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Abstract—Contingency screening for transient stability of large
scale, strongly nonlinear, interconnected power systems ione of
the most computationally challenging parts of Dynamic Sectity
Assessment and requires huge resources to perform time-daim
simulations-based assessment. To reduce computationalstoof
time-domain simulations, direct energy methods have beernx&n-
sively developed. However, these methods, as well as oth&rsting
methods, still rely on time-consuming numerical integraton of
the fault-on dynamics. This task is computationally hard, &nce

possibly thousands of contingencies need to be scanned an

thousands of accompanied fault-on dynamics simulations eel

to be performed and stored on a regular basis. In this paper, &
introduce a novel framework to eliminate the need for faulton

dynamics simulations in contingency screening. This simation-

free framework is based on bounding the fault-on dynamics ad

extending the recently introduced Lyapunov Function Famiy

approach for transient stability analysis of structure-preserving
model. In turn, a lower bound of the critical clearing time (CCT)

is obtained by solving convex optimization problems withotire-

lying on any time-domain simulations. A comprehensive angsis
is carried out to validate this novel technique on a number of
IEEE test cases.

|. INTRODUCTION

way nowadays is to use a combination of the direct energy
approaches and time-domain simulation [B]-[5], in which
most contingencies will be screened by the energy method
and the remaining contingencies are checked by time-domain
simulations. The advantage of direct energy method is that i
allows fast screening of contingencies while providing mat
ematically rigorous certificates of stability. After deeadof
Jesearch and development, the controlling unstable éaqitn
point (UEP) method[]6] has been widely accepted as the
most successful method among other energy function based
direct screening methods, and is being applied in industry.
This method is based on comparing the post-fault energy with
the energy at the controlling UEP to certify transient digbi

The noticeable drawback of the controlling UEP method is
the inherent difficulty of directly identifying the conttislg
UEP [7]. The controlling UEP is defined as the first UEP
whose stable manifold is hit by the fault-on trajectory & th
exit point, i.e. the point where the fault-on trajectory rsethe
actual stability boundary of the post-fault Stable Equilin
Point (SEP). Note that the actual stability boundary of the
SEP is generally unknown, and thus the computation of the
exit point is very complicated and usually necessitateatite

Transient stability assessment, concerned with power syghe-domain simulations. For a given fault-on trajectdhe

tems stability/instability after contingencies, is a cetfement

controlling UEP computation requires solving a large set of

of the Dynamic Security Assessment Systems monitoring afgnjinear differential algebraic equations which is dorye b
allowing the reliable operation of power systems around thgmerical methods. However, with respect to these methods,
world. The most straightforward and dominant approach gy Newton method, the convergence region of the comgpli
industry to this problem is based on the direct time-doma{jep can be very small and irregular compared to that of the

simulations of transient post-fault dynamics followingspible

SEP. If an initial guess for the numerical solver was not suf-

contingencies. Rapid advances in computational hardware gciently close to the controlling UEP, then the computaaion
able it to perform accurate simulations of large scale syste ggorithm will result in wrong controlling UEP and might
possibly faster than real-timel[1].1[2]. However, in praeti propably converge to a SEP, leading to unreliable stability
there are usually thousands to millions of contingencies thyssessment. Unfortunately, it is extremely hard to find diain
need to be screened on a regular basis. As such, the ceess sufficiently close to the controlling UEP.

putational cost for time-domain simulations-based trmisi

The second drawback of the controlling UEP method is that

stability assessment is huge. At the same time, most of thesgaquires simulating and storing each fault-on trajegttr
contingencies are not critical, and thus most of computalio carry out the assessment for the respective contingeritges.
resources are spent for assessment of contingencies thay#0pest of our knowledge, there are only a few works on

not contribute to overall system risk.

contingency screening without relying on fault-on dynasnic

To avoid time-consuming numerical integration of posttfausimuylations. Particularly, in[[8] the closest UEP method is
dynamics and save the computational resources, the smagigiioited and an algebraic formulation of the critical cieg
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time is obtained based on polynomial approximation of the
swing equations. However it is assumed that the dynamics
of the rotor angles during the fault is a constant positive
acceleration. This approximation is remarkable and mageau
incorrect estimation of the critical clearing time.

The objective of this paper is to develop novel numeri-
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cal approach that can potentially alleviate the computatio system evolves subject to the fault-on (disturbance) dyceam
burden of finding the controlling UEP. We aim to achievand moves away from the pre-fault equilibrium point. After
this objective by developing a completely simulation-frethe fault is cleared, the system may return back to the pre-
technique for the estimation of critical clearing time. Fhifault SEP or to a new post-fault SEP depending on whether the
technique is based on an extension of the recently intratludault is self-cleared or cleared by circuit breakers actlarthis
Lyapunov Functions Family (LFF) approach [9]. The prineiplpaper, the proposed method tackles the type of continggncie
of this approach is to provide transient stability certifigcsaby where a fault occurs in a transmission line and then self
constructing a family of Lyapunov functions and then findinglears such that the post-fault network recovers to the pre-
the best suited function in the family for given initial sat fault network topology. To describe the post-fault dynasnic
Basically, this method certifies that the post-fault dynzsniwe utilize the differential structure-preserving mode][1This
is stable if the fault-cleared state stays within a polytopmodel naturally incorporates the dynamics of rotor angle as
surrounding the post-fault equilibrium point and the Lyapu well as response of dynamic load power output to frequency
function at the fault-cleared state is smaller than the mimh  deviation. Though it does not model the dynamics of voltage
value of Lyapunov function over the flow-out boundary of thah the system, in comparison to the Kron-reduction models
polytope. Therefore, to screen the contingencies for teabs with constant impedance loads [19], the structure of power
stability, this method only requires the knowledge of thatta systems and the impact of load dynamics are preserved in
cleared state, instead of the whole fault-on trajectory. this approach. When the losses of the transmission lines are
Exploiting this advantage of LFF method, a technique ignored, the model can be expressed as:
introduced to bound the fault-on dynamics and thereby the

fault-cleared state. This bound leads to a transient abil "0k + dkok + > g sin(0k = ;) =P, 1)
certificate that only relies on checking the clearing time, i JEN

if the clearing time is under certain threshold then thetfaul k=1,...,m,
cleared state is still in the region of attraction of the orég dybp + Z ay; sin(0, — 0;) = — P9, @)
SEP and the post-fault dynamics is determined stable. By thi JEN

new method, a fast transient stability assessment for & larg k=m+1,....n,

number of contingencies can be obtained without using any
simulations. Such approach can be utilized in several powghere the firstn equations represent the dynamics of gen-
system applications, such as optimal power flow, resourcgf@tors and the remaining: — m) equations represent the
allocation, and HVDC control problems [10]=]17], wherelynamics of frequency-dependent loads. With= 1, ...,m,
the proposed transient stability certificate can help reduthenm, is the dimensionless moment of inertia of thé
the search space by eliminating less critical contingenitie generator,d; is the term representing primary frequency
studies. controller action on the governor, and,,, is the effective

The structure of this paper is as follows. In Sectloh Wimensionless mechanical power input acting on the rotor.
the contingency screening problem addressed in this papefMith & = m +1,...,n, thend;, > 0 is the constant frequency
introduced, together with the extension of the LFF approaéRefficient of load and®) is the nominal load. Lef be the
for transient stability analysis. Sectiénllll presents thain set of all the transmission lines and, be the set of neigh-
result of this paper regarding the simulation-free algiebraboring buses of the bus™. Then,ay; = Vi.V;By;, where
estimation of the critical clearing time, and explains hdwst [Br;lx,jjes is the susceptance matrix angl represents the
new stability certificate can be used in practice to scredpltage magnitude at the’" bus, both of which are assumed
contingency for transient stability without any time-ddma to be constant. The stationary operating condition is glvgn
simulations. Finally, in Sectiofi IV performance of the proli,...,d;,0,...,0]" whered, is solution of the power flow-
posed method on contingency screening of several IEEE tlke equations
systems is presented and analyzed. Sedfibn V concludes the . N B
paper with discussions about possible ways to improve the jEZN ak; SN0k — 0j) = P, Tk =1,...m, (3)

. k

algorithms.

where P, = P,k = 1,...,m, and P, = —P} k =
m+1,...,n. We assume that there exists a stable operating
condition§* € A(M), A < w/2, where the polytope\(}) is
defined by inequalities;| < A for all {k,j} € €.

In this section, we show that the Lyapunov function family In the LFF approach, the nonlinear couplings and the
approach [[B], originally presented for the Kron-reductioiinear model are separated. To do that, the state vector
model, is applicable to the transient stability analysis af = [z;,29,23]7 is introduced which is composed of
structure-preserving power models. Then, we extend this fathe vector of generator’s angle deviations from equilibriu
ily to a set of convex Lyapunov functions family, that willz; = [6; — 67,...,0,, — d5,]7, their angular velocities
be instrumental to establish a lower bound of critical dfegr x5, = [41,...,4,,]7, and the vector of load’s angle deviation
time in the next section. from equilibrium z3 = [§;041 — 6y, .-, 00 — 057, Let

In normal conditions, power grids operate at some stahl¢ be the incidence matrix of the corresponding graph, so
equilibrium point. During disturbances such as faults, thbat E[d;...6,]" = [(6x — ;){x,j3ec]”. Consider matrix

Il. LYAPUNOV FUNCTION FAMILY APPROACH FOR
TRANSIENT STABILITY
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) ‘ ‘ ‘ S ‘ by inequalitieq5kj+5,’;j| <m ¥{k,j} € £ Inorder to ensure
! that the system will not escape the polytdpeluring transient
| dynamics one condition will be added to restrict the set of
i 1 initial states insidéP. Accordingly, we define the minimization
of the functionV (z) over the uniondP°* of the flow-out
boundary segment@Pg}‘t as follows:

Vinin = min  V(z), 9)
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1 ]
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Nonlinear coupling
o

where P74t is the flow-out boundary segment of polytope
sin (8 + ) A5in(57, F any) P that _is defined, for each transmission lidé,j} € &

; A ; ; ; connecting generator busésand j, by |dx; + ¢;;| = 7 and
tooE A}]lgu|ar diference - o ° dxj0k; > 0. Given the value 0¥/, an LFF-based estimation

for the region of attraction of the equilibrium point is give

Fig. 1. Strict bounding of the nonlinear functigfy; by linear functions of by
the angular differencéd;,; — 6;;].) in the lossy power systems

Rp={ze€P: V()< Vnin}- (10)

Finally, to determine if the post-fault dynamics is stalle,
check if the fault-cleared state is inside the stability region
estimateR p, i.e. if 2 is in the polytopeP andV (zg) < Vinin-
Therefore, to certify transient stability of each contingg the
LFF approach only need to know the fault-cleared stgté.e.
the state of fault-on trajectory at the clearing time), eattihan
T1 = T the whole fault-on trajectory.
iy = Ml‘lDlxg — $,D'ETSF(Cr) (4 In this paper, the proposgd appr_oach is only concer.ned with
) - voltage phase angles staying inside the polyt@pelefined
&3 = =52 D7 E* SF(Cz) by inequalities|dy;| < 7/2,¥{k,j} € £ An advantage of

C such thatCz = E[6;...5,]". Consider the vector of
nonlinear power flowF' in the simple trigonometric form
F(C’x) = [(sin 5kj — sin 5;j){k,j}€5]T'

Then, in state space representation the system can
expressed in the following compact form:

where S = diaglak;)(x j1ce is the diagonal matrix of considering this polytope of voltage phasor angles is that
coupling magnitudes and;, = [Luxm Omxn_m],S2 = inside this polytope the Lyapunov functiéf(z) defined in[(7)
[On—mxm In—mxn-m],D1 = diagdi,...,dy,),M; = Iisconvex.As such,the minimum vall&,, can be calculated
diagmy,...,m,),D = diagmi,...,mMm,dmy1,...,d,). N polynomial time. In addition, inside this polytope, aicter
Equivalently, bounding for the nonlinear flow vectdr can be established
i = Ax — BF(Cz), (5) as follows
with the matricesA, B given by the following expression: (fir.gy — Ok — 05;)) (firjy — B(okj —61;)) <0 (11)
Om><m Imxm Omxnfm _ 1 —sinA . . q] *
A O _MiD, o "l where 3 = T 0 and f‘.{,?yj} = smélkj sindy; s
On—mxim O mxm O imsimm an element of the vectdr. Exploiting this strict bound of the

nonlinear flow vectorF, the LMI (8) can be replaced by the

and following less restrictive LMI:
B=[ Onxe; SIDTIETS; SDTIETS . (6) ATQ+QA-2CTHC R T _. (1,
- <
Here, |£| is the number of edges in the graph defined by the [ RT —2H | = 7 (12)

susceptance matrix, or equivalently the number of non-zero R=QB - (1+pB)CTH — (KCA)T,
non-diagonal entries iy, . ) - . .
For the system defined bifl(5), the LFF approach propoggglle all the above results for the stability certificatdl $told

to use the Lyapunov functions family given by: true. In particular, the estimate for region of attractismgiven

by
1 7 o
Viw) = ge Qe - {kz} SK{M} (cosdig + 3y sin i) Ro ={r€ Q:V(2) < Vinin} (13)
JYe
(7) with

in which the diagonal, nonnegative matricaS H# and the Vigin = min V(). (14)

symmetric, nonnegative matrig satisfy the following linear zEOQ

matrix inequality (LMI): The proof of this fact is given in Appendix VIHA. With the less
restrictive LMI (12), a broader family of Lyapunov functien

T
[ A QRJTF Q4 B } <0, (8) can be obtained, which will be exploited to establish thesiow

bound of the critical clearing time in the next section.
with R = QB—CTH — (KCA)T. Then, it can be proved that Remark 1: The main drawback of the proposed stability
the Lyapunov function is decreasing in the polytdpeefined certificate is that it currently does not incorporate theatied
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model of generators and its associate control systems,agichlll. CONTINGENCY SCREENING WITHOUT TIME-DOMAIN
excitation systems, PSS and governor system. Swing equatio SIMULATIONS

model doesn't incorporate associated control systems angy this section, we present a new approach to the contin-
generator's fast dynamics and assumes a fixed field voltagg,cy screening problem, which relies on a combination the
magnitude during transient period. However, the Setpaaft V| k- framework introduced in the previous section and the
ues of voltage magnitude can be allowed to fluctuate arouggnding for the reachability set of the fault-on dynamics,
the nom_lnal _vaIueVo (let say less than0% aro_undVO)- I_n through which we can guarantee that the fault-cleared state
the matrixB in (G), we take the new the coupling magnitudgs sl inside the region of attraction of the post-faulaisie
diagonal matrixS = diag(1.1*Vi? By;j)x,j)cs- Consider the equilibrium point. Interestingly, this bound leads to ageal

new nonlinear vector” = [fy;](,jyce Where braic simulation-free lower bound of the critical cleariige.
ViV (sin 6y, — sin oz, Therefore, this contingency screening approach comgpletel
foj = ! J kg (15) removes any time-domain simulations of both the post-fault

1.12V2 - .
0 dynamics and fault-on dynamics.

We can see that the bounding for nonlinear functjgn in

(I1) still holds true withj3 replaced by the smaller valuep Bounding for The Fault-on Dynamics

2 2 i i
0.9%3/1.1%. Then, all the other results will follow accordingly. If the time-domain simulation for fault-on dynamics is used

As such, the simple Lyapunov functiofi] (7) and stabilit . . .
region estimate(13) can be easily extended to the case w réen fault-cleared state, can be determined by directly inte-

voltage magnitude setpoints fluctuat®% around the nominal grating the fault-on_dynamms. Then, the valuelpf= V(I.O)
value. In this case, since we have looser bounding for tﬁgmputed fror_nﬂl7) is compared to the valuelgfi, to certify
nonlinear vecto, the according stability region estimate Wi"tran3|ent stability. . o .

be smaller than the original defined [IY13). Therefore, tioe p Now, assume that tlme—dor_nam simulations are not used to
posed framework can manifest the fact that the stabilitjoreg mteg_rate the fault-on dyr_1am|cs. Then the fault-clearedest

is smaller due to the effects of generators’ control syste will not be known precisely. To guarantee that< Q and

(however, it cannot capture the voltage collapse phenomerg o © e HESEL EEE 0 2L B s
when the voltage magnitudes sag to the low values). From P Y

this analysis, we suggest that in the practical transiity operating condition defined by the stable equilibrium point

assessment, we should accordingly modify the estimation %fe € A(A). Assume that a fault occurs at the transmission

the stability region to avoid overestimation of the CCT dae tIIne {u,v} € & and_then self-clears such thf_ﬂ the power
the usage of simple generators’ model network recovers to its pre-fault topology. During the faul

Remark 2: Since the proposed stability certificate onl);he power system dynamics is approximated by equations:

requires the Lyapunov function to be locally decreasinthea ip = Arp — BFpre(Cap) + BDyy ) Sin Gy, (18)
than decreasing in the whole state space as in the energy ] ) ) )
method, the LFF framework can be extended to incorporate ﬂﬁggre, the fault-on trajectory is denotedias(t) to differentiate
losses in transmission lines. Indeed, the stability afmlysre 't from the post-fault trajectory:(t) in (). Dy is the
is essentially based on bounding the nonlinear funcfigrby ~Unit vector to extract the nonlinear functiofin du., —
linear functions of; as in [I1), i.e. whenever the boundingin %uv,,.) from the nonlinear vector,,. = [(sindy;, —
() holds true, we can have the stability region estimate ai9%;, )l{r.j}ee, Which serves to model the elimination of
cordingly. For the power systems with losses, we take the cdlie faulted line{u, v} during the fault. In Appendik VI-B, the
pling magnitude diagonal matri§ = diag(Vi V;Y,) (s jyee following center result regarding the bounding of the fault

and the nonlinear functiofy; as on dynamics is proven, which will be instrumental to the
' introduction of stability certificate in the next sectiohthere
frj = (sin(0k; + agj) — sin(dy; + o) (16) exist matricesR, K, H, H > 0 and a positive numbey such
that
- 2 2 _ , . - .
Here,Yy; = /G, + Bi; anday; = arctan(Gy;/By;) < 1, A+7(QBD(,,))(QBDy,.)" R S0 o)

where G; and By; are the (normalized) conductance and R:}r —op )
susceptance of the transmission lif¥e j}. From Fig.[1, we . .
can show that the nonlinear boundifigl(11) still holds true favhereA = ATQ+QA—-23CTHC, R = QB—(1+8)CTH—

anyz € Q and (KCA)T, then along the fault-on dynamicE{18) we have
- sin(m/2+ agy) — sin(|6}, ] + ;) Vizp(t) < o wheneverz g (t) being in the polytoped.
p= (hj)ee /2 —[57,] (17) _Note that due to[(19), the Lyapunov function’s derivative

V(z) along the post-fault dynamicEl(5) is non-positive in the
Then, all the stability analysis follows accordingly. Tefare, polytope ©. Basically, the above result provides a certificate
the LFF framework and the CCT estimation to be presentesi make sure that the fault-on dynamics does not deviate too
in the next section is applicable to lossy power systems. Weuch from the post-fault dynamics. As such, if the clearing
will illustrate the proposed framework for estimating CCT' otime is under some threshold, then the fault-cleared state (
the lossy 2-bus system in Section IV.A. the state of fault-on system at the clearing time) is not very
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case is of practical interest. Indeed, the large-area blsdk

practice is usually a result of multiple contingencies heappg

at short time interval. Though large-area blackout is rése,

effect is severe, both economically and humanly. Therefore

[ it is critical to check if the power grids stand when several

contingencies are happening, or leading to large-are&dlac

The technique presented in this paper provides a framework

| to certify the safety of power grids.

Fix y and solve the LMI (20) to obtain

QK H=0 C. Choosing Lyapunov Function and Parameter

Input post-fault system parameters

Solve the equation (3) to obtain &*

Since there is a family of Lyapunov functioh¥z), charac-
Varyy >0 terized by matrices), K, and positive numbers that satisfy
L No Tf a solution is found the inequality [(IP), we have different estimatio?g( Vi, —

V (zpre)) Of the critical clearing time (CCT). To get the highest
possible estimation of the CCT, we need to find the maximum

Yles value of2y(Vinin — V(zpre)) over all the matrices), K and
Evaluate Lyapunoy function (7) at 8% positive numbersy sat|s_fy|ng KIQ_). _Unf_ortunately, thls_ is an
with the obtained value of O and K NP-hard, strpng_ly nonlln_ear optlmlzqtlon problemlwnh ot
1 nonlinear objective function and nonlinear constraint.
Solve the convex optimization (14) to We observe that a good selection of Lyapunov function and
No obtain Vi, the parametery is obtained if we can predict the location
I of the fault-cleared state. In the following, we propose two
Obtain the estimation of critical clearing procedures suggesting some directions to search for feasib
time as 2y(Vmin - Voxpre )) Lyapunov function and parametgrallowing for good estima-

tion of the CCT. The first procedure is totally heuristic, \ndhe
we vary v and find the corresponding Lyapunov function.
The second one is based on a prediction of the fault-cleared
state. Both of these procedures rely on solving a number of
convex optimization problems in the form of either quadrati

Yes programming or semidefinite programming.

Procedure 1: To solve the inequality (19), we note that for
a fixed value ofv, the inequality [[IP) can be transformed

to the following LMI of the matrices@, K, H via Schur
Fig. 2. Algorithm to screen contingencies for transient#itsgt without complement:

simulations of fault-on dynamics and post-fault dynamics ~
ATQ +QA-2BCTHC (4(QBDyy,y) R)

~ <0,
i X . (W(QBD{u,U}) R)T —L -
far from the considered working condition. The above result (20)

as such is essential to establish a lower bound of the dritica I o
clearing time in the next section. wherel = LThe matricex), K, H can be found

End

O 2H
quickly from the LMI (20) by convex optimization. Therefore

B. Estimation of The Critical Clearing Time a heuristic algorithm can be used to find solution[ofl (19), in

Let the clearing time becaring. IN Appendix[VI-Q, the which v is varied and the LMI[{20) is solved to obtain the
following stability certificate which only relies on cheokj matricesq, K, H accordingly.
the clearing time is proven. If the inequalify {19) holds and Procedure 2:
the clearing timercaring Satisfiesrcaring < 29 (Vinin — 1) Calculate the distancefrom the equilibrium poinﬂ;ost
V(xpre)), wherew,,. = d;.. — o5, then, the fault-cleared to the boundary of the polytop@ asr = minseog ||6 —
stater g (Teiearing) iS Still inside the region of attraction of the O ostll2-

post-fault SER;,,.; and the post-fault dynamics following the 2) Take & points x1, ..., 2, uniformly distributed on the

considered contingency leads to the stable operating tondi sphereS = {0 : [|0 — d5,4/l2 = 7} which surrounds
Opost- 0505t @nd stays insid&®. These points are considered as
Therefore, this stability certificate provides us with a éow possible predictions for the fault-cleared state.

bound of the critical clearing time a&y(Vinin — V(Zpre)) 3) For each pointz;, using the adaptation algorithm pro-

obtained by solving the inequality_(19). This estimation is  posed in[[9] to find a Lyapunov functioWi (z) character-

totally simulation-free, distinguishing it from other rheds ized by matrices);, K; such that the point; stays inside

in the literature to estimate the critical clearing time. the stability region estimat&®k o defined in [IB). This
We note that it is also possible to extend this stability —adaptation algorithm can quickly find a suitable Lyapunov

certificate to the case when several contingencies co-aXist function after a finite number of steps.
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4) For the matrices));, K, find the maximum valuey; 03 ‘ ‘
satisfying the inequality[(19) asj; = max~y subject 025} Fault-on 8 fantt—cleared
to (I9) whereQ = Q;,K = K;,H = H;. Calculate 0l trajectory
Ty = 271*(me1 - Vvi(xpre))- % 0.15
5) Take the estimation of the CCT as the maximum value 3 |
out Ole,...,Tk. g oosl
We note that compared to Procedure 1, Procedure 2 may g, 0 5
remarkably increase the computational complexity of calcu < pre st Post-fault

lating the CCT estimate. Recent studies shown that matrices trajectory

appearing in power system context are characterized byhgrap : : ‘ : ; :
with low maximal clique order, and thus the related SDP in 015 02 025 03 035 04 045 05

these procedures can be quickly solved by the new gener- Rotor Angle

ation of SDP solvers[[20],[[21]. In addition, the advancesg. 3. system trajectory according to the fault-on dynamiad post-fault
in parallel computing, e.g. distributed computing with @erdynamics with the clearing time7 = 2v(Vipin — V (zpre)) = 1.0600s
overhead communication, promises to significantly redbee t
computational load for these SDP solvers.

-0.066

-0.0665 -

D. Contingency Screening without Simulations

The stability certificate in Section III.B provides us with
a way to directly screen contingencies for transient stgbil
assessment without any time-domain simulations, as destri
by the algorithm in Fig[2. Basically, for the contingency
manifested by the tripping of lindu,v}, one can check 00605}
if the inequality [I9) is solvable. In case it is solvable to 007
find the matrices), K, H, and the positive numbey, then
the Lyapunov functionV(z) can be derived as if](7), and o071 ‘ ‘ ‘ ‘ ‘ ‘
the minimum valueV,;, defined in [(I#) can be calculated. Vo —View)) T Time(s)
Finally, if the clearing time (CT)7ceqring Satisfies that
Tetearing < 27Y(Vinin — V(Zpre)), Wherex,,. = o,,. — 65,5, Fig. 4. Dynamics of the Lyapunov function during the fauttstage and post-
then we conclude that the post-fault dynamics following thfault stage with the clearing ime'Z” = 2(Vinin — V(@pre)) = 1.0600s
considered contingency leads to a stable operating conditi
If this inequality is not true, or if there is no solution for ] ) . o
the inequality [(IP), then nothing can be concluded abo®¥Stem. described by the single 2-nd order differentiabéiqn
the §tablllw or |r?stabll|ty of the post-fault dynamics. &h m5+d5+asin(§+a) —p=o. 21)
contingency in this case should be screened by other energy

method or by direct time-domain simulations. For numerical simulations, we choose= 0.1 p.u.,d = 0.15
In contingency screening, it is greatly advantageous if Wey. ¢ = 0.2 p.u., anda = 0.05 rad. The pre-fault and post-
have a certificate to screen any possible contingency adedci gt power inputs are,.. = 0.05 p.u. andp,es = 0.06

with the tripping of any transmission line in the Setc €. p.u. Then, the pre-fault and post-fault stable equilibripmint
Let D b_e a matrix larger than or equal E{W{}D{W} for are given by[6%,.. 0]7 = [0.2027 0]" and (67 55 0|7 =
all the Ilnes{u,v}_ e F. We _have t_he foIIowm_g result for [0.2547 0]7, both of which are in the polytopé\(w/10).
the robu_st screening of contingencies. If the mequa@) (IHence3 = (sin(m/2+a) —sin(r /104 ) /(7/2 — 7/10) =
holds with Dy, .y DY, ., replaced byD, and the clearing (. 5114. By varyingy and solving the LMI [[(2D), we obtain

time Teicaring Satisfi€sSTcaring < 27(Vinin — V(2pre)), then, the corresponding lower bounds for the critical clearimgeti
for any contingency associated with the tripping of any lings in Tab[ll.

{u,v} € F, the fault-cleared staterr(7caring) iS still

-0.067

-0.0675

Fault-on stage
-0.068

-0.0685
Post-fault stage
-0.069

Lyapunov Function

-0.0705

1
1
|
1
1
1
1
1
1
|
i

8

inside the region of attraction of the post-fault SEP,,, and 7 | 29(Viin = V(@pre))(s)
the post-fault dynamics following the considered contimpe % 8:3%‘%
leads to the stable operating conditif),.;. This result is a 3 1.0077
straightforward corollary of the stability certificate ire@&ion g 1'822,;
[=B] and thus its proof is omitted here. 6 10535
7 1.0600
IV. NUMERICAL |LLUSTRATIONS 8 1.0578
. . . 9 1.0574
A. Classical 2-Bus lossy System with Different Pre-faull an 10 1.0553

Post-fault SEPs TABLE |

For illustrating the presented concepts, this sectiongoss LOWER BOUND OF THE CRITICAL CLEARING TIME VS 7y
the simulation results on the most simple 2-bus lossy power
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Therefore, in these values gf with v = 7 we obtain the
largest lower bound for the critical clearing time 29600.
The corresponding matriceg, K, H are

~[0.0443 0.0127 |

Q=1 go127 0.0879 | & =0-0968 H =02412, (22)

while the corresponding value 8f.;, — V(zpre) is 0.0528.

In Fig.[3 we show the dynamics of the system trajectory in
the fault-on and post-fault-stage in which the clearingetiim
taken asrcicaring = 27 (Vinin — V (2pre)) = 1.0600s. It can be
seen that when the fault happens, the system evolves asgordi
to the fault-on dynamics and the system trajectory deviates
from the pre-fault equilibrium poind;.. to the fault-cleared frig 5 3 generator 9 bus system with frequency-dependemartic loads
state d rquit—cieared- After the fault self-clears, the system

trajectory recovers from the fault-cleared stajg.it—cicared

to the post-fault equilibrium point;, ., which is different C. Kundur 9-Bus 3-Generator System

from the pre-fault equilibrium. Figuld 4 shows the divergen  consider the Kundur 9 bus 3 machine system depicted
of the Lyapunov function during the fault-on stage and thg Fig. [ with 3 generator buses and 6 load buses.
convergence of Lyapunov function during the post-faulgsta e susceptances of the transmission lines are as fol-
These figures confirm the estimation of the critical clearingys: p,, = 17.3611p.u., Boy = 16.0000p.u., Bsy =
time as obtained by the proposed method in this paper. 17 0648p.u., Bys = 11.7647p.u., Bsy = 6.2112p.u., Bey =

10.8696p.u., Brs = 13.8889p.u., Bgg = 9.9206p.u., Bog =
5.8824p.u. The bus voltage¥},, mechanical input$,, , and
steady state Ioad—Pc?k are given in Tab[Tll. The stable
Consider the system of three generators with the timeperating condition is obtained by solving equatiois (3) as
invariant terminal voltages and mechanical torques given ¢* = [0.0381 0.3208 0.1924 — 0.0349 — 0.0421 —
Tab.[I. 0.0409 0.0519 0.0178 0.0155 0 0 0 0 0 0 O O 0],
which stays in the polytopeA(7/8). Hence f§ = (1 —
sin(w/8))/(7/2 — w/8) = 0.5240. The parameters for gen-

B. Three Generator System

Node | V (p.u.) | Py (p.u.)
1 1.0566 | -0.2464

2 1.0502 | 0.2086 erators arem; = 0.1254,my = 0.034,m3 = 0.016,d; =

3 1.0170 | 0.0378 0.0627,dy, = 0.017,ds = 0.008. For simplicity, we take
TABLE II dr = 0.05,k =4...,9. Assume that the fault trips the line
VOLTAGE AND MECHANICAL INPUT between buse$ and 4 and when the fault is cleared this

line is re-closed. Withy = 7.10~5, using the CVX software,
we can solve the LMI[(Z20) in 1s to obtain the Lyapunov
The susceptances of the transmission linesiaee= 0.739  function. Accordingly, we can calculate the minimum value
p.u., B13 = 1.0958 p.u., andBsy3 = 1.245 p.u. The equilib- of the Lyapunov function and obtain the estimation for the

rium point is calculated asi* = [-0.6634 — 0.5046 — critical clearing time a2vy(Vinin — V(2pre)) = 0.1175s.
0.5640 0 0 0]7, which belongs to the polytopé\(r/10).
Hence, we can takg = (1 — sin(r/10))/(7/2 — 7/10). For Node | V (p.u) | Py (p.u.)
simplicity we just takem; = 2,d, = 1,k = 1,2,3. Assume % i:gggg 2:2;88
that the fault happens at the transmission line connecting 3 0.9522 | 0.8500
generatord and2 and then self-clears. Also, during that time 4 1.0627 | -0.5000
the mechanicgl inputs are assumed to be unchanged. Taking 2 i:g;% :8:‘7‘288
~ = 3 and using CVX software we can solve the LNI[{20) 7 1.0490 | -0.4500
we obtainQ as 8 1.0579 -0.5000
9 1.0521 | -0.5000
3.8376 3.8012 3.5779 7.5549  7.4619  7.4166 TABLE Il
3.8012 3.8457 3.5698 7.4776  7.5530  7.4029 BUS VOLTAGES, MECHANICAL INPUTS AND STATIC LOADS

3.5779 3.5698 4.0690 7.4010 7.4185  7.6140

7.5549 T.ATT6 7.4010 38.9402 38.2449 38.0704 , S , N
74619 7.5530 7.4185 38.2449 38.9534 38.0571 We perform time domain simulations to find the critical

74166 7.4029 7.6140 38.0704 38.0571 39.1280 clearing time for the system when the generators are modeled
23) by swing equations and by" orders machine models incor-
porating generators’ control systems. Accordingly, we firach
and K = diag0.2554, 0.3638, 0.4386),H = thatwhen the fault happens at the transmission{ihé}, the
diag(0.0943, 0.2533, 0.2960). The corresponding estimation oftrue critical clearing times for the swing model a#f¢t orders
the critical clearing time i2y(Vinin — V(2pre)) = 0.2376s. machine models are, respectively25s and0.18s. Therefore,
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the critical clearing time estimated by the proposed methodmodel [3). This can be done by extending the state vector
this paper is about half of the true one. We conclude that theand combining the technique in this paper with the LFF
proposed method is conservative in comparison to the tirtransient stability techniques for lossy power grids (with
domain simulations, but there is no overestimation for theactive power considered) [22]. Second, we can see that, in
CCT. In addition, the time domain simulations confirm therder to make sure the Lyapunov function is decreasing in
analysis we described in Remark 1 that the generators’@ontthe polytopeQ, it is not necessary to restrict the nonlinear
systems make the critical clearing time to reduce. terms F'(Cz) to be univariate. As such, we can extend the
In comparison to the controlling UEP method, the proposguioposed method to power systems with generators’ voltage
method in this paper is also more conservative since tHgnamics in which the voltage variable is incorporated in a
controlling UEP was reporte][5] to get the estimate foiicait multivariable nonlinear functior. Last, the important class
clearing time which is different in less thar0% from the of permanent faults, which will also result in non-identica
true one obtained by time domain simulation. However, ware-fault and post-fault SEPs, should be considered in the
note that the CCT estimate proposed in this paper does figtire work with further mathematical development for the
require time-domain simulation for the fault-on dynamiss aepresentation of system dynamics under faults and more
in the controlling UEP method. This will help significantlysophisticated estimation of critical clearing time.
reduce the computational resources spent for contingencyn the applications, the proposed simulation-free contin-
screening. Therefore, the proposed framework in this peguer gency screening method could be developed to robustlyssses
be considered as a complement of the time domain simulatitie stability of power systems when a set of faults happeis. Th
method and controlling UEP method, which could be effivill be applicable to assess major blackout. Also, such asbb
ciently used when we aim to screen non-critical contingesicicertificate can be applied when there are significant changes
with little computational resources. in the power gird topology such as in load sheddingl [23]-
[25] and controlled islanding schemés[26]2[30]. For thisle
a more restrictive bounding of the fault-on dynamics should
be employed to alleviate the conservativeness of the peapos
In this paper, we introduced techniques to screen contifrethod which is expected when multiple faults are consitlere
gencies for transient stability without relying on any time
domain simulations. This is based on extending the recently
introduced LFF transient stability certificate in the cormbi VI. APPENDIX
tion with bounding for the fault-on dynamics. Basicallyeth
LFF approach can certify the post-fault dynamics's stgbiliA- Proof of the Transient Stability Certificate
when the fault-cleared staf[e is in some polytope surrogndin From the inequality [{12),
the post-fault stable operating point and the Lyapunovtionc
at the fault-cleared state is under some threshold. We wobder
that the LFF certificate only needs to know the fault-cleared T B T _ 3T
state, instead of the fault-on trajectory. Therefore, vtk A Q+%A 26C H(Tj N XTX’
introduced bounding technique we can bound the Lyapunov QB—-(1+p)C"H - (KCA)" == XY,
function at the fault-cleared state, by which we certify- sta —2H =-Y"Ty.
bility for a given contingency scenario without involvingya
simulations for the fault-on trajectory and post-fauljéctory. The derivative ofV/(z) along [3) is hence given by:
In turns, we obtained an algebraic formulation for the lower )
bound of the critical clearing time, and hence the stability Viz) = 0.5¢7Qx + 0.52T Qi

V. CONCLUSIONS AND PATH FORWARD

there exist matrices
X\€|><(n+m)a}/\£|><|g‘ such that

assessment only involved checking if the clearing time is -~ o i sE N

smaller than that lower bound to assure the stability of the 2 Ky (=sindi + sin )0y,

post-fault dynamics. Remarkably, the proposed stabiléy c = 052" (A"Q+ QA)x —2"QBF + F'KCi
tificate only relies on solving convex optimization probkem =0.527(2CTHC — X7 X))z

It may be therefore scalable to contingency screening of _IT((H_B)OTI]H_ (KCA)T _XTy)F

large scale power systems, especially when combined with
the recent advances in semi-definite programming exptpitin
the relatively low tree-width of the grids’ graph [20]. ,
Toward the practical applications of the proposehIOtIng thatCB
simulation-free approach to contingency screening, &irth .
extensions should be made in the future where more comply(@ =—05(Xz - YF)"(Xz - YF) + ZH%J}Q{W}
cated models of power systems and faults are considered, e.g (25)
generators’ control systems, effects of buses’ reactiweepo
and permanent faults are incorporated. First, since the LRReregy j; = (fix.j1 — 0k —05;)) (firy — B0k — ;) <

+ FTKC(Ax — BF) (24)

=0andYTY = 2H yields

method is applicable to lossy power grid[22], it is possible,Vz € Q. As such, the Lyapunov functioW () is decaying
to extend the proposed method in this paper to incorporatimgide the polytoped. The other results immediately follow
reactive power, which will introduce the cosine term in théhose in [9].
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B. Proof of the Bounding of Fault-on Dynamics VII. ACKNOWLEDGEMENTS
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there exist

ATQ+ QA —2B8CTHC +~v(QBDy,)(QBD,,)T
QB—-(1+p8)CTH — (KCA)T =

—2H =-Y"Y.

Similar to the above section, we obtain

quality of this paper.
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