1* SN it+1) Rp2 (op)* (SNir2* SNit+2) Rz O12)}
B2 ®=-1; {Z Y (E'g f!IJ(cllJ)+EdJ 8ij ©irj) *EQj f; iLj * EDj gI,] I+
(SHN SHN)RH (o11) + Suuﬂ S1I i+1) Rp4 (014)+(Sll,11+2- Sﬂ,ﬂ+2) Ry5(o15)}
B3 ®=-Lin {Z Yirerj B'q firerj i ) *E'y 8ierj i) Eqy fu+1,1+

Epj 11+1,11 (S11+1N SlI+1N) 2(°12)+(511+111 Sﬂ+111) 14C) *
(Sitsvite2 ~ Sirs1.i1+2) Ris ©16)}

~

By X0 =- 11+2{Z YVira (B Fips2) Cipnni) * E'gi 802 Cirr2j) *EQj fipajt
Epj g11+2,1] (Sll+2N S|1+2 N) (0]3)+{SII+2 ) S1I+2 Al Ry (op9) +
(Sﬂ+2,1l+1 -§ iI+2,il+1) Ryg (01¢) }
ke (x>=-LN{thNJIF:‘ Sy i)+ By o)+ B Ty -Eny
gN,ll+( St = Snip By O+ (S = Snie) Bz ) + (S
- Sy i) B3 O} o

Alexandria Engineering Journal, Vol. 37, No. 2, march 1998 B 59



SHAABAN

In Equation 23 , 3 is defined as,

3 and the nonlinear functions f ki
jelIN 2]

and g kj * keJ|y, are given by Equation

6. Also in Equation 23, the following six
nonlinearities are defined,

Ryy (o11) = cos (o N+ 3%1,N) — cos (3% N)
Ry (opp) =cos (oji+] N+ 8%1+1,N)

- cos (8%+],N)
Rj3(op3) =cos (oji+a N+ 8jl+2,N)

—cos (8%+2.N)
Ry (o1g) =cos (ojpi+1t 8%Lil+1)

= cos (8% jI+1)
R;s5 (o15) =cos (o ji+2 + 8%Lil+2)

= cos (3% j1+2)
Rig(o16) =c0s (Ojl+1,il+2 + 8%i1+1,il+2)

= cos (814 j1+2) 24

POWER SYSTEM AGGREGATION
An aggregation matrix, A = [opg], is
constructed, whose elements (real numbers)
obey the inequality [24]

S
V(X)) s Z ap Up (X)) Up(Xp
=1
I=12,.........,8 (25)

where Ul and U g are comparison functions,
and they are chosen in the form [13]

. _ T 1/2
Up (X ) =| Xku = ( X7y Xy)
for k=12,.... .S (26)

In Equation 25 , Vy (X] ) is a Lyapunov

function for the Ith free subsystem, and it is
selected, in this work, in the form [6,12, 13,
16-18, 20],

6 ol
sy k.
Vi Xp=Xp HyXpr 0 v, j S 1m @) 40,
m=1 0
1=12,..8 @7

B 60 Alexandria Engineering Journal, Vol. 37, No. 2, March 1998

where Hj ,is an 15th-order symmetr
positive definite matrix , the functions f
are given by Equation 14, and yp,, an

arbitrary positive numbers, and they ar
chosen in the form ( see Notation),

P | &
V71 =2 hgq ( Hu,N+Hi1N)"Mu ’

vi=2hlss (H ) /M

il+l,N lI+l N il+1

S| &
Y3=2h 66 Hipy N Hipo N0/ Mig

Yy~ 4 ( H.I e Hipi Y M

vz5=2h 44(Hil,ﬂ+2+HiI.iI+2) /Mjp

o ;
116 =20 ss (H i it Higeg j2 )/ Mg

where hlgs, hlss and hlgg are arbitrary
(positive) diagonal elements of the matrix

It is to be noted that, the left-hand side
of Equation 25 can be written in the form

VX p= Vi &XpsH grad Vi( X 1) 1T hy (X),
=123, .8 (29)

where ??1( Xy )f is the total time derivative
of Vi ( Xj ) along the motion of the Ith free
subsystem of Equation 11.

Stability Criterion
According to theorem 1 of Reference 24

stability of the aggregation matrix , A=[ o],

or, equivalently, if it is satisfied the Hick's
conditions

all OL12 .................. O'.Ik
(121 CL22 0'21{
(-1 )k _ >0
uk] (‘.(.kz ..................... akk
k=128 (30)

implies asymptotic stability of the system
equilibrium.
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Aggregation Matrix

To determine an aggregation matrix for
the considered power system, the two terms
in the right-hand side of Equation 29 , are
computed .Then they are completely
majorized using thAe following majorizations,

IRy 001 = & ploy ) & p=lary (o) 0oy lop=0
k=12....6

(o .. - | 3 ..=| sin(0..— 3°..

If 05 = & X1+ 1K1 = sin (0 5|

lgij (o ij)| Siij(IXjH X5

E_,ij= lcos(@ij—S"ij) | izj ,ie N ek

asin (0-8) + b cos (8-8) < (a2 +b?) (31)

where the constants a and b can have

~ positive, negative or even zero values.
Finally, the system aggregation matrix A=
[;] of order (N-1)/3 is obtained, and its
elements are defined, referring to Equation
25, as

wk_{-l"j K=1

2zx K21 K I=12,... S=(N-1)/3 (32

In Equation 32, A* is the minimal
(positive) eigenvalue of the 18th-order
symmetric matrix R , whose elements are
given by Equation (A-1), and Zjy is defined
by Equation (A-2) (see Appendix).

It is of importance to note that , the
stability of the matrix A, can be easily
satisfied when largest values are obtained

for .* and/or when values of Zjg are the
smallest. However,values of Zlk can be

appreciably decreased by decomposing a
power system such  that  strong
interconnections among  machines be
included in the subsystems instead of
exposing them as interconnections among
subsystems.

NUMERICAL EXAMPLE

In this example, the approach developed
is applied to the 10-machine, 11-bus
system shown in Figure 1, (the lines
admittances are given in p.u.). For an
application of the approach to practical
stability studies of the considered system, it
is assumed that a 3-phase short circuit
fault is occurred near bus 7, at 11 % length
of the tie-line between buses 7 and 11.The
fault is cleared by opening the circuit
breaker C.B1, located at bus 7. The system
stability computations are carried out as
follows:

1. Using the Newton-Raphson method,
buses voltages and their angles are
obtained for the post-fault ( the fault
is cleared) system. Inserting the reac-
tances X'q and X g of the gene-
rators at the respective system buses,
it is computed for each generator the
internal angle 3 , the voltages E'q and
E'q .The results are given in Table 1.

Table I Post-fault equilibrium state results.

BusNo.  &° (deg) E 'q E 'd E fd
1 13.13 1.05157 - 0.01496 1.05484
2 10.67 1.14624 - 0.00946 1.15341
3 7.64 1.13267 - 0.00554 1.13669
4 4.28 1.06455 - 0.00987 1.06710
5 234 1.07645 - 0.00350 1.07926
6 5.22 1.08650 - 0.01441 1.09363
7 13.37 1.07131 -001113 1.07418
8 7.02 1.06913 - 0.00649 1.07313
9 8.40 1.05273 - 0.00821 1.05744
10 0.18 1.10040 - 0.00304 1.10316

2. The system loads are represented by
equivalent shunt admittances, which
are computed using the pre-fault
(normal operation) condition.
Inserting the reactance X'q of each
generator , the post-fault system
admittance matrix is constructed ,
and it is reduced to the 10th-order
(symmetric) admittance matrix Y,
whose elements are given in Table 2.

Alexandria Engineering Journal, Vol. 37, No. 2, march 1998 B6l



94

8661 UoJB 'Z 'ON ‘LE ‘|OA ‘leulnop Bunssuibug eupuexaly

Vip= L1oofy
f o8 P =0.05
- odsfgg M
0.65(89 M =039
i =0
ooofes® 0SB opis Xq =009
: X g=0.015
001 /8t~
0.0 (21 l 5 ) 6054005
b f
8 Ve, -.lo
Pp=024 @ o,zsf,g" 025(88 P =012
M =045 M =(L.2;;
- . A -] =0,
Xg=0055 Pm=014 | v, =10626 "6=1_-08$[5i _ :;q ‘s
X ¢g=0.01 M =039 o Py =0.21 4=0012.
L Xq =0.09 020{.87 M =0.39 _
0.0 +0.10 | Xg=0013 Xq=0.09 o 0.10 +0.10
} 1 T X ¢=0015 rJ_'_ T
N © [ -
- I ¥y =1.145}30.3 0.003{ 80  0.15+j6.10 % Vg = 106721 |
EEY ooofs
(83 i , _
I o0& | _oooifs i ol 5!-57" sl
vy =105that e @ch LonfLd L"@
Pmy=0.38 i Py =0.206 .
M =0.4$ M =045 e LcB. AT
-5 v3=1152h3 ks M =020 M =0,
Xq0.085 : i Xq& 0.053 Xq=007 °‘5L_ Vo= 105023 Xq=0.2§;
X g=001 030]87° oy ¢=0.01 X g=0012 “' S sl X g =0.012
{ | T 3
015 0.8 0.10 +{0.05 . q1o+pos ———l
' 0.003( 82 - 0.42 +§0.19
0:003) 85" 0.135 +0.01

- 0.002{ 82"

6.002 -85

Figure 1 10-machine system all values in p.u

NVEIVVHS



Stability Approach Applied to Large-Scale Power System with Generator Flux Decay

Table 2. Reduced admittance matrix for post-fault system (Moduli in (p.u.) and Arguments in (deg.)).

1 1.42766 £-83.15 0.34177 £91.84 0.29362 £ 92.83 0.00032 £ 92.90
0.00029 ~ 93.88 0.00033 £ 91.85 0.00313 £94.73 0.00020 £ 93.00
0.00213 £ 94.78 0.64168 £ 90.86

2 1.31336 £-84.67 0.29392 £92.86 000127 £94.76 000124 £98.13
0.00031 £ 93.00 0.00018 «£94.31 0.00018 £ 93.82 0.00016 £ 95.10
0.59343 £ 91.88

3 1.18560 £-83.88 0.00125 < 97.88 0.00025 £ 95.08 0.00126 £ 98.22
0.00311 £ 97.67 0.00017 £94.14 0.00211 £97.66 0.54486 £ 91.88

4 1.03273 £-83.20 0.24347 £ 91.83 0.19499 £ 92.77 0.00307 £ 99.57
0.00017 £ 94.56 0.00013 £ 95.09
0.49336 ~ 91.85

5 0.98215 £-85.21 0.24342 ~£91.81 0.00015 £ 95.91 0.00210 £ 98.57
0.00011 £95.93 0.44520 £ 92.87

6 1.05429 £-81.74 0.00308 ~98.52 0.00310 £ 94.72 0.00014 £ 94.18
0.51276 £ 90.83

i 0.63962 £-79.86 0.14798 £ 92.85 0.14805 £ 92.83 0.27774 2 91.88

8 0.64671 2-80.03 0.09888 »~ 93.83 0.29725 £ 91.87

9 0.60439 £-77.11 0.24804 £ 92.86

ol A6l £7650 ]

eferring to the system reduced matrix Y, computed in step 2, and selecting machine 10
s the reference machine, the system is decomposed into three " four-machine "
nterconnected subsystems. Then, the following parameters are selected,

i=.23,...9,210=25; Td0i=30, Tqi=10 ,i=12,3,..,10
s =h6 =10 . k=1,2,3

.1 1 _ I R N | 2 1 s
*h's55=h"g6=0.74, h'77=6.0,h gg=h" g9 =h"1,;0=3500, h"11,11=50.0
b =h113,13=h114,14= 100 ’h115.~15: 12.5 ; €11~ 0.92 519=0.94, £13= 0.95
2 3 LR y 2 2

1 55=h 66=0.68, h 77—5.0 o h ss—h 99 =h 10,10—300, h 11.11 =500
=.h213,13=h214,l4=50.0, h215,15= 115 ; 8917 0.93, [—:22: 823 = 094

=]1313,13 = h314,14= 130 , h315,15 =115 ;e31= 0.84, 832, = g33 = 0.89

ly, using expression (32), we compute computed and found to be negative definite.
ggregation matrix Then, according to theorem 4 of Reference
we conclude that

?

0.684626 -1.048120 0.398555

|- 1.31656 0.632208 0.398732
0.755088 0.645856 - 1.099290

Ry ={ X: (20V(XP+ 155V, (Xp)

+080 V3 (X3)) < 33
1 satisfies conditions (30), and hence it Al i
stable matrix . This implies asymptotic 5 = o
y of the system equilibrium. where, y1=min (2.0V 1, 1.55Vy 0.80V3),
Now, to determine a stability domain is an estimate of the system asymptotic
ate for the whole system , the matrix , stability domain. Using the following
+BTA ], with the matrix B is in the equation (see Appendix of Reference 17) ,

', B = diag [2.0, 1.55 0.8], is
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m=12.3,....6 X e X X )
we compute V| =0.5240 , V,=0.9980 and V3= 1.5772, and hence we determine 1y =
1.0480 . In terms of the original physical variables of the system (see Equation 5) the estimate

R 1 is written as

R, ={®,0,EQ,Ep): (2.0V] G ,0,EQ,Ep)+1.55V, (3,0 ,EQ, Ep)+ V3 (8,0, EQ,Ep)) < 1.0480} (34)

4. To determine the critical time for clearing
the faulted line, the system equations
(see Equation 5) are solved using the
step- by -step method , and the obtained
results are used for computing the three
subsystems Lyapunov  functions of
Equation 27. It is found, referring to
Equation 34 , that the critical clearing
time t ¢¢ for the fault equals 0.031 sec.

It is of importance to note that, using
the standard step-by-step integration
method, the system equations need to be
solved several times to determine the
critical clearing time. Hence, the developed
stability (direct) approach is faster and can
save stability computing time. However, the
standard step-by-step method is known as
an off-line method.

Figures 2a , b, c and d , show
variations (note that the time is computed
just after disconnecting the faulted line) of
the third subsystem (contains machines 7,
8, 9 and 10) states. It is of importance to
note that the states X7, X11 and X15 of the
third subsystem, in addition to the whole
states of the first and second subsystems
has negligible variations during the fault
duration time.
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It is clear , referring to Figures 2a,b ,c
and d, that the system will regain its prefault
(steady-state) condition if the fault is cleared
before, or when, tc = 0.031 sec.

o0

159

oo

-130

- 300

Figure 2-a Variations of the states X1, X2 and X3 of
the third subsystem after clearing the fault.
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lgure 2-¢  Variation of the states X8, X9 and X 10 of
the third substem after clearing the fault

Variation of the states X4, X5 and X6 of
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LI

Figure 2-d Variation of the states X12, X13 and X14 of
the third subsystem after clearing the fault.

CONCLUSIONS
It is developed, in the present work, a
new Lyapunov stability approach applied to
an N-machine power system. The approach
developed is applied, in a numerical
example, to a 10-machine, 11-bus power
system. [tis determined an estimate for the
system asymptotic stability domain. Then a
3-phase short circuit fault is assumed near
one of the system buses, and the approach
is used to determine directly the critical
time for clearing the fault. The following

salient conclusions are drawn:

. The approach developed is suitable for

application to real power systems. Note that
the transfer conductances Gjj ,are taken

into consideration in the present approach.
This essentially means that resistances of
the system lines are considered. In addition,
system loads may be represented by shunt
admittances, and hence the system network
can be greatly simplified by eliminating the
system nodes (except the generators
internal nodes).

. The present approach is more suitable for

application to real power systems than that
developed so far. It is to be noted that non-
uniform, instead of uniform, mechanical
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damping is considered in the developed
approach.

. In the present approach the "four-machine"
decomposition is used, and the obtained
system aggregation matrix is of the order
(N-1)/3, instead of (N-1) for the pair-wise
decomposition. This means that the stability

between internal nodes of ith and

jth generators
61 = 6ji phase angle of transferad mittance Yijj
Gij = Yij cos®jj transfer conductance
Bij = Yjj sin 0jj transfer susceptance

T qoi direct-axis transient open-circuit time

conditions (given by Equation 30) can be constant of ith generator

satisﬁec}[. FERREE: cfaswrF for the present T qoi quadrature-axis transient open-circuit
ggregation —matnx. VR (i g time constant of ith generator
number of the subsystem machines, from _ . : S

D; M mechanical damping and inertia

only two to four, we can decompose the
system such that strong interconnections
among machines be included in the
subsystems instead of exposing them as
interconnections among those subsystems.
This, however, leads to a great decrement in
values of the aggregation matrix off-diagonal
elements (see Equation 32). Accordingly, the
present  approach can reduce the
conservativeness of the decomposition-
aggregation method.

4. The present approach is simple and it can
be easily used for practical and on-line
stability studies of multi-machine power
systems ( number of machines may be more

coefficient of ith machine, respectively

i =(Dj/M;) mechanical damping coefficient
Iy ={il , il+1, i[+2 , N} set introduced to
denote the Ith subsystem four machines
I < I ={il i+, il+2 }
di = 3;—-9) =8iN -3 )N
oij =8ijj- &%j= ojNy - SN ,

OkN = SkN — SokN k=N, k=1i,j
ARN=A Nkzﬁ'qkﬁ 'qN+ E'dk E‘dN -
AN =- A -EyEg-EqE oy ke,
Aij=E4Eq+E4E4: Aj--A;i=E'q E'qj -

than.20). E'GE'q i=j, i,jed
NOMENCLATURE Ki =(Xgi~Xqi)/ Tqoi-
Pmi mechanical power delivered to ith machine L; =(Xqi- Xqi)/ Tqo;
Pei electrical power delivered by ith machine o ) 'R, o
5:‘ : rotor an.gllfor position of ll;e rotor q-axis 4 PR R al S o

p = [ 1.0-Xqi - X'qi ) Bjjl / T'qo1 1€ IIN

from the reference
Hijx = Ajk Bik ; Hix=AjGi

Xdi . Xqi direct-axis,quadrature-axis synchronous

reactances Hik= AikBik ; ﬁiszikGik
X'di ., X'qi d-axis, q-axis transient reactances S, = E' By - § N E' G-
Efd exciter voltage referred to the armature ik a nqk ik > ,}k 5 ,Hdk ik:
circuit Sik =E'qg Gik ; Sik=E'a Bik
BEY voltage behind d-axis transient , izk,ielJy ,k=il+1,il+2,N
reactance Zy, Z3 two functions, defined as follows:
E'gi . E'qi d-axis, q-axis components of the voltage E'; )
ke : i el Zy( o, $) = min { V2 max( |a|,|$])
Eq armature emf corresponding to the field
current s(lal+]e0)}
Eggi, B i post-fault (final) values of the voltages Efdj Z3(o,6,10) = min {2 max (jo | ¢] .| 1 |)
. : s od Ho [+H 1D s Z[Zy (@, 9) 51 15
Egi E'qi and E'gj, respectively ?!: |[21¢(|¢] “I) 0?5 ;22( it
oj rotor speed with respect to the synchronous i el 2

[2'2( poo) 41}
speed
Yij = Yji modulus of transfer admittance
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APPENDIX

Elements of the 18th-order symmetric matrix R, (see Equation 32] are given as,

1
1= (21, /Mll){tH,lel[N)Eu |Hyp N - H11N|5n

M i+ é}'4 -

my 1+2 ‘515 =2 max (Ui 11,1)}

(I, A T = e :
= @0, M) {(Hjpy, NtHjp, V) 812"Hi1+1,N Hi[+l,N|E-*I2 My i

Sl M1, il+2 S5~ % max (U g ;UiI+l,.i)}

b il : A o 5
3= @b/ M) {(Hipy NtHipo, N €13 - |[Hipo, N B

il+2, 1l

15~ M, it 516~ = max (Ujpy s Ujpyg, )

g = 2 (h'jg - A jrhlyq) ,

I I
r'ss= 2 ( h'p5— Aji+1 h'ss)

I
los =2 (hl36-Aipa hlge ) 177 =2Ayghlyy , rlgg= 2T Wgg , rlgg=2Tjp; hlgg

101022 Disz hi0.10 » M1 =2Tn blyn
. I i3 I
13.13= 2 Kjrer h 13,13 > I‘114,14 =202 hyg4 >

N I
; IJ12,12 =2Whppg
_ I
515 = 21N hys s

ty=- [ max [(B'qi b Migire1 ) 5 (E'gitel h125 Mip+1, it/ Mig+1) 1+

2y I - g =1 I - x ¢
+max (B g 0 8 g ireMiD) 5 (B gy | 05 ipy i /MineD ] €

r113 i [max [(E'qi[ hl14

1 e ‘
rmax [(E'gy 'y fyy gy /M

iy i+ / Mip) ; (E'qit+2 bl fipo, i1/ Mipo )1 +

=y .[ i ' iz
E' 4t g My /M i) 1 &5

I _ ol =7 & £ ¢ ¢ =
fg =l /M { |Hil, N ~Hjp, NI&1+m i it 8 My g S5+ Elmax (U 5

Ui+ 01}
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s =My s g/ Mgy o g =mmyp ghles €15/ Mg
o= {|Hyn +Hyn |0 & /M }-Dign by -4 1,

g =- (' 14/ MiD[Y i, NAE N+ Vi iDL, b1+ D g |+ W, iy * i, i1 |
~Ky [Y N E'N &y + 1 Elgyl &)+ iy g Sy + iy i €51 -

- [(h'14/ M) +K[] Z Cj

= 1
flo=-[E'y Yy jrer 'y /My 1- }‘1 iI+1, il 514
: I
0=~ By Y i pa b/ My 1 - Ryt Ess
= LE Y N0/ My - K €y

'Il 12=- 0"/ MipD[Y N, E'N+Vigir+ Digir+1 +Digire2 |+ M igjre1 + Mipira]-
~Ly [ Y n (E'qn &1+ E'gyl E-’If)+mll i+ 5-«14 M ) Ers1-
- (/M) + 1] 2 Cygj i

=By Yy g1/ Mg 1- Ly gy g ‘5{4

d114=-[E Y o'y /Myl - Ly 1 &5

dis=-[E iy Yipnb'e /Mgl - Iy Cipn

sy = - {max [(E'girr1 h'ys Mipey e ii1); (B g2 Mire, it byg / Mj1ip)] +

Hmax [(B g, s ﬁ‘ilﬂ M) s CB gl 41836 Mizea M g
= =hlyy My S M)
| )

s=—(h ss’Mi1+1){’HiI+1,N ‘Hil-—l,N| St miry 1St My 2 Srst
+ Z [max (Ujpey,j 5 Ui, j) + Ui, }

|
Ie=—h

66 Mit+2, it+1 S16/ Mt

tyy == { | Hier, N+ Firer, N | 05 &/ Mg } = D jper, N By = A jreg b
'”[E'im Y g et s/ Mp] =Ky iy g €y
‘:"(h ZSM 1l+l){Yll+l NE N+V1[+l i+l [DII+1 1I+D1[+1 1I+2| + Mif4 A*
i o) K N (Blgy §12+| E'gNIE )+ @ i1 }314
T i ‘516} ~[(hys /My ) +Ky 12 Cir1

T I 5 A c
910~ " [E i1 Yirer, a2 Wos/Mip 1 - Ky, e S
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th 1=~ [E'ite1 Yire1, N s / M1 1 - Kp C g N

o 12==1 Bl Yiger ithas /My 1 - Ly iy i S

fy13=— (hlz_sfMim ) {Yite 1 N E'NHV ipe iz + If)il+l,il +Di1in2 [+ i+1,il
T g, i]+2}"£l{ Vit N E'qy &+l E'gnl Ep)+ iy &y
i, i Sr6) ~[(hhs /M) + L)) ZCp

rI2,14:“ (E' Y
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Definition of the elements Z IK°
The off-diagonal elements Zjg, of the aggregation matrix A, are defined as follows ( see Notation)
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