ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/261319428

Approximating a post-contingency stable operation region in parameter
space through time-domain simulation

Conference Paper - August 2013

DOI: 10.1109/IREP.2013.6629361

CITATION READS
1 48

3 authors, including:

Magnus Perninge [] Luigi Vanfretti
@ Linnaeus University s Rensselaer Polytechnic Institute
59 PUBLICATIONS 533 CITATIONS 319 PUBLICATIONS 3,654 CITATIONS

SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

rject  OpenlPSL View project

roiet  EU funded FP7 iTesla project View project

All content following this page was uploaded by Magnus Perninge on 14 May 2014.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/261319428_Approximating_a_post-contingency_stable_operation_region_in_parameter_space_through_time-domain_simulation?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/261319428_Approximating_a_post-contingency_stable_operation_region_in_parameter_space_through_time-domain_simulation?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/OpenIPSL?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/EU-funded-FP7-iTesla-project?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Magnus-Perninge?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Magnus-Perninge?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Linnaeus-University?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Magnus-Perninge?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Luigi-Vanfretti?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Luigi-Vanfretti?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Rensselaer-Polytechnic-Institute?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Luigi-Vanfretti?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Magnus-Perninge?enrichId=rgreq-4942d9251ba29cffa126b535a150dfbd-XXX&enrichSource=Y292ZXJQYWdlOzI2MTMxOTQyODtBUzo5NjYzOTMyMjY4OTU0MkAxNDAwMDUyMDE4NTcx&el=1_x_10&_esc=publicationCoverPdf

2013 IREP Symposium-Bulk Power System Dynamics and ColXrREP), August 25-30, 2013, Rethymnon, Greece

Approximating a Post-Contingency Stable Operation Region in Parameter Space
through Time-Domain Simulation

Magnus Perninge, Jan Lavenius and Luigi Vanfretti
Royal Institute of Technology, Sweden

Abstract cording to the solution of a security-constrained optinmaipr
flow (SCOPF) (see [2] for the original work or [3,4] for more re

Operating criteria for power systems, such asthel-criterion, ~cent versions) or a stochastic optimal power flow (SOPF)][5, 6

are often based on evaluating whether the system is vuliegab In [6] @ SOPF formulation including the expected securitgtco

a specific set of contingencies. Therefore, a major partaigpo from post-contingency corrective actions, such as fasegear

system security is concerned with establishing regionsiam- rescheduling and load shedding, was given. The problentiwhi

eter space where the system is vulnerable to specific camtingWe Will refer to as expected security cost stochastic oftima

cies. In this article we exploit the possibility of using Men power flow (ESCSOPF), was formulated as:

Carlo simulations to build an approximation of the regiornpa-

rameter space, where the power system will remain stabtepod’r oblem (ESCSOPF). Givena > 0 and a list ofn. contingen-

contingency. cies each with probability;, i = 1, ..., n., of occurrence; solve
Introduction
i E\Ci(u, Z la
min ;q [Ci(u, Z)] (1a)
Due to the increased utilization of the power grid, that tas f ne
Iqwed upon the deregulation (_)felectricit_y markets, ségwon- st Zqip[ min d;(u, Z) < 0] < a, (1b)
siderations now play a prominent role in power system opera- =0 JETT®

tion [1]. There is a conflict of interest between the desire t%hereqo = 1, u is a vector of controllable parametets,is a
transfer large amounts of electric energy through the poNer o 40m vector of uncertain parametefs,(u) is the base case
and the requirement of secure operation where the risk af-a dbperating cost(;(u, Z) is the security cost required to meet

Lulrbance IS snza(ljl. To Sat'sf{ bOth,,Oé)leCt'VeS to the Iarge;t?é—) the mid-term stability requirements (see [7]) for contingg
e extent an “adequate balance” between secure operatibn & _ 1,...,ne, andd;; (u, Z) is the distance to thg”* (j € J79)

transfer capacity is preferable. second order approximation part of the boundary of the regio

Maintaining a secure operation of the power system is oA C \yhere the system retains transient stability following toon
sidered equivalent to the system being able to withstantl eagency;.

and every contingency in a list of plausible contingencidss

requires knowledge of for what parameter levels the system thjs type of problem also appear under the name chance con-
vulnerable to different contingencies. When the list ofusia  strained optimal power flow CCOPF in the literature [8].

ble contingencies is not too long and the system parameders Gy order to solve this problem we need to first find a set
be forecasted with a good accuracy on-line, or close to roa-li {Zij};em of second order approximations that combined give
time-domain simulations can be used the prediCt whether ﬂéegood pLicture Of the boundary that Separates the regionaNher
system satisfies the security criteria. However, with thengr the system retains transient stability and the region whare

ing penetration of variable energy sources, that make tsesy  sjent stability is lost post contingenéyfori = 1,...,n.. Our
parameters more difficult to predict, and the more comitat o] to obtain this will be repeated time-domain simulaiama
interconnections we see as a result of meeting the derémulat)jonte Carlo simulation followed by an identification of balin
requirements, extensive on-line simulations will not bealidv  ary points of the stable set and finally an approximation ef th
tool. boundary using a number of second order polynomials.

One way to make detailed analysis tractable would be to parfo

dynamic simulations off-line to predict which contingessthat  Stability regions

are important to investigate on-line. Another approachictvh

is the one we suggest in this paper is to make detailed simier each contingency the dynamic stability region can be seen
lations off-line and try to estimate a stability region whican as the intersection of two subregions, one regiofy where
then be used to steer the system on-line. The on-line steerithe system retains transient stability, and one rediyn where
can be performed by, for example, changing the productien amid-term stability [9] properties hold.



The mid-term stability region Dyt dots) and the red dots correspond to cases where transient st
bility was lost. The area contained in the polygon is the esnv
Approximations of the bounda#yDj,; of the domainDj,; have hull Conv(I'}) of the set of green points.
been proposed in the literature before [10-13]. In[11] theest  Unfortunately, we cannot assume that is convex and we
bifurcation point from a loading point is calculated and10], might thus have thafonv(I';g) ¢ Dig. To solve this we will
sensitivities of the loading margin (distance to the midrtsta- use a triangular representation of the dontaimv (I':5) and re-
bility boundary) with respect to the system parametersimang move triangles if necessary to make it fit better with.
The use of the sensitivities can help the system operaterdpk In a m-dimensional parameter space, assumerthat 1 stable
timal actions to either steer the system away from instatsilito  points{\]S, ..., A,T,LSH} have been detected. If these points are
make it stable again. In [12—-15] second order approximatin not lying in a plane the convex hull of these points will form a
the loadability surface are derived. In [16] a third ordeprayx-  m-simplex of positive volume. The:-simplex is bounded by
imation is derived and a method for handling the intersestio m + 1 hypersurfaces and any poiiatwithin the simplex will
of saddle-node bifurcations and switching loadabilityitsnis  satisfy
proposed.
Since much work has already been done on trying to approxi-
mate the mid-term stability boundary we will focus on approx
imating the boundary of the domain where the system remains
transiently stable following a specific contingency. ”%H()\ = Pm+1) <0,

ni(A—p1) <0

wheren; andp; are the normal to and a point of th& bound-
ing hupersurface, respectively. When adding an additipoiait

W that ol ioate th + cont A3, 5, We can get two different situations. Either the new point
€ assume that we want to investigate the post contingeacy Sisiinsige they-simplex formed by the pointsTS, ..., ATS, | }

ble region for contingency. To do this we first generate a setor the new point is outside the-simplex.

' = {As,..., Apr} of points in a Monte Carlo simulation. Let The first situation is depicted in Fig. 2 for a 2-simpléx(a tri-

Dy be t_he set ‘.Jf al points in parameter space where _the Syﬁﬁgle). As can be seen from the figure the convex hull does not
tem retain transient stability after being subject to aogeincy

1 and Ietl”TS = {ATSi(l)a ceey )‘TSi(TLTs)} =I'N Dis. The set Ars,(3)
I't 5 is thus the collection of points @f for which a time domain
simulation results in a transiently stable trajectory wheply-

ing contingency. Note here that the post contingency trajectory
should include the control actions that are normally usesht@

the system from loss of stability.

Thetransient stability region Dig

Assuming that the stable region is convex we could estiréte 1 e f)

with the convex hullConv(T%g), of 5. Note thafl4¢ and thus :

alsoConv(T'%g) is a random set. In Fig. 1 the result of discon- 3 N
necting 60 MW of production in Generator 2 of the WSCC 9-bus )

system is shown for 1000 randomly selected values of thesloal ™

at nodes 5 and 8 while keeping a constant load at node 6. _ o _
Figure 2: The approximation of the domain does not change

when a new stable point is found inside the domain.

change when a new point inside is discovered. Rather the exis
ing m-simplex is divided into a simplicial complex with, + 1
smallerm-simplexes. These new:-simplexes are formed by
taking the new poin\'S, , and making an-simplex together
with m of the points{A]®,... AT5 ;}. As this can be done in
m + 1 different ways we getr + 1 new (smaller)n-simplexes.
The other situation is when the new point lies outside of tite i
tial m-simplex. This situation is depicted in Fig. 3 for the same
2-simplex that was used above. To form a simplicial complex
with the m + 2 points we add a number of nem-simplexes,
one for each bounding surface whigff®, , lies on the outside
Figure 1: The stable domain of the WSCC 9 bus system for a &0 If A;>;» is outside of bounding surfade i.e.

MW outage in Generator 2. nT(ATS,, — pi) > 0, @)

In the figure the green dots are cases for which the system then a new simplex with verticezsfn%r2 and them points of
tained transient stabilityi €. the setl'; is given by the green {AS,...,ATS ;} thatlie in bounding surfaceare used to form




unstable case

Ars; (1) ATs;(2) Ats; (1)

Figure 3: A new stable point is found outside of the finst Figure 5: When an unstable point inside the approximation is
simplex. found we remove the triangle that contains the point.

a newm-simplex. In this way we get the convex hull of the sethe two triangles labeled 1 and 2.
(A5, )‘;I;LSJ,-Q : When all the samples are examined we should further investi-
So far we have only searched for the convex hull of a set @fate the boundary by verifying that the middle of each part of

stable points. However, as noted abdvgs is not necessarily the boundary corresponds to a stable path in a time-donmain si
convex. Fig. 4 shows the stable and unstable points for & sh@fation.

circuit at node 4 followed by a disconnection of the line be#w  The resulting domain is given by the condition
nodes 4 and 7 in the WSCC 9-bus system. In this figure the

15
¥

(ngH)T(Afp%H) SO? k:]-v"';NCHv (3)
0

R,k\NT R,k
RIT (O _pBEY >0 k=1.... Np (4
je{lle}.a:fH_l} TLJ ) ( p )_ ) ) y4VR, ()

wheren{™ andp™ are the outward normals of and points of
the boundary of the convex hull, respectively are the num-
ber of boundary parts of the convex huﬂff” andka’J are the
outward normals and points of the 4+ 1 bounding surfaces of
the N removedmn-simplexes.

Constraint (4) only holds true if the is inside the complex hull
and constraint (3) is only true X is not lying within any of the
removedmn-simplexes.

Figure 4: A sample ofonv(I'ig) of the WSCC 9 bus system Fig. 6 shows the updated approximation of the transientlggab
for a short circuit at bus 4 followed by a disconnection of th&élomain obtained by first removing all triangles that corgdin

line between nodes 4 and 7. Green points are transientliestagnstable points. Each part of the resulting boundary was the
and red are unstable. investigated by finding the middle of the boundary part and pe

forming a time-domain simulation to validate that the boanyd
higher loading boundary (which is not in the picture) is doe tis part of the transient stability domain.
feasibility of the initial (pre-contingency) operating ipband
the lower level is due to transient instability. As we can see
the figure there are a number of parameter vectors leading -
transient instability within the convex hull of the pointheare
transient stability is retained.
In the view of this result we need to somehow update the aj ..,
proximation Dig of DZ¢ by removingm-simplexes so that no =
parameter vectors leading to transient instability aralm®. ot
Assume that after samplingg parameter vectors we have built
the approximatiorﬁ%sy,C and the(k + 1)*" sample lies within

D%&k and the corresponding time domain simulation gives i o
transiently unstable path. Then we have to remove the sma..

estm-simplex that contains the unstable point. ) _ e ] .
In Fig. 5 we see what happens when a unstable point is encotiigure 6: The domairs after removing the triangles that con-

tered inside the convex hull in the example given in Fig. 2. 1IN unstable points and checking the new boundary parts.
this case the approximation of the stable domain is reduzed t

0.8




Second order approximations of the transient sta-  Once the basis point! ands > 0 have been decided we define
bility region
1
- . da(\,n, A) =nT (AL =) + 5ATAN (5)
The procedure for determining approximations of the bownda 2

9Drg of the domainDrs is as follows: This means that the point is on the inner side (in negative

irection of the normah) of the codimension-one surface de-
e|ned byX;(n, A) := {\ € R" : dij(\, n, A) = 0} whenever
d;(\n, A) > 0.
Let A} be the set of all boundary points computed in step 2.
i al 7 imi . m
2. From the simulated points approximate the boundary of tHg1€ POINtA; of Ay that maximizedfe : R™ — R, was
stable domain. picked to be the basis for the first approximation. We now re-
move all the points on a distanee § to AL and get the set
3. Approximate this boundary using several second ordén (A, d) = Ay N (Bs(A))°, where(B;(A))” is the complement
polynomials in the system parameters. of the é-ball centered ah. We now want to choose and A, so
thatd,; (A, n, A) > 0, VA € A} (), §). But still we want the fit to
The two first steps have already been explained above. WHz as close as possible. We thus pose the following optiraizat
remains is to compute second order polynomials that togethgroblem:
well approximate the boundary of the transient stabilityioa.

1. Perform a number of Monte Carlo simulations where th
transient stability properties for a randomized paramet
vector is investigated by time-domain simulation.

min > fo(Nda (A, n, A) (6a)

neSm—1, AcSym

To get a good approximation of the bounddp’, of the tran- ™ XeA)
sient stability region several polynomials will often beeded. st da (N, A) >0, YA € AL(AL,6),  (6b)
This is illustrated in Fig. 7. An = 0 - ¢ (60)

Note here that once we have picked & S™~! = {z € R™ :
llz|| = 1}, (B) is a linear program. A heuristic way of solving
(6) would be to seti = (AL — ¢)/||]A2 — (|| and letC be a
m x (m — 1)—matrix with basis vectors of 1. The distance
from \ to the surfacg A\ + Cz + n(a"x + 1/22 Tbx) € R™ :
r,a € R™~1 b€ Sym, ,}inthe direction? is then

da(Ma,d) =a (AL =N +a"CT(AE - )

%(/\3 —NTobeT (AL - \).

If we instead of (6) solve

Figure 7: Polynomial approximations 6%« min Z Ffo(N)da (X, a,b) (7a)
a€R™1beSym,, y
0

Since second order polynomial approximations were sugdest st cfﬂ(A, a,b) >0, YA € AL(AL, ), (7h)

earlier we need to decide vectox§ € R™ where the approx-

irr:jation has its basis_, normaitg/ E_R”” and curvztu;e tensors 44 repeatedly sét« (7+Ca)/|+Cal| and solve (7) we get
AY thatare symmetriov x m-matrixes such that?n? = 0. he solution to (6) as a fixed point to the algorithm with = 7
Assume the we have a prediction of future system parametg{gq 4* — o Tp*C
giving the probability density fu_nctio_m@ tR™ = Ry, Toget  opee problem (6) has been solved we s&f(\) =

a good accuracy of the qpproan_atlon we choa8eto be thg da(\,n*, A*), where(n*, A*) is the pair giving the optimal so-
boundary point that maximizef, i.e. the most probable point |sion 1o (6). It might be worthwhile here to note that (6) ista

of the boundary. convex problem so having a good initial guess is important.
Now, since the boundary has not been calculated exactly, tﬂﬁ)w, we pick a second number> 0 and set\i = {\ € A} :
b?u_ndary will probably not be smooth z_ind local informatid)n 814 (\) > ~}. The setA! will thus consist of all points of the
A¢ Is often not that useful. Moreover, sing¢ was decided by poundary for which the first approximation has an accurasy le
maximizing a probability density function we may expecttthaihan . To compute the second part of the polynomial approxi-
A is closer to the middle of the set than its neighbors on thgation of the transient stability boundary we look for thesno

boundary. Hence, when decidimﬁ’ € R™ a”d{‘lij we should  ropable point of the remaining non-covered part of the beun
discard all other boundary points lying on a distarceé from ary. Hence,

AL, The constani > 0 should be set depending on the accuracy A2 = Argmax fo()) 8)
(e.g. number of samples) of the initial boundary approximation. c AEAi '



Similar to computing the first approximation the second igf® than 0.1 p.u. For each of the new boundary points, time domain

by solving simulations have to be made to validate the stability. Ohee t
_ stability of all boundary points is validated we start binlgithe
e D Y fe(Wdz(An, A) (92)  second order approximations. The result in the first coetirg
e eny case with parametefs= 0.3 and~ = 0.1 is shown in Fig. 9. In
s.t. dp(\,m, A) >0, YA € Aj(M\2,5), (9b)

An = 0. (9¢)
This process is then repeated until

max fo())
/\GA}

Pps

is sufficiently small.

Example

In the numerical example we continue working with the two-con %5 o o5 i I 2 25 s 3 7
tingencies on the WSCC 9 bus system (see Fig. 8) defined abov.c.

The first contingency is an outage leading to a loss of 60 MW, L i .
Figure 9: The approximation of the transient stability bdary

2 7 8 9 3 for contingence = 1 with 6 = 0.3 andvy = 0.1.
@+@ @@ the figure the blue solid polygon is the transient stabiliyivd-
Gen 2 Gen 3 ary approximated from the points of the detIn this case the
transient stability domain seems to be convex so the corviéx h
Load C of the pointsI';g gives the initial approximation. From the set

of boundary points we then need three second order apprexima
tions (black solid lines) to obtain the accuragy= 0.1. The
magenta arrows show the initial guesses of the normal &ctor

S 6 and the black arrows are the normal vectors obtained by the it
erative procedure described above. To get the initial gpsese
Load A 2 Load B usedd = me.

To increase the accuracy of the approximations weyset0.05
andd = 0.2. With these values we get the approximation shown
1 in Fig. 10. For both figures we use a stopping criteria based on

Gen 1

Figure 8: The WSCC 9 bus system. 28
production in the generator located at node 2. The second cct
tingency is a 0.083 second short circuit at node 4 followed by |
disconnection of the line connecting nodes 4 and 7.

We assume that the varying parameters are the active pow
loads at nodes 5 and 8, so that= [Pps Pps]. To createl’
we generate 1000 samples of a pair of independentrandomve ™
ables uniformly distributed off), 5].

Assume tha® is Gaussian with mean Figure 10: The approximation of the transient stability vdary
3 for contingence = 1 with 0 = 0.2 and~y = 0.05.
L]

the likelihood of the remaining boundary points that presers
and variance from approximating the far off corners with an excessiverdeg
Var [0] = [ 0'075 (1) } . of accuracy. With the increased requirement on the accwacy
see that we need a total of six second order approximatiosis. A
To build the boundary we will split all boundary segments unexpected we thus see that increasing the accuracy requiteme
til the length (Euclidean norm) of the longest segment is ledeads to the use of more approximations.



Discussion References

. . . . . 1
In this paper we investigated how Monte Carlo simulationgs-co o

bined with time domain simulations can be used to build sdcon
order approximations of the transient stability boundanyd [
given list of contingencies. These approximations can then
combined with approximations of mid-term stability regscand  [3]
other operational regions when solving an optimal power flow
problem with chance constraints.

To compute the second order approximations the boundar&‘}]
points of the region, in parameter space, where the system
remained stable after the contingency were identified. Boe s 5
ond order approximations of this boundary were then obthine
by solving a number of linear programming problems in an
iterative approach.

[6]
Possible improvements of the method include:

[7]
Sequential scenario generation

If the stability of each scenario is checked directly after $ce- (8l
nario has been generated in the Monte Carlo simulationthis i
formation can be used to update the distribution from whieh w [
sample the future scenarios. One could, for example, use a se
of indexes to evaluate “how stable” a stable pointis or “haw u 1
stable” an unstable point is. This information can then bedus

to avoid drawing unnecessary samples and help us focus on the
regions where the boundary between stable and unstablespoini]
is likely to appear.

Growing the region 12

When a first approximation of the transient stability regisn [13]
obtained we could take small steps in the normal directicoms f

the different affine parts of the boundary. This would give an
efficient way of further expanding the boundary to get a makim 14
approximation of the stability region.

[15]
Non-heuristic guess of normal vector

The initial guess of the normal vector at the approximatioints
is very heuristic. One alternative could be to solve a lirrab-
lem where we maximize the distance of the closest boundary
point to a hyperplane passing through the approximationtpoi
The normal to this hyperplane can then be taken as a first &ppro
imation of the normal to the second order surface at the baynd
point.

(16]

Higher order surfaces

Instead of increasing the number of approximating surfaces
may want to increase the order of the approximations. Nate th
this would preserve the linearity of the optimization penk
but dramatically increase the number of variables when #ie p
rameter space has a high dimensionality.
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