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Abstract

In this paper we discuss the estimation of the domain of attraction of equilibria in power systems and propose a new passivity—
based controller design methodology for excitation control of synchronous generators. The methodology goes beyond the widely
popular damping injection (LgyV') schemes, to actually shape the total energy function via modification of the energy transfer
between the mechanical and electrical components of the system. Applying the procedure it is shown that a, properly tuned,
linear state feedback enlarges both the estimates and the actual domain of attraction, thus increasing critical clearing time
for faults. This is illustrated in two case studies, including a benchmark comparison with the classical control scheme.
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(Caveat This is an abridged version of the full paper
which is available upon request to the authors.)

1 Introduction

The electric utility industry is undergoing unprece-
dented changes in its structure worldwide. The emer-
gence of separate entities for generation, transmission
and distribution have given rise to new issues in power
system operation and planning. (See the Special Issue
(2000) of Proceedings of the IEEE for an excellent tu-
torial account.) It has been suggested that to ensure
reliable and secure planning under the new deregulated
market conditions the problem of transient stability
should be revisited. This topic has recently attracted
the attention of both the power systems and the control
community. New term definitions and classifications
for power systems stability studies have been proposed
(Kundur, 1994) and a lot of discussion on transient
stability assessment methods has been raised. In partic-
ular, the general validity of the currently known direct
methods of estimation of the domain of attraction of the
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post-fault equilibrium has been questioned. It is worth
recalling also that some of the claims of the classical
reference Tsolas, Arapostathis & Varaiya (1985)—that
until now is systematically cited—were proven to be
incorrect in Zaborsky, Huang & Zheng (1988). See also
Paganini & Lesieutre (1998) for a related discussion.

A better understanding of these issues is fundamental
not only for the development of software tools for tran-
sient stability assessment, but also for the design of de-
vices aiming at enhancing fault critical clearing times.
Critical clearing times can be increased basically in two
ways: either reducing the (excursions of the) trajectory
of the faulted system, which is achieved by currently used
devices such as fast-acting high-ceiling voltage regula-
tors and break resistors, or enlarging the size of the re-
gion of attraction of the post-fault equilibrium through
control. The application of nonlinear control methods to
enhance transient stability has been given much atten-
tion in the literature since the late eighties. Both tur-
bine control (Lu & Sun (1989)) and the more challenging
and widely applicable excitation control have been ex-
plored. These excitation controllers are proposed to re-
place the traditional Automatic Voltage Regulator and
the Power System Stabilizer (AVR+PSS) control struc-
ture, and questions about the benefits of this replace-
ment have not yet been answered. On the other hand,

4 June 2002



with new policies for provision of ancillary services and
the increasing number of small sized distributed gener-
ators competing for voltage regulation, it is not clear
which role AVR’s are to play in the future.

Feedback linearization was one of the early strategies
to be explored, with applications proposed to both sin-
gle and multimachine systems, even with output feed-
back and state observers (King, Chapman & Ilic (1994),
Wang, Hill, Middleton & Gao (1993), Mielczarsky & Za-
jaczkowski (1994)). Robustness issues, both against pa-
rameter uncertainties and unmodeled dynamics, are still
open, as well as stability analysis in the output feedback
case. The fragility of these methods, which are based on
nonlinearity cancellations, has motivated the more re-
cent works on energy related design techniques, usually
developed for the well-known single machine third-order
flux-decaying model (just as the large majority of other
works) and its associated energy-like Lyapunov func-
tion (Pai, 1989). Most results are based on the applica-
tion of damping injection (also called L,V') controllers
to replace the AVR and PSS (see Machowski, Bialek &
Bumby (1997), Moon, Choi & Roh (2000), Sun, Song &
Li (2000), Shen, Ortega, Lu & Tamura (2000), Ghand-
hari, Andersson, Pavella & Ernst (2001)). In Bazanella,
Kototovic & e Silva (1999) a dynamic damping injection
controller is proposed which is proven to enlarge the es-
timate of the region of attraction and is shown to en-
hance critical clearing times in simulation studies. See
also Ortega, Stankovic & Stefanov (1998) for an alter-
native passivation approach.

In this paper we propose to apply a new methodol-
ogy to design excitation controllers that—going beyond
the widely popular damping injection (L4V") schemes—
actually shapes the total energy function via modifica-
tion of the energy transfer between the mechanical and
electrical components of the system. It is our contention
that this broader framework is more suitable to revisit
the transient stability problem from a control design
perspective—which is the long term objective of our re-
search.

The remaining of the paper is organized as follows. The
problem is formulated in Section 2. In Section 3 estima-
tion of domains of attraction is analyzed, shedding new
light into the open issues regarding this topic. Then, in
Section 4, the interconnection and damping assignment
(IDA) passivity—based methodology proposed in Ortega,
van der Schaft, Maschke & Escobar (2002), is applied to
excitation control design. It is shown that the resulting
controller, which is a simple linear state feedback, en-
larges the domain of attraction. Further, we prove that
earlier proposed L,V control designs represent a partic-
ular case of this methodology. The stabilization mecha-
nism of this control is analyzed in Section 5, giving in-
sight into the choice of the control parameters and as-
sessing their impact on the domain of attraction of the

desired equilibrium. Two case studies are presented in
Section 6 showing the enlargement of the domains of
attraction and its effect on the enhancement of critical
clearing times. A comparison, rarely seen in previous pa-
pers, with the usual AVR+PSS excitation control struc-
ture in a benchmark example is also provided. We con-
clude with some final remarks and comments on future
work in Section 7.

2 Problem Formulation

We consider a simplified dynamical model of a power sys-
tem. This model consists of a single generator connected
to an infinite bus through a transmission line namely the
single machine infinite bus power system (SMIB). The
machine model considered here is the classical flux-decay
model, see Pai (1989) and Anderson & Fouad (1977).
After making standard considerations, including the as-
sumption that the mechanical input power is constant,
a model for the generator can be written as follows

i’l = X2
i’z = —bll'g sina:l — b21‘2 + P (1)
T3 =bszcosc] — byxrs + F + u.

The state variables of this system are the load angle (1),
the shaft speed deviation from the synchronous speed
(z2), and the quadrature axis internal voltage (x3). The
coefficients b;, i = 1, ..4 are positive, the inputs P and F
which represent the mechanical power and field voltage,
respectively, are held constant, and a supplementary sig-
nal u is added to the latter, which represents the control
input. Due to physical considerations we would like to
restrict the operation of the system to the closed set

D5:{$EB3|OSCE1§2—61,61§£E3} (2)

where d; and J, are some small positive numbers.

The open—loop equilibria of the system (1) are given by
% =[Z1,0,%3]", where #; and %3 are the solutions of
E =byZ3 —bzcosTy, P =biZ3sinZ;.

It is easy to see that a necessary condition for existence of
equilibriais £ > %F — b;_If this inequality holds, there
exists an asymptotically stable equilibrium in Dg, which
we denote with the subindex (+),,i.e., 7. = [T14,0, 23] ",
to underscore the fact that it is the equilibrium point to
be stabilized. Besides ., the open—loop system has an
additional equilibrium (that we denote Z,) which may
be shown to be unstable (see Pai (1989)). Notice that, if
2‘1‘—5 > 1, this unstable equilibrium is inside Dy, severely

restricting the size of the domain of attraction of z.,
denoted in the sequel R.



As the system becomes more heavily loaded, the domain
of attraction of the stable equilibrium can become too
small, which can result in unbearably small fault criti-
cal clearing times. We shall discuss the estimation of the
domain of attraction and design a control u aiming at
the enlargement of R. We will show that with a simple
linear state feedback it is possible to generate estimates
of R that are strictly larger than the ones known for
the open—loop system. An additional feature of our con-
troller is that it pushes away from Dj the unstable equi-
librium. Open issues of practical interest which are not
addressed in this paper are the uncertain knowledge of
the equilibrium and/or the system parameters, and the
inability to measure the full state, these problems have
been studied in, e.g., Bazanella et al. (1999) & De Leon-
Morales, Busawon & Acha-Daza (2001), respectively.

3 Domain of Attraction of the Open—loop Sys-
tem

It is well-known (Pai, 1989) that the equilibrium z, of
the SMIB model (1) is locally stable with Lyapunov func-
tion

%gﬁ
2b3 3

3)

1
H(z) = 535% + bix3(cos Ty, — coswy) — PEy +

where we have defined %; 2 x; —x;,,i=1,3.1 Indeed,
H(z,) =0 and H has an isolated local minimum at z.,
hence it is a positive definite function in some neighbor-
hood of x,.. Further, its derivative along trajectories of
(1) with u = 0 is non—positive. To establish asymptotic
stability we can invoke La Salle’s invariance principle,
see e.g. (Sastry, 1999). We stress the fact that the invari-
ance principle requires that the trajectories are bounded
and remain inside the set where H < 0. In typical ap-
plications of this theorem these two properties are en-
sured postulating the existence of a compact invariant
set, which is usually assumed to be a sublevel set of the

Lyapunov function, that is the set, 2, 2 {z | H(z) < c}.
Boundedness of the sublevel sets is often tested verifying
that H is radially unbounded. In our case H is not ra-
dially unbounded and we can ensure that 2. is bounded
only for sufficiently small ¢. Thus, the best estimate of
the domain of attraction is given by Q. with the largest
c such that its connected subset containing the equilib-
rium is bounded.

In view of the discussion above, a more careful analysis
is needed to estimate R. In the proposition below we
exploit the convexity properties of H.

! To simplify the notation, but with an obvious abuse of
notation, throughout the paper we will mix z and z in the
definition of some functions.

Proposition 1 Fix a small § > 0. Estimates of the
domain of attraction of the stable equilibrium z, of (1)
are the sublevel sets (). that are contained in S, N Dy,
where

.92 €
oS 71 (b1 sin” xq + b1 )} (4)

b1 b
Seé{a:| <1—4—€>£U3>
b3

for all 0 < € < min { b;g‘* ,1,b16 cos(§ — 6)} . See Fig. 1.

Proof (sketch) The proof relies on the fact that if H
is a strongly convex function on some set A C IR® (i.e.,

O H (x) > €l for some € > 0 and all z € A), then the

oz2

sublevel sets of H are bounded (Boyd & Vandenberghe,
1999).
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Fig. 1. Estimates of R of the open loop system

Remark 1 Some authors have reported estimates of R
for this problem investigating the region of strict con-

vexity of H, that is, the region defined as {z | %2902[ () >
0}, which is not an established sufficient condition for
boundedness of sublevel sets. Other reported estimates,
on which currently applied transient stability assessment
algorithms are based, assume that sublevel sets remain
bounded until they intersect the unstable equilibrium
point. Neither of these assumptions is proven to be cor-
rect in general and may result in incorrect estimates of

the domain of attraction (see, e.g., Zaborsky et al., 1988).

Remark 2 Strong convexity is a sufficient but not a nec-
essary condition for boundedness of sublevel sets, which
results in more conservative estimates, yet guaranteed
to be correct. Characterizing the largest closed sublevel
set of a non strongly convex Lyapunov function and its
relationship with the boundary of the real domain of at-
traction is a very hard problem, particularly for noncon-
servative systems. In our control design we will construct
a Lyapunov function for the closed-loop system which is
strongly convex in the whole set Ds.



4 Control Design

Our excitation controller is derived following the IDA
procedure proposed in Ortega et al. (2002)—we refer the
reader to this paper for further details on IDA control.
To apply the technique we need an alternative represen-
tation of the SMIB system (1), called port—controlled
Hamiltonian model

o0H
i‘:(J—R)%+gu

where the damping (R = RT > 0), interconnection
(J = —J7), and input (g) matrices are given by

00 0 010 0
R=|0b 0|,J=|-100]|,g=10
oog—j 000 1

Stabilization in IDA control is achieved aiming at the
closed—loop dynamics

b= (- R 2 (0) (5)

where H;(x) is the desired total energy function, which
has a minimum at x,, Jg = —JdT and Ry = R;l'— >0
are some desired interconnection and damping matrices,
respectively. As explained in Ortega et al. (2002) (and
references therein), with the IDA method it is possible
to design a controller based on physical considerations.

Let us describe our design choices in our particular ex-
ample. Injecting damping into the electrical variable (x3)
is easily achieved feeding back g—g, this is the action of
the well-known L,V controllers. On the other hand, it
can be seen that the damping in the mechanical coor-
dinates (z1,x2) is weak, since by is usually very small.
Furthermore, since the interconnection matrix J does
not contain any coupling between the electrical and the
mechanical dynamics, the propagation of the damping
injected in the mechanical coordinate is far from obvi-
ous. This suggests the new interconnection and damping
matrices

0 1 0 00 0
Ji=|-1 0 a1 |,Ra=1[00 0 (6)
0 —Q1 0 00 2_::+kv

where k, > 0 and «; are constants to be defined. Notice
that the L,V control design proposed in other papers
represents a particular case of this design method. We
have the following result.

Proposition 2 Consider the SMIB system (1) in closed-
loop with the static state feedback controller

u = —kybi(coszy, —coszy) — alag('g—? + ky)Z1— )

b ~
—Q1 Ty — (ﬁQQ — b4 + kva2)m3

with the tuning parameters k, > 0, as > 0 and a; < 0
verifying 2

b
> — - 8
az > , ar < -~ (8)
Then, the closed-loop system takes the form (5), (6) and

(i) x« is the unique equilibrium in Ds.

(ii) x. is asymptotically stable with Lyapunov function
Hy(z) = H(z) + H,(x), where

H, = bia[% cosmy, —sinzy + bgbcgl (#2+

+ 0%551553 + CU%*)] + %(ag - bé:‘*)(aliﬁ + .%3)2

9)

and H is given by (3).

(iii) Estimates of its domain of attraction are all the

sublevel sets (02 = {z | Hy(z) < c} that are contained
in D(;.

Proof (sketch) With the choices of J4,Rq in (6) we
see that the model (5) will be matched, with an energy
function of the form Hy(x) = H(x)+H,(z), for all H,(z)
satisfying

0H, 0H, n 0H, OH
= — « = —Q1—
8562 ’ 8561 ! 8563 ! 8373
if we apply the control u = — 2—? %f; — 12 —ky %’;I: . The

first equation indicates that H, cannot depend on zs,
a restriction that does not hamper the energy shaping,
as in this coordinate the function H already has a min-
imum at the desired (zero) value. The second equation
is a linear PDE that can be easily solved using symbolic
programming (e.g., Maple) and the solution is

H, = ajbi[z; coszy, —sinzy + g—:ml(i“3 + &a)]+

? (10)

+ ®(arz1 + x3)
2 In particular, we can take ay = b})Z‘*, which yields the
partial state feedback control u = —ai(baZ1 + x2), with

ay; < —Z—Z. Also, notice that with k, = 0 the controller is
linear.



where ® is an (arbitrary) differentiable function. This
function must be chosen such that H; has an isolated
minimum at x.. It is easy to verify that with the choice

bibsc
1b4 15[71*(0115;1 +z3) + l(al.ij + .%3)2
3

o= —
203

we satisfy Bgd (z«) = 0 for any v € R. Replacing ® in

(10), and defining a» = =+ % we obtain (up to an
1

additive constant) the Lyapunov function Hy.

Now we will choose as to ensure that Hy(z) has a mini-

mum at z. and, at the same time, check its strong con-

vexity. With some lengthy, but straightforward calcula-

tions, we can prove that: given a small § > 0, and ay, as
2

as defined by the proposition, %gd (z)—el >0, Vo € D;

and

Ve € <0,min {blécos(g —9),1,as, Lyn&})

aq

This property has the following implications: (1) z, is a
strict local minimum of Hy, hence, z, is a stable equilib-
rium; (2) all sublevel sets Q¢ contained in D; are closed;
(3) 2. is the unique extremum of Hy in Ds.

The proof that z. is asymptotically stable follows
from an invariant set analysis noting that Hy; =

- (%)T Rd% for the closed-loop dynamics (5).

Remark 3 It is not possible to conclude positively from
Propositions 1 and 2 that Q. C Q2. However, since the
region of strong convexity of Hy is at least the whole
set Dy, a considerably larger estimate for the domain of
attraction is expected in closed-loop, particularly when
the system is highly stressed.

Remark 4 We should underscore that there is a large
degree of freedom on the choice of the feedback gains.
This feature is important when control saturation con-
siderations should be taken into account. This situation
should be contrasted with other nonlinear controller de-
sign techniques which feed—back higher order terms that,
obviously, inject high gains into the loop and saturate
the actuator. One further degree of freedom is provided
by our choice of the function ® in (10), that may be
taken such that its contribution in the control satisfies
some specified bounds—without affecting the convexity
properties of Hy. See Ortega et al. (2002) for further dis-
cussion.

5 Stabilization Mechanism

In this section we elaborate on the stabilization mecha-
nism of the proposed controller. In particular, we show
how the boundedness and damping properties of the

open—loop SMIB system (1) are improved by the pro-
posed controller, which also gives insight into the choice
of its tuning parameters. We then relate these bounded-
ness properties to transient stability.

Some simple calculations with (1) show that, with
u = 0, we have that z3 is bounded and that the set
{z | |#3] < Z—i} is globally attractive. Further, using
the identity sinz; = sinz1. + (cosz10)Z1, where 19
is a value between x; and zi,, we obtain the linear
differential operator representation

(p® + bap + by w3, cOST19) T, = —(by sinx;)F3 (11)

where p 2 %, and we treat coszig, sinz; as arbitrary,
bounded time—varying functions. If z1 (¢) remains in Dj
the third term in the parenthesis is positive, and the
“frozen” operator is stable. Furthermore, if |z5(¢)| is suf-
ficiently small, the operator is slowly time—varying and
Lo stable. This property, combined with the fact that
T3 € L, establishes boundedness of the overall system.

The interest of studying the asymptotic sets stems from
the fact that a simple invariant set analysis with H = 0
shows that, if the trajectories remain within Dy, then
they will asymptotically converge to the desired equilib-
rium z.. This behavior is a folk theorem among power
engineers that roughly says that “trajectories that skip
only finitely many cycles converge to an equilibrium”
(pp. 200, Sastry, 1999). However, there is no a priori
guarantee that z(t) will remain in Ds, and there may
exist initial conditions for which it will actually escape
from this region.

Let us see now how the proposed feedback affects these
properties. To this end, define w = a1Z1 + #3. Then,
along the closed loop dynamics with the control (7), we
have

&%)

b1

w= (b3 =+ kvbl) w — (b3 =+ k‘ybl)(COS r1 — COS xl*) (12)
hence, w € L, and the globally attractive set now be-
comes {z | oa &1 + &3] < 2—12} See Fig. 2. Furthermore,

the linear differential operator relating w and #; is ob-
tained as

[p2 + bap + b1 (23« cos £10 — a1 sinz1)]Z1 = — (b1 sinz1)w(13)
The following observations are in order:

— While in the open loop system the asymptotic behav-
ior was restricted to a band |Z3| < g—z, in closed loop the

asymptotic operating region is |ay & + Z3| < 2—12 As de-
picted in Fig. 2, by decreasing a; we can “rotate” the

admissible region, to move it inside Ds. Furthermore, by
increasing aip, we can make the band arbitrarily small in



an arbitrarily small time. Increasing the damping injec-
tion gain k, has an effect similar to increasing as. These
are the stabilizing effects of the tuning parameters.

— Comparing (11) with (13)—and recalling that a; <
0—we see that we have added a stabilizing term which

is effective even outside Dy.

—The L,V controller of Bazanella et al. (1999) and Ma-
chowski et al. (1997) yields the voltage dynamics

i3 = (ky + b—3)[—b4553 + bz(cos z1 — cos T14)]
1

Hence, the stabilization mechanism explained above is
conspicuous by its absence in this controller.

X3

X1 n/2

Fig. 2. Closed-loop globally attractive set

{:12| | alfl +53 |§ 2—12}
6 Simulation Results

To illustrate the behavior of the proposed controller we
present in this section some simulation results.

6.1 A Simple Example

The parameters of the SMIB model (1), by = 34.29,b, =
0,b3 = 0.149,b, = 0.3341, P = 28.22 are in pu and are
taken from Anderson & Fouad (1977) and the operating
conditions are as in Bazanella et al. (1999).

We analyze the response of the system to a short circuit
which consists of the connection of a small impedance
between the machine’s terminal and ground. The
impedance is disconnected after a certain time (called
the clearing time) and the system is back to its pre—
disturbance topology. During the fault the trajectories
diverge, the largest time interval before instability, called
the critical clearing time, is determined via simulation

We carried out simulations in two operating conditions,
one stressed condition with £ = 0.2405 and the other
in a more realistic operating condition with E = 0.2593.
Table 1 shows the critical clearing time of the systems

for various controls, as we see from the table the energy-
shaping term indeed increases the clearing time. On the
other hand, the damping-injection term, which signifi-
cantly improves the transient performance as shown in
Fig. 3 and Fig. 4, may reduce the critical clearing time.
The trajectories shown in these figures were started in
z(0) = z,, and the fault introduced at ¢ = 1 sec and
removed after a clearing time ¢;.

u w=0|u=(7),ky =0 | k, =0.01|k, = 0.07
E =0.2405 | 40 200 200 180
E =0.2593 | 120 240 240 220

Table 1: Critical clearing time (m sec)

u=0
16 T T T T
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;
g ]
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;
g 1W
o 0.8 3 9
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Fig. 3. Load angle and internal voltage for E=0.2405;
ky = 0.07; to; = 40 msec

u=0
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Fig. 4. Load angle and internal voltage for E=0.2593;
ko, = 0.07; te; = 120 msec

To compare the estimates of the domain of attraction
provided by the Lyapunov functions H and H; we
present in Figure 5 the projection on the plane z; — x3



of their sublevel sets. Notice that the sublevel sets of H
(dashed line) open up very close to the equilibrium .,
while the ones corresponding to Hy (solid line) cover
up a very large neighborhood of x,. To highlight the
dramatic increase in domain of attraction we present
also a zoom of this figure, where only the sublevel sets
of H are depicted.

o
0.6 08 1

Fig. 5. Level sets of H (dashed line) and Hy (solid line)

6.2 A Benchmark Case Study

The second case study is taken from Kundur (1994), Ex
ample 13.2, and includes the effects of generator field
and rotor circuits dynamics, resulting in a sixth order
model (egs. 12.83, 12.84 and 12.158 in Kundur (1994)).
In this case, the disturbance is a three-phase fault in one
of the two transmissions lines circuits, cleared by isolat-
ing the faulted circuit simultaneously at both ends. The
results obtained with a conventional AVR+PSS excita-
tion control reported in Kundur (1994) are also given for
comparison. The parameters of the controller are set as
ap = -8 = 06,0y = 82 =120k, = 1.

a2

Figure 6 presents the system’s response to a short-circuit
with 70 m sec clearing time in three situations: no con-
trol, conventional AVR+PSS control with the parame-
ters given in Kundur (1994), and the proposed controller.
Table 2 presents the critical clearing times obtained in
each one of these three control scenarios. It is seen that
the critical clearing time obtained with the proposed
controller is the same as with the AVR+PSS control.
Figure 7 presents the systems response to a short-circuit
with clearing time equal to critical.

Method | No Control | IDA | AVR and PSS
ter 70 100 100

TABLE 2. Critical clearing time (m sec)
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Fig. 6. Load angle and internal voltage t.; = 70 m sec
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Fig. 7. Load angle and internal voltage t.; = 100 msec

7 Conclusions

We have shown that a simple, suitably tuned, linear
state—feedback excitation controller for synchronous ma-
chines enlarges the domain of attraction of the open—loop
equilibrium and increases the damping. The controller is
derived using the recently developed IDA methodology
of Ortega et al. (2002). A key step in the procedure is
the inclusion of an interconnection between the electri-
cal and the mechanical dynamics. A by—product of our
developments is the definition of a new Lyapunov func-
tion for this system that may be of interest for other
stability studies. The methodology strictly contains the
earlier proposed L,V design.

As a consequence of the enlargement of the domain of
attraction of the post-fault equilibrium, critical-clearing
times for faults are increased. In a simple case study a
dramatic increase of the critical clearing time for solid
short-circuits has been observed. A benchmark has also
been presented, in which the critical clearing time ob-



tained with the proposed controller has been similar to
the one obtained with the conventional AVR+PSS con-
trol structure. Further increase can be obtained by com-
bining the proposed controller with some action aiming
at reducing the state trajectory during the fault, just as
done by fast AVR’s with high ceiling voltage in the con-
ventional AVR+PSS control structure. Additional stud-
ies are necessary to provide optimal parameter tuning
and better design options in the design methodology (J4
and Ryg), which will result in improved performance of
the controller and possibly an output feedback control
law.

Current research is under way mainly in four directions:
(i) incorporation of adaptation features to estimate the
parameters and the possibly unknown equilibrium, as
done for instance in Shen et al. (2000), Bazanella et al.
(1999) and Galaz, Ortega & Bazanella (2001); (ii) im-
plementation of designs that feed—back the shaft speed
only; (iii) utilization of FACTS devices, which act at the
level of the interconnection matrix;?® and (iv) extension
of the results to the multi-machine case.
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