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Abstract—This paper develops methods to compute the set of disturbances on a power network that do not tip the frequency of each
bus and the power flow in each transmission line beyond pre-defined bounds. For a linearized AC power network model, we consider
scenarios with varying degree of knowledge about the form of the disturbance. We propose a sampling method to provide inner and
outer approximations with tunable accuracy of the set of tolerable disturbances. The complexity of computing such set approximations
is a function of the number of sampling points. We introduce an error metric to measure the gap between the approximations and
design an algorithm that finds, for fixed number of sampling points, the sampling sequence that minimizes its value. Simulations on the

IEEE 39-bus power network illustrate our results.

Index Terms—Power networks, transient-state safety, robustness to disturbances, cascading failures.

1 INTRODUCTION

OWER systems safety is a fundamental aspect of the op-
Peration and management of the grid. Ensuring safety has
become especially challenging in today’s large-scale systems, with
uncertainty and variability coming from renewable sources and
consumer participation. Transient-state safety refers to the ability
of power networks to reach an acceptable state range when subject
to disturbances while at the same time respecting operational
constraints. Due to the difficulty of explicitly characterizing the
form, magnitude, location and duration of disturbances, it is
hard to precisely describe their effect on the behavior of power
networks during transients. The present work is motivated by the
goal of facilitating such understanding using computational tools.

Literature review

System stability refers to the ability to “regain a state of operating
equilibrium after being subjected to a physical disturbance, with
most system variables bounded so that practically the entire
system remains intact [2]”. There are two major methods [2],
[3] for analyzing stability: time-domain and Lyapunov direct
methods. The time-domain method [4], [5], [6] usually refers to
the numerical simulation of the system behavior for some specific
disturbance. Depending on the numerical solver, this method is
able to consider almost any power network model and to precisely
depict the state trajectories, provided that the system parameters
are accurately known. However, the time-domain method cannot
answer question regarding how far the system is from (in)stability
and can hardly provide guidelines for control [7]. The Lyapunov
direct method [8], [9], [10], [11], [12], focuses on estimating the
region of attraction of the system equilibrium using Lyapunov
functions to ensure the stability of the power networks without
knowing the specific form of the disturbance (provided the initial
state lies in the identified region). Most of the direct methods
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require less simulation/computation time than time-domain meth-
ods and, more importantly, are able to provide stability margins
and parameter sensitivity analysis. However, due to the difficulty
of finding Lyapunov functions, especially for power systems
with complex dynamics subject to time-varying disturbances, and
the conservativeness required in bounding their evolution, the
identified regions of attraction could be coarse approximations
of the actual one. In this paper we take the alternative approach
of identifying the set of disturbances under which the state of the
power system remains within desired bounds during transients.
The availability of these descriptions makes it possible to quantify
network robustness by, for instance, defining metrics that measure
the minimum disturbance that is able to force the system out of
the safety region, see e.g., [13], [14]. Such notions are useful in
the context of cascading failures analysis and, unlike much of the
literature, see e.g., [15], [16], they help identify conditions for
triggering initial failures that incorporate the effect of not only
network connectivity, but also network dynamics.

Our research here is also related to the literature on the char-
acterization of forward and backward reachability sets, see [17],
[18], [19] and, in the context of power systems, [20] for linear
dynamics, [21], [22], [23] for nonlinear dynamics with time-
varying uncertainty, and [24] for constant uncertainty. Given
regions of initial states and possible input signals, a state belongs
to the forward reachability set if there exists an initial state and
an input signal trajectory that steer the dynamical system to
this particular state. Similarly, a state belongs to the backward
reachability set if the system can be driven starting from this state
into the region with an input trajectory. In general, both types of
sets are too difficult to compute precisely, so instead the emphasis
is put on constructing accurate inner and outer approximations.
An important observation is that reachability set analysis puts
the emphasis on characterizing the achievable system states and
ensuring that transient trajectories satisfy desired specifications
given the set of allowable inputs or disturbances. Our emphasis
here is entirely complementary: we focus on characterizing the set
of disturbances that do not cause the system state to violate the
desired specifications.



Statement of contributions

We consider a linearized AC power network subject to multiple
disturbances, with each one modeled as amplitude multiplying
a time-varying signal, injected at various buses. We distinguish
between three cases: when the form of the trajectory is totally
known, partially known, or totally unknown but bounded. A
disturbance is tolerable for the transient-state safety of the power
network if the frequency of each bus and the power flow in each
transmission line still remain in their respective bounds during
a given period of time. Our main goal is to design efficient
ways of computing the transient-state tolerableness set consisting
of all such classes of disturbances. Our first contribution shows
that all three transient-state tolerableness sets can be equivalently
expressed in a unified way that contain infinitely many constraints.
The second contribution develops a sampling method to approx-
imate these sets by synthesizing inner and outer approximations.
The inner approximation is computed by sampling and tightening
the constraints at finite discrete-time instants. We use the network
dynamics to upper and lower bound the evolution of state signals
and show that satisfying the constraints at these finite instants
ensures in fact that all constraints are respected at all times. The
outer approximation comes from using only a finite number of the
constraints appearing in the original transient-state tolerableness
set. We show that, as the number of sampling points increases,
the approximation sets converge to the real transient-state tolera-
bleness set. Our third contribution consists of defining a metric to
measure the approximation gap by estimating the region difference
between the approximations and the real set. We characterize the
sampling sequence that, for a fixed number of sampling points,
results in the minimal gap of the approximations and design an
algorithm to find it by efficiently adjusting the positions of the
sampling points. Finally, we illustrate our results on the IEEE 39-
bus power system by showing the inner and outer approximations
of the three tolerableness sets.

2 PRELIMINARIES

Here we introduce basic notation and mathematical notions.

Notation

Let R, R., R> and N denote the set of real, strictly positive
real, non-negative real and natural numbers, respectively. Variables
are assumed to belong to the Euclidean space if not specified
otherwise. For p,q € N, let [p,q]y = {x6N|p<x q} We
denote by a < b (<,>,>) the element-wise set of inequalities
for vectors a,b € R". We let 1,, and 0,, in R” denote the vector of
all ones and zeros, respectively. Let [, € R™*" denote the identity
matrix and diag(a) € R"*" be the diagonal matrix whose diagonal
is given by the elements of a € R”. For A € R"*", let [A]; and [A]; ;
denote its ith row and (i, j)th element, respectively, and |A| € R™*"
the matrix whose entries are the absolute values of the entries of A.
Given X C R”, we let X denote its closure.

Algebraic graph theory

We review basic notions from algebraic graph theory from [25],
[26]. An undirected graph is a pair ¥4 = (.#,&), where . =
{1,...,n} is the vertex set and & = {ey,...,en} C .¥ X .7 is the
edge set. A path is an ordered sequence of vertices such that any
pair of consecutive vertices in the sequence is an edge of the
graph. A graph is connected if there exists a path between any
two vertices. Two nodes are neighbors if there exists an edge
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linking them. Let .#'(i) denote the set of neighbors of node i.
For each edge e, € & with vertices i, j, the orientation procedure
consists of choosing either i or j to be the positive end of ey
and the other vertex to be the negative end. The incidence matrix
D = (dg;) € R™" associated with ¢ is defined as

1 if i is the positive end of eq,
d(xi = _1

0 otherwise.

if i is the negative end of ey,

Set limit

We introduce basic definitions from set theory [27]. Given a
sequence of sets {Ag};_,, define

hmlank = U ﬂAj, hmsupAk
k=1 >k k—reo

U4,

k>1j>k
It holds that hmlank - hm supAk Furthermore, if 11m1ank

limsupA; = A, then we say the limit of {Az}7, ex1sts and is A.

k—yo0
In shorthand notation, we write A; — A. For a set C and two set
sequences {By};>; and {Ci}r_,, if C C By C G (resp. Cy C By C
C)forall k> 1, and C;, — C, then B;, — C.

3 PROBLEM STATEMENT

This section describes the problem of interest. We start by describ-
ing the model for the power grid and its dynamics, and then define
the desired safety criteria against disturbances.

3.1 Power network dynamics

Following [28], [29], [30], the power network model struc-
ture is encoded by a connected undirected graph ¥ = (.#,&),
where . corresponds to the n buses and & represents the
m transmission lines. We denote by P = [P, Py,...,P,)T € R,

=161,6,,...,6,)7 €R", and Q = [0y, ®n,...,a,)" € R", re-
spectively, the network power injection, the voltage angle, and
the frequency vectors. In each case, the ith component of the
vector corresponds to the ith node. The linearized power network
dynamics are then described by the following equations: for each

i€ s,

6:(t) = a),-(t) (1a)

Midy(t) = Zb,,(e (1)) + Fi(t), (1b)
jenN(i

where M; > 0 (resp. E; > 0) is the moment inertia (resp. damping

parameter or droop coefficient) at node i, and b;; is the susceptance
of the transmission line between node i and j. Let D € R™*" be
the incidence matrix corresponding to an arbitrary orientation of
the graph & and define A(t) £ DO(t) € R™ as the voltage angle
difference between every two neighboring nodes. We rewrite the
dynamics (1) in compact form [31] as
( ) 0m><m D A([ ) 0m

{ MO )} [ DY, —E} {Q(r)] * [P(t)} @
where M 2 diag([M{,M,,....M,;]) € R™', E &
diag([E1,E, ..., Ey)) € R, Y, £ diag{b;;} € R™*™. Notice that
the power flow can be represented by Y,A(z). Throughout the
paper, we use (2) to describe the power network dynamics.



3.2 Disturbance modeling and safety criteria

We are interested in understanding how disturbances in the power
injection affect the transient-state safety of the power network. For
system (2) with an arbitrary initial state (A(0),Q(0)) and a known
nominal power injection P"™(r) € R”, we consider the case where
an additional unknown power disturbance P4!(¢) € R” is injected
starting at time 0, i.e.,

P(t) = P™™(t) + P™'(r), Vt>0. 3)

Such additive disturbances model the mismatch between predicted
and actual power injection in power systems and might arise, for
instance, from variability in the load consumption or uncertainty
in power generation caused by, e,.g., renewable energy sources.
As safety criteria, we consider the following:

(i) Transient-state frequency bound: Given 0 < t; < tp, the volt-
age frequency Q(r) satisfies

QMM < Q1) < QM V1 € [1y,1).

(ii) Transient-state power flow bound: Given 0 < t; < t, the
power flow Y, A(t) satisfies

FMM < YA (f) < F™™ )Vt € [11,8)].

Depending on how much is known about the form of the
disturbance signal Py, we provide different definitions of what
it means for a disturbance to be tolerable by the system, i.e., not
disrupt its transient-state safety. We consider three increasingly
realistic cases:

(a) Precisely known trajectory form: the amplitude of the
disturbance is unknown but its trajectory form is precisely known,

Pdist(t) = Bdiag({P (1)K, V>0, 4)

where KP™ € R® denotes the amplitude; {P*(¢) € R* is an inte-
grable function that stands for the trajectory form; diag ({P™(¢)) is
a shorthand notation for the diagonal matrix diag ({P*(r)) € R***,
and B € R"*¥ is a constant matrix whose elements are either O or
1, representing the buses where the elements of diag ({P*(z)) KP*
are injected. The transient-state tolerableness set is then defined as

wpre £ {KP | (i)-(ii) hold for (2) under (3) and (4)}  (5)

Clearly, if KP™ lies in PP, then the disturbance PY(¢) with
amplitude KP* does not violate the transient-state requirements.

(b) Partially known trajectory form: the amplitude is unknown
and the trajectory form is partially known, in the sense that a
nominal trajectory form together with an estimation error bound
are available. Formally,

PYS(r) = Bdiag ({P*) KP™, (62)
CP(e) = "M (1) + &7 (), (6b)

where §"™™(¢) € R* is known and {"(¢) € R® is bounded
component-wise by a known vector o« € R®. For convenience,
we define Z(a) £ {{ | |i(1)] < o4, Vi € [1,s]n, Vi € [11,12] }. The
transient-state tolerableness set is then defined as

ppar & {KP‘“ | Ve € Z(a), (i)-(ii) hold for (2)
under (3) and (6)}. )

The interpretation of this set is that, if the amplitude KP* belongs
to WP¥, then the transient-state requirements (i)-(ii) are satisfied
under the disturbance PY*!(¢) no matter how the evolution of the

3

unknown trajectory estimation error £ (¢) (as long as it remains
bounded by @). Notice that if @ = 0, and {"°™ = {P', then PP =
PP We still deal with the case of precisely known trajectory form
independently as its treatment sets the basis for generalization to
the other two, more complicated, cases.

(c) Unknown trajectory form: both the amplitude and the
trajectory form of the disturbance are unknown. To define the
transient-state tolerableness set in this case, we consider the
magnitude, rather than the amplitude, of the disturbance. Formally,

Pdist(t) _ BKunk([>. (8)

We define the set of disturbances bounded by R € R® as P(R) £
{K"™ | |K'™(1)| < R;, Vi€ [1,s]n, Vi € [t1,12]}. The transient-
state tolerableness set is then

unk A { R>0, | VK™ € P(R), ()-(ii) hold for (2)
under (3) and (8)}. 9)

The interpretation of this set is that, if the magnitude bound R
belongs to punk then the transient-state requirements (i)-(ii) are
satisfied under the disturbance P'"¥(¢) no matter its evolution (as
long as it magnitude is bounded by R).

Our goal is to provide formal descriptions of the transient-
state tolerableness sets in each of the cases (a)-(c). Given the
complexity of obtaining exact descriptions of these sets, we
focus on developing inner and outer approximations of them with
tunable accuracy. Our strategy to assess the impact of disturbances
on system trajectories over the time interval of interest is to
consider a finite set of sampling points, ensure certain bounds are
satisfied by the trajectories at these points, and reason to ensure
that no violations occur in between the sampling points. Figure 1
illustrates the main ideas behind our forthcoming discussion.

(a) (b)

Figure 1. lllustration of our strategy to develop approximations of the
transient-state tolerableness sets. In this example, we describe condi-
tions under which a one-dimensional signal trajectory stays within the
horizontal black dashed bounds in a time interval determined by the two
sampling points. In plot (a), we only require the value of the signal to
lie within the bounds at two sampling points, which leads to an outer
approximation, as some trajectories (red dashed lines) may exceed
the bounds within the time interval. In plot (b), we employ a similar
strategy, but require the two terminal values to lie within some stricter
bounds, denoted by horizontal green dashed lines, whose positions are
determined by knowledge about the signal derivative inside the interval.
This allows us to guarantee that the whole trajectory does not exceed
the black dashed bounds at any time within the interval. This leads to an
inner approximation, as there may be trajectories (e.g., the red dashed
one) whose terminal values are not in the stricter green bounds but also
stay within the black dashed bounds at all times.

Remark 3.1. (Time interval selection). The initial time #; is
typically the starting time of the disturbance, 1; = 0. We assume the
terminal time #, is specified by a system operator based on desired
time horizons over which the network performance must meet



certain specifications. In general, the time when the system reaches
steady state after the disturbance depends on the disturbance itself,
the network connectivity, and the network dynamics in a complex
way. The work [2] shows that in transient stability studies t, =3
to 5s, and it may extend to 10 to 20s for very large systems with
dominant inter-area swing dynamics. °

4 TRANSFORMATION OF THE TRANSIENT-STATE
TOLERABLENESS SETS

In this section, we show how the transient-state tolerableness sets
defined in Section 3.2 can be expressed in a way that shares the
same structure across all three cases. This allows for a unified
treatment of all cases later.

In our treatment, we consider the case where all buses have
strictly positive inertias so that the diagonal matrix M in (2) is
invertible. Under the input (3), the dynamics can be written as

x(t) = Ax(t) + {M_(?’;',(I)} ; (10)

where

o) A, )

Solving (10), one has

x(t) :eAtxo—i- /(: eA(l‘f’L') |: 0m

M*lp(r):| dT? (11)

where xo 2 [AT(0) QT (0)]”. Denoting

t B 0,,
S(t,xp, P"™) £ eA’xo—l-/O A7) [M*IPnom(T)} dr,

0m><x

R ] P

xmaxg |: Qmax Qmin :|
7

- Yhlemax:| ’ xm £ [Yb—lFmin (12)

one has that in the case (a) of precisely known trajectory form,
the state response can be re-written as x(z) = S(z,x0, P"™) +
V(z,EP*)KP™, and hence the transient-state tolerableness set takes
the form

ppre {Kpre }xmin < S(tij’Pnom)

LV (1, CPO)KP™ < M vy [rl,zz]}. (13)

Based on this expression, it is easy to check whether a given
amplitude KP™ belongs to WP™. However, in cases (b) and (c), one
has

PP = {KP | M < S(1,x0, PYO™) 4V (1, CMOM) KD
+V(t,FKPY < XM VET e Z(w), Ve € [t1,12]}
YUk = (R > 0, | ™" < S(t,x0, P"™) +V (£, 1,) K" (1)

< xmax’ VKunk c P(R), Vit € [tlvtz]}' (14)

Checking whether a disturbance amplitude belongs to either of
these two sets is impractical because of the need to check for all
possible values in Z (o) or P(R), respectively. The following result
shows that these checks can be made as simple as that for case (a).

Lemma 4.1. (Transformation of the transient-state tolerableness
set). The following statements hold.

(i) KP* € WP jf and only if, for all t € [t;,12),
S(t,x0, P"™)+V (¢, ") KP* + W (¢) diag (o) |KP*| < x™,

(15a)
S(t,x0, P")+V (¢, "™V KPY — W (1) diag () |[KP¥| > x™",
(15b)
where
!
W (1) é/ |0(t — 7)|dT € RUMHM*s, (16a)
0
- r 017 y m-+n)xs
o(f) £ [Mix,jg] e ROmm)xs, (16b)
(ii) R > 05 € P if and only if, for all t € [t;,12],
S(t,x0, P"™) + W ()R < x™, (17a)
S(t,x0, P"™) — W (£)R > x™in, (17b)

Proof. We only provide the proof of case (i). The proof of (ii)
follows similarly.

<) Assume KP¥' satisfies (15). Notice that V{*" € Z(a), Vi €
[1,m+ n]y, it holds that

[W(r) diag () |[KP*[]; = /Ot [[O(r — 7));| diag (ex) |KP*|dT
> ) Kot lgrnas

t
= [0t~ o))ding (7 (7)) KPae
0
— [V([, gerr)Kpar}i.
Therefore, one has that if (15) holds Vr € [r1,1,], then the following
inequalities hold V7 € [t1,1], V" € Z(a),
S(t7Pn0m) + V(t, Cnom)Kpar +V(t7 CCIT)Kpal' < xmax’
S(t’PHOm) +V(t, Cﬂom)Kde _ V(t7 CCIT)K‘de > xmin’
and hence KP¥ € WP,
=) On the other hand, if KP* € WP¥ then (18) holds Vr €

[t1,12], V& € Z(x). To prove (15), let us show that for all I €
[1,m+ n|y, one has

(18a)
(18b)

[S(z, ™) +V (2, ™M) KP + W (1) diag (o) [KP]]; < ™,
(19a)

[S(t, ™) +V (1, §7O™)KP* — W (1) diag (at) [KP*], > 2.
(19b)

For any I € [1,m + n|y, we select fe“(t) € Z(a) as follows: for
any 7 € [11,1], let

(e (1) = oysgn{[(Q(F — 0K} Vi€ [Ls

One can check that [W(7)diag()|KP¥[], = [V(F,Eem)KPar),.
Therefore, since the /th row of (18a) (resp. (18b)) holds at t =7,
one has that (19a) (resp. (19b)) holds at t = 7. The result follows
from the arbitrariness of / and 7. O

(20)

Given (13) and Lemma 4.1, it is clear that all the transient-
state tolerableness sets WP, PP and PUK 3dmit a common
representation involving certain vector signal (different in each
case) being upper and lower bounded over the time interval of
interest.



Remark 4.2. (Containment relations among WP, WP gnd W™K ),
The transient-state tolerableness sets for the different types of
disturbances are related as follows:

(i) If |§Pre — £"°™m| is upper bounded by o, then WP C \PPre;

(ii) If |£Pr| is upper bounded by R® 5 P > 0, then for every
R € P it holds R € PP™ for all |R| < diag(BP®)~'R. In
particular, if P < 1, then W'k C pPre;

(iii) If |£™™] is upper bounded by B"™ € R* with "™+ o > 0,
then for every R € W'k, it holds that R € WP¥ for all |R| <
(diag(B™™ +a)) "' R. In particular, if "™ 4 o < 1, then
\Punk C \ppar

These statements follow from Lemma 4.1 by noting that if |{]

is upper bounded by 8 > 0, then W (¢)diag(B) >V (¢, &), for all

t € [n,1). .

Remark 4.3. (Extension to linearly coupled safety criteria). The
expressions obtained above for the computation of the transient-
state tolerableness sets can be extended to the case where the
safety requirements involve linearly coupled states of the form

N < Cx(r) < # V1 € [11,1),

where C € ROX(mHn) | gmax - gmin & Re A particular example of this
scenario is the use of the center of inertia (COI) frequency [32],
(331,

2D

wcor(t (ZM ;(t ) /iMi,
i=1

which corresponds to C = [M,Ma, -+ ,M,,0%]/ Y, M;. When
the safety criteria is given by (21), the expression (13) to compute
PP should be modified by replacing S(z,xp, P"™) and V (¢, {P™)
by CS(t,x9,P™™) and CV(t,{P™), respectively. Similarly, the
results in Lemma 4.1 to compute P2 and YK are stil valid by
replacing S(z,xo, P"™), V(¢,£™™) and W(r) by CS(t,x0,P"™),
CV(t,&™™) and [ |CQ(t — 7)|d7, respectively. In all cases, x™"
(resp. x™) should be replaced by ™" (resp. Tm2%). .

Remark 4.4. (Initial state as another disturbance). In the def-
initions of tolerableness sets, we assume the initial state x is
arbitrary but known. We can also consider the initial condition as
another type of disturbance, and characterize the tolerableness sets
with respect to both xyp and KP™, KP*" or R. For instance, consider
the definition of WP¥ as

prar £ {(x85t,Kpar) ’ V¢ e Z(a), Vg s.t. [xo — x5 < xlo’“d,
(i)-(i1) hold for (2) under (3) and (6)}7

where xgnd > 0,1, constrains the initial state uncertainty. Note
that (x§*, KP*) € PP means that KP* corresponds to a tolerable
disturbance for any initial state in a xgnd-nel ghborhood around x§*.
Similarly to Lemma 4.1, one can show that (x§*,KP") € ‘PP‘“ if

and only if, for all 7 € [t;,1,],

S(1, %, PO 4 | x84y (7, Cnom)Kpar

W (1) diag (00) K| < 7%,
S(, 25, Prom) — ‘eAt‘xbnd+V( gnom)Kpdr

W () diag (o) |[KPE| > x™in,

For brevity, throughout the rest of the paper, we carry out the
exposition for the simpler definition of tolerableness set where the
initial condition is not an argument, but the results can be extended
accordingly. °
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Remark 4.5. (Tolerableness sets with zero inertia buses). The
equivalent characterization of the tolerableness sets relies on the
fact that M is invertible. If this is not the case, one can derive a
similar equivalent transformation. For instance, if the disturbance
trajectory form is precisely known, the time-domain solution for
system (2) under (3) and (4) still takes a linear form with respect to

KP™, denoted by x(¢) = S(t,x0, P"°™) + V (t,{P"®)KP™, and hence
one has

ppre _ {Kpre } xmin < S(t7x()7pn0m)

+V (2, EP®)KP™ < xMX vr € [tl,tz]}.
Due to the non-zero inertias, S(z,x0, P™™), V (z,{P"®) have more
complicated expressions than S(z,x¢,P"™), V(z,{P*)), but the
ensuing discussion is equally applicable. °

5 INNER AND OUTER APPROXIMATIONS OF THE
TRANSIENT-STATE TOLERABLENESS SETS

The descriptions of the transient-state tolerableness sets obtained
in Section 4 involve infinitely many constraints to check whether
a disturbance is tolerable due to the dependence on continuous
time. To address this issue, here we construct inner and outer
approximations of these sets that are easier to compute and have
tunable accuracy. For simplify of exposition, we first consider the
case of scalar signals, and then build on this treatment to deal with
the vector case.

5.1 Scalar-signal case

Here we deal with the case when the signal that must stay within
given upper and lower bounds is scalar. Our discussion here can be
interpreted as looking at one component of the actual vector signal.
Let y: R xR® — R be a generic scalar signal and let y™®, yma* ¢ R
with y™in < ymaX We make the following assumption.

Assumption 5.1. (Signal differentiability and upper bound). The
signal y is differentiable with respect to its first argument and its
derivative is upper bounded by a time-continuous signal uniformly
in K, i.e., there exists y; : R — R such that

|y(t7K)|<yd(l)7 Vte[tbtz]' hd

Consider the set £ £ {K | y™" < y(t,K) < y™* Vi € [11,1] }.
Let us first define a sampling sequence

t2{1,n,...7}, (22)

where r > 3 and 7;’s are called sampling points ordered as t; =
TI < Tp <...< T, =t. Our approximations of the set ¥ are based
on the idea of requiring the signal to be upper and lower bounded
at every sampling point, instead of at every time, and making sure
that the constraints defining ¥ are not violated at all the other
times.

The next result makes our approximation methodology precise.

Lemma 5.2. (Sufficient condition for checking constraints on
continuous-time signal). Consider a sampling sequence defined
in (22). For each q € [1,r — 1]n, Under Assumption 5.1, define

di £ max {yq(1)} €Rs, (23a)
te[rq,rqﬂ]
8 £d (T — 1) /2 € R (23b)



If
Y4 8] < y(1,K) <y B
Y4 7 < ¥ (T, K) <™ B,

(24a)
(24b)

forall g € [1,r— 1]y, then y™ < y(t,K) < y™™* for all t € [t1,1).

Proof. We prove that the two upper bounds in (24) imply y(¢,K) <
y™ for all ¢ € [t1,1,] (the statement for the lower bound follows
similarly). For g € [1,r — 1], let

é )’(Tq:K) +y(Tq+1»K)
2
Note that, using (24), one has that a < y™®*. Let us show that

a

+57.

max y(t,K) < a.
1€[q,Tg+1]

(25)

It is easy to see that d; is a Lipschitz constant for y con-
strained on [7,,T,11]. First, we show that a —y(7,,K) > 0 and
a—y(t4+1,K) > 0. These facts are a consequence of

1
a*Y(Tan) = E(Y(TqHaK) *Y(Tan)+d;(Tq+l - Tq)>7
1
a_Y(Tq+17K) = E(y(TIPK) _y(Tl]+1aK)+d(‘;(Tl]+l - Tq)>7
and the fact that [y(7+1,K) — y(74,K)| < dj(t4+1 — 7). Next,

using the Lipschitz condition, one sees that, if y reaches at
some time a starting from the value y(7,,K), it takes at least
(a—y(14,K)) /dj > 0 seconds from 7, to do so. On the other
hand, to come down from such a value, it would take at least
(a—y(74+1,K)) /dg >0 seconds, so the total time would be
at least (2a —y(7,, K) — y(T441,K)) /df = 7411 — 7,. Therefore y
cannot reach any value larger than 4, i.e., (25) follows, concluding
the proof. O

Lemma 5.2 opens the way to efficiently compute inner and
outer approximations of the set X. The next result formally states
this and shows that the two approximations can be made arbitrarily
accurate.

Lemma 5.3. (Inclusion relations and convergence of inner and
outer sets). Let K € RS, and t — y(t,K) satisfy Assumption 5.1.
For a sampling sequence T, let

Ta

€ max {741 -7} €Rs

g€[l,r—1]y

denote its maximum inter-time separation. With the notation of
Lemma 5.2, define

252 {K |y < 3(5,,K) <™, Vg€ [},
S {K | Y™+ 8 < y(74,K), ¥(T41,K)
<YM 87, Vge[l,r—1ly}.

Then, the following statements hold
(i) X CXC Xy CLy, and
(ii) for a sequence of sampling sequences {T(k)}7_,, if €7k —
0" as k — oo, then £5°) — £ and 57 — ¥,

Proof. We first prove (i). Since the constraints defining X7, all
appear in X, we deduce X C X7. By Lemma 5.2, it holds that
I CX.

Next we prove (ii). For each sampling sequence 7(k), let
8 (k) 2 &7 max e 01, do /2. Since dj ) is a Lipschitz
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constant for y constrained on [7,(k), 7,+1(k)], we have that for all
keN,te [Tq(k)vrer (k)] and g € [1,}"(/{) - 1]N,

(8, K) = (14 (K), K)| < df ™ (1 — 7, (k)

<dj (g1 (k) = 74(k) =28, <26™ (k).  (@7)

Now if y™ < y(71(k),K),..., (T (k),K) < y™*, then by the
above inequality one has y™" — 28 (k) < y(£,K) < y™* +
26™ (k) for any t € [t1,]. Let

ig(k) A {K ’ ymin _ 26maX(k) < y(t,K) <
YU 28T () g € [y ,tz]}.

The above reasoning shows that X C ﬁgk)

k) — otk
have £ C Zg( ) - Zf)( )

. Together with (i), we
. Next we show that

$7(k)

Yo — X ask— oo, (28)

which, by the properties of set limits presented in the preliminar-

ies, suffices to guarantee that Zg(k) — X as k — oo,

To prove (28), we first show that lim sup flTO(k>

k—yoo
out that the two sets mutually contain each other. Since X C 22(1 )

for every j € N, it holds that £ C ;> ig'i) for every k € N,

. o at(j) 1 otk
which further implies that Lo C (N1 Uk Zg’ ) = lim supi)( ),

=X by pointing

k—yoo
On the other hand, suppose that K ¢ X, then by the definition
of X, there exists 7 € [f1,#,] such that y(F,K) > y™* or y(f,K) <
Y™ Since by the assumptions, if j — o, then e™) — 0%, which

implies that 6™*(j) — O, one has that K ¢ )ig(j ) for every j

large enough, i.e., K & U >« )ig(] ) for k large enough. This further

implies that K ¢ My Uk )A:g(”, i.e., K ¢ limsup ig”. Therefore,
k—yoo

*(k) CXa.

by contradiction, it holds that lim sup io
k—ro0

Next we show that liminfig(k) =

k—yoo
limsup )ig(k)
k—roo

Tq. Since liminf£5Y C

e
R
= ch,

and we have already proven that limsup 20
k—oo
we only need to show that ﬁcl - lilgninfig(k). This containment
—»o0
holds by noticing that £ C ﬁg(] ) for everyj € N, which implies
that £ C U1 Njsi ) = 1ikminfig<").
—00

Similarly, by letting
i;’(k) A {K | ymin + amaX(k) < y(l,K) <

ymax _ ‘Sma"(k)7 Vt € [t17[21}7

One has that i,dk) - Z,TU() CX and if(k) — X as k — oo; therefore
270 % as k — oo, O

As stated in Lemma 5.3, the inner and outer approximations
can be made arbitrarily accurate as €° decreases, at the cost
of increasing the cardinality of the sampling sequence, which
linearly raises the number of constraints in the definition of the
approximations.

5.2 \Vector-signal case

Here we build on the treatment of the generic scalar-signal case
to construct inner and outer approximations of the transient-state



tolerableness sets WP, PP and PUK In the precisely known
case, for every i € [1,m+ n]y, if we let

e 2 L | < [5(0,00,P")

F VKPS < Ve fnnlf (29)

then WP = ﬂiell.m iy WP The inner (resp. outer) approxima-
tion of each W' follows from Lemma 5.3 with respect to the
signal y(¢,KP") = [S(t,x0,P"*™)]; + [V (¢, EP)];KP and bounds
Yy = X" and ymin = xm‘“ Then, the inner (resp. outer) ap-
proximation of WP is just the intersection of inner (resp. outer)
approximations for every i. We can also approximate WP and
Puik in a similar fashion.

The main difficulty then in applying the scalar-signal results
lies in the fact that the signals are not necessarily known a priori,
but instead are the result of the effect of the disturbances on
the power network dynamics (2). The next result shows that,
nevertheless, we can guarantee that Assumption 5.1 is satisfied.

Lemma 5.4. (Component-wise derivative bound signal). Suppose
the amplitude vector KP™ (resp. KP*) in WP (resp. ¥P¥), and the
magnitude vector R in W™ are bounded as follows,

IKP™ oo < 7P, [IKP||oo < 7P, R]lo < ¥ (30)

For every i € [1,n+ m]y, define
a0 2 {8 (10, PP )il + PN V! (2, 87l Gla)

z (1) £ I8 (t,x0, P i
(V@ C ™l + ol W @illh) - (31b)
2™ (1) £ |[8' (1,00, P il + 7| W ()il Blo)

where S'(t,x,P"™), V'(t,&) and W'(t) are the component-wise
time-derivative of S(t,xo,P"™™), V(t,€) and W (t), and admit the
following form

/ nom nom 0m
N (l7x07P ) :AS(t:-XOaP )+ |:M71Pnom(t):| ) (323)
/ . 0,115
14 (LC) _AV(I7C)+ |:M71Bdlag(c(l‘)):| ) (32b)
W(1) = 1Q(1)]. (320)
Then it holds that for all i € [1,m+n|y and for all t € [t1,1;),
% ([S(2,x0, P"")i + [V (1, E7")[iKP™) < 27 (1), (33a)
d
7 [S(@x0, )]+ [V (1, )i KP (£)W (1) [KP)
<FU(r), (33b)
(150070, PO CEW(OR) < 20). (330

Proof. One can easily verify (32a) and (32b) using the chain rule.
For (32c¢), by letting T =t — 7, one has

Wi = [ let—olar= [ ot

and hence W'(r) = |Q(¢)| follows immediately.

Next, since  d([S(¢,x0,P™™)]; + [V (¢, EP™)];KP™®) /dt =
S/ (630, P+ V(6 CP KPS < [[S)(ex0, P
| KP™ ool [ [V (2, §P™)]i]l1 < 27°(z), ome has (33a) holds. The

rest follows similarly. O

Lemma 5.4 allows us to use the results for generic scalar
signals to construct the set approximations in the case of vector
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signals generated by power network dynamics subject to distur-
bances.

Theorem 5.5. (Inclusion relations and convergence of inner and
outer sets for the transient-state tolerableness set). For every i €
(L,n+mly, let T = {1],75,...,T; } be a sampling sequence and
define for each A € {pre, par, unk&

i
g‘C

I|l>

max T,
geltr(i— uN{ an Gk

dh 2 max {0}, Vg€ [1,r(i) — 1,
1€l

q+1]
61 _dl( )/27 qu[l,r(l)—lh\]
Given the sets defined in (34), let

JAN
wre
i€[l,n+m]y

\P7re é ﬂ

i€[l,n+m]y

par A
v = ()
i€[l,n+m]y

par &

e N
i€[l,n+m|y

wgte () (Tornwsh),
i€[l,n+m]y

N @

i€[l,n+m]y

q+1

£ 748 (35a)

g (35b)

(Po; N, (35¢)

(P77 ), (35d)

(35e)

NE). (35f)
Then, the following statements hold for any A € {pre,par,unk},
(i) W} C WA C¥H C WA and
(ii) zfsT — 0+f0r alli € [1,m+n]y, then ‘I‘k —>‘P?I and ¥} —
L2

Proof. We only prove the case A = pre (the other two cases
follow similarly). Notice that each P! defined in (29) can
be approximated individually using Lemma 5.3 by letting
y(t, KP™) = [S(z,x0, P"™)]; + [V (£, {P™)];KP™. The corresponding
time-derivative bound signal is y; =z}, which follows from
Lemma 5.4. Therefore, it holds that for every i € [1,m + n]y,
e C et C lere C ‘Prg‘;’, and ‘Ppre — PP° and Wi PP a5
€% — 0*. Since finite intersections preserve containment relations
and set limits, statements (i) and (ii) follow. O

Even though we assume for simplicity that the time interval
[f1,12] is the same for each component of x(¢), note that this can
be easily extended to scenarios where each x;(¢) has its own time
sampling interval [¢],1}].

Remark 5.6. (Bound on the disturbance amplitude). Theorem 5.5
requires an a priori bound on the norm of KP™ (resp. KP* and R)
to obtain the set P} (resp. W and WPY"¥). This assumption is
reasonable in the sense that the energy of the disturbance should
be upper bounded. Alternatively, since WD (resp. ¥5," and Pirk)
can be computed without any knowledge of the norm bound, one
can obtain an upper bound on the norm of KP™, for instance, by
solving max g yire || K ||, provided that ¥9)° is bounded. .

Remark 5.7. (Computational complexity). Note that both ‘I’fl and
‘Pé for any A € {pre, par,unk} consist of only linear constraints,
and hence are convex sets, where the number of constraints
appearing in them are, depending on the case, either 22;";1” r(i)
or 4Y"4" r(i). This implies that the complexity of characterizing



\Ppﬁe Y Kpre’ min 5pre

w2 LK | < [S(2hx0, PP+ [V (5, C7) KT <X, Vg € 1)
{ [S(2,%0, PP™)]i+ [V (1, §P)ik

K <™ 8P vr e (gl 7i ), VqE[Lr(i)—l]N},

B L TRP | [S(2x0, PO+ [V (2, £ KP4 W ()| K2 | < XM, Vg € [1,r(D)]n}
2 RO | [5(5pn0, PP, [V (2, MK — W (2 K0, i Ll
B 2 LK | [5(0,30, P [V (0, GO KPS W (1) [KP| < = 80, i € ), 1}, g € 1) — 1}
& LR [8(0, 30, PP+ V (1, E7O) KD — W (1) KP] > X+ 0%, e € {2, 171, g € [1,r(0) — 1}

—unk A

vt € {1,

ARSI INIGESIN S
(34)

Woi = {R | [S(t,x0, P™)i + W (7)R <™, Vg € [1,r()]n}

Wik 2 {R [S(c5, %0, P™))i = W (t))R > 6™, Vg € [1,r(i)]n |,

oy e {R| [(,%0, P™)]i + W (1)R < X — 52
Wik 2 TR [S(1,%0, P™))i = W (R > 2 + 51k,

vi e {1,

1Y, Vg € [1,r(i) - 1]N}.

such sets grows linearly with respect to the number of sampling
points, and, if we take the r(i)’s equal for each component, then it
also grows linearly with m + n, i.e., the number of states. Further-
more, the approximations also scale well with the dimension of K
because of the linear dependence of the system trajectories on this
parameter.

The actual computation of the approximation sets involves the
evaluation of several time-varying matrices (e.g., S(z,x, P"™),
V(t,EP), W(t), etc.) at each sampling time. Here, we briefly
describe the procedure we employ to do this for S(¢,xp,P"™™) at
t=1i,7,--- 7l for each i € [1,n+m]y (other procedures are also
possible). Using a first-order approximation, for sufficiently small
T > 0 and any n € N, we can write

S((n+1)T,x0, P"™) & S(nT, x0, P™™) + T (nT, xo, P"™)

== S(nT,xo,Pnom) + TAS(nT7x07Pn0m) + T |:M71P2?71m(nT):| ’

where the equality follows from substituting S'(nT,xq, P"™)
by (32a). Using this equation, one can iteratively compute the
value of S(¢,xo, P"™) att =0,T,2T,3T,.... For T much smaller
than the distance between consecutive sampling points, one can
report to this approximation to evaluate S(z,x, P"™) at the sam-
pling points. .

Remark 5.8. (Robustness metric based on tolerableness set). One
can synthesize metrics that quantify the robustness to disturbances
of the power network at a given steady state using the transient-
state tolerableness set. The basic idea is to identify the smallest
(with respect to some criteria) disturbance that leads to a violation
of the safety criteria (i)-(ii). Formally, for A € {pre, par,unk}, one
can define the metric, denoted by ﬁ’l, as the optimal value of the
following optimization problem,

inf  f(K) (36a)
st. K¢wh, (36b)
g(K) <0 (36¢)

where f: R+~ R is a measurement of the disturbance energy,
say, f(K) = ||K||2, and (36¢) represents some other constraints for
the disturbance. Since we cannot precisely compute ¥, one can

alternatively compute the optimal value, denoted [31’l (resp. ﬁ(’}),
of the following optimization problem

inf  f(K) (37a)
st. K¢Wwh (resp wh), (37b)
g(K)<0 (37¢)

By Theorem 5.5, one has that [31’1 <PBr < Bg. If f is continuous,
as €% — 0% for all i € [I,m+nly, it holds that B} — B* and
B — B*. i.e., we can upper and lower bound # with an arbitrary
degree of accuracy.

Although constraint (37b) is nonconvex (since it corresponds
to the complement of a convex polytope), we can decompose (37b)
into a finite union of linear constraints. We take A =pre as an
example. Define for each ¢ € [1,r(i)],

‘ngi.qé{K””\x?iné[S(Té,XmP“"m)] [V (75, CP)liKP™

max
g X; }.

Then we deduce W, = Nic[t -l Ngeltr (i)

‘P%rf 4 Now denote
BST? q 3 the optimal solution of

inf  f(K) (38a)
st. K¢Wh,,, (38b)
g(K) <0. (38c)

One can see that B equals the smallest value among B, over
all possible i and g. Notice now (38b) is a linear constralnt and if
f and g are convex, then (38) is a convex optimization problem.
In the same way, we can compute p "®. This strategy also works
for A € {pre,par}. .

6 OPTIMIZING THE SAMPLING SEQUENCE

A relevant question regarding the inner and outer approximations
developed above is how to precisely quantify how well they
approximate the corresponding transient-state tolerableness set.
With metrics available to provide such quantification, one can then
ask the question of how to optimize the location of a fixed number
of sampling points in order to provide better approximations. This
aim is motivated by the fact that the complexity of characterizing



the approximations grows with the number of constraints defining
them. To answer these questions, we first consider the scalar-signal
case and quantify the approximation gap between Xf (resp. Lf)
and X (resp. X1). We then propose an provably correct algorrthmlc
procedure to find the optimal sampling sequence and generalize
our treatment to the vector-signal case.

6.1 Metric measuring the approximation gap

Here we define a metric to quantify the gap between the inner and
outer approximations and the actual set. To do so, we find it useful
to introduce the following set definitions with the same functional
form as X,

£5 2 {K [y - 287 <y(1,K) <

YO 4287, Vi € [1y,7401], Vg€ [1,r—1]n},  (39a)
Fre {K|ymm+5f <y(t,K) <
YO — 87, Vi € [ty,T41], Vg € [1,r—1]n} . (39b)

Given the similarity in their definitions with X, these sets are
easier to compare with it than the original £} and X},. In addition,
note that by (27), it holds that X7, C X7, and since all constraints
in X appear in X] as well, one has that ¥j C Xj. Therefore a
conservative but guaranteed way to describe the approximation is
to depict the gap between £} and X, and between X and X7,

To quantify the gap between i} and X, we define the approxi-
mation metric as

max

(40)
g€[l,r—1]y

v(r) £ {8}
The explanation for this choice is as follows. For a given g € [1,r—
1]y, all the K’s that satisfy y™" < y(¢,K) < y™, Vt € [1,, Ty11]
while do not satisfy y™" 4 87 < y(t,K) <y™ —&F, Vi € [14, T411]
are given by cns(d;) as defined in (41). The region cns(d;)
becomes smaller as §; decreases, and is empty if & is 0. Hence
a proxy to measure the size of cns(§;) is simply d;. Furthermore,
by noting that v(7) characterizes the largest size of all cns(6;)’s
and that X\ X is a subset of Uge(i.r—1y cns(6;), we conclude v(7)
measures the gap between X and X. Given the symmetry with the
definition of Z_‘,g, note that one can also use the metric to measure
the gap between X7, and L.

Our next result characterizes the minimization of v. Formally,
consider

(42a)
(42b)

min  v(7)
T
S.t. N=n<nmn<...<7 =0nh.

This problem possesses a unique global minimizer, which can be
equivalently characterized by a set of equations.

Proposition 6.1. (Characterization of global optimum of metric).
The optimization problem (42) has a unique global minimizer,
which is uniquely determined by,

61'7— it 1> VZG [1 r— 2]N7

T =N, T, =10h.

(43a)
(43b)

Proof. Note that the result holds if the following three statements
are true:
(1) There exists at least one global minimizer for (42)
(i) Any global minimizer of (42) satisfies condition (43).
(iii) There exists a unique solution for (43).
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To see this, by (i) and (ii), a solution for (43) exists. By (iii),
since the solution for (43) is unique, it has to be the only global
minimizer. Our strategy is then to prove (i)-(iii) separately.

To prove (i), consider the optimization problem (42) but with
non-strict inequality constraints. Since Vv is continuous and the
constraints define a compact feasibility set, by the extreme value
theorem [34], there exists at least one global minimizer 7*. If at
least one of these minimizers satisfies the constraint (42b), then it
is also a global minimizer of (42). If it does not, then it is easy to
find a sampling sequence * that satisfies the constraint and has
at most the same metric value. In fact, without loss of generality,
assume that 7o | <7y =T | = =T, <7 q+1 for some g €
[1,r— 1]y and k € N. Let %7 = 7} for every j € [1,r]n/[g,q +
k—1]y and £/ =77, + (7, f;_l)(j—q—l-l)/(k—i-l) for every
NAS [q,q—l—k— I By this Way one can easily check that v(7*) <
v(7*) holds.

We prove statement (ii) by contradiction. Suppose (42) admits
a global minimizer T that does not satisfy condition (43) and
let us construct another sequence 7 with v(7) < v(7). We first
consider the case where consecutive subintervals achieve the same
maximum value, i.e., for some k € NU {0}, it holds that 67 <
6 =67, =08, =v(r) forevery j € [1,r—1]n\[g,q+k]n.
Srnce condrtion (43) does not hold, either 7, # t; or T,k # t.
Without loss of generality, assume the first case. Now construct T
by letting T; = 7; for every j € [1,7]n\[¢g,g+k]n and T; = 7+ dx;
for every j € [q,q+ k|n, where dx; is determined as follows: since
every 57 is a strictly monotonlcally decreasing and continuous
functron of 7;, one can always find dx; > 0 small enough for every
J € [g,q+k]n such that 5;71 <8f< 5; == 5; holds
for every j € [¢,q + k], which implies that v(f) < v(7). In the
most general case where there are several groups of consecutive
subintervals achieving the same maximum value, and all groups
share no common sampling point, one can construct T by tuning
the points using the idea above for each individual group, resulting
in v(7) < v(1).

To prove statement (iii), assume there exist two different
sampling sequences 7¢ and t” that both satisfy condition (43).
We first consider the case when 87 # 51-7}7 foreveryie [1,r—1]y,
and, without loss of generality, assume that 5fa < th. Notice that
if 70 < 14, then

87 £ (2 —1)/2 max {ya(r)}

fe[flvfz]

< (78 —11)/2 max {va(1)} =87,
tefr, 5]

violating the assumption, and hence ‘L’z > T2 Similarly, it
holds that 74 > 7¢. Along this one has that 77, > . The
contradiction occurs as one can easily see that 5 (tz —
73)/2max;cpy, o1 {ya(t)} = 8™ . Next, we consider the case when
5 = th for every i € [1,r — 1]. Since 0/ is a strictly monoton-
ically increasing function of 1, to have ST” = 61T b, it must hold
that 7§ = Tf. Similarly, i = Tb for every i € [1,r]n, i.e., 7% and ind

are the same sequence. Therefore, equation (43) admits only one
solution. O

Given Proposition 6.1, we denote the unique minimizer of (42)

by 7*, and the optimal value by v(7*).

6.2 Algorithm to reduce the approximation gap

Here, we introduce a strategy that, for a fixed number r of
sampling points, finds the sampling sequence that minimizes v.
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cns(87) é{K |y < (1, K) <y, Vi€ [rq,rqﬂ]}\{l( | Y™ 87 < (1K) <y™ -8, Vi€ [rq,rqﬂ]}

({K |y — 87 <y(1,K) <y™, Vie [Tq,rq+1]}ﬂ{l( | Yyl < y(1,K), Vre [rq,rq+1]}) U

({1 < (e, K) 3™ 485, i € oy, Tyl K 2(0.K) < 3™, i € [0, 701]})

(41)

Our design is based on Proposition 6.1. Notice that we can equiv-
alently obtain ©* by solving the transcendental equations (43).
Based on this equivalence relation, we propose Algorithm 1 to
provide a sampling sequence 7 whose metric value v(%) can
be made arbitrarily close to v(7*). The algorithm proceeds by
approximating v(7*) through the bisection method, i.e., starts
from an initial interval that contains v(7*), and iteratively obtains
intervals containing v(7*) whose length is half the length of the
one generated in the previous step. This process terminates when
the approximation is optimal within a prescribed tolerance error.

Algorithm 1: Obtain near-optimal sampling sequence

Data: Derivative bound signal y,, tolerance error value
v >0, t; and 1

Result: Near-optimal value %V and near-optimal sequence £
Initialization: 77" =1, + (i—1)(, —11)/(r—1) Vi€ [1,1]n,
a® =0, b°=v(t"), n° = (a®+b°)/2, k=0, flag=true
while flag do
T{( =11, "L',]f =
fori=2:r—1do

‘ Set ‘L'ik such that 51.11{1 = n"
end
if b* —a* < ve" /2 then

‘ N =k, flag=false
end

—

L B Y N L ]

Compute Sffl
if Sffl —n% >0 then
‘ ak+1 _ nk’ bk-H :bk

—
>

o
R o=

else
| a

end

nk-H — (ak+1 +bk+])/2, k=k+1

[
w

KL gk phtl — ph

e
n &

—
=)

end

t=t,% =0

fori=2:r—1do

‘ Set %; such that §F ; = n™ + v /2
end

RN = = e
- v ® 2

The following result formally characterizes the convergence
properties of Algorithm 1.

Proposition 6.2. (Algorithm 1 finds optimal sampling sequence).
Given a tolerance error v¢'" > 0, there exists a unique N such
that the sampling sequence T, k € [1,N]y and outputs NN, £ from
Algorithm 1 satisfy

(i) [1° = v(z)| < V()2 for every k € [1,N]gy

(i) IV —v(t*)| < v /2, with N < log, v(1°) —log, v +2;
(iii) v(%) < v(T*)+ v
Proof. With the notation of Algorithm 1, we first show that for
the sampling sequence t¥ , if 5;{1 > n*, then n* < v(7*). One
can see that since n" = ka = 8271(, e = Sfiz, if n* > v(7*), then

using the same argument as in the proof of Proposition 6.1(ii),
it holds that Tik > tf for any i € [2,r — 1]y, leading to 5:: <
5fi L =v(t") < n*, which contradicts the assumption. Similarly,
one can prove that if 5ffl <1, then n* > v(7*). Along with these
observations, one can easily see that via step 11 to step 16, plus
the initialization condition, it holds that v(t*) € [a*,bX] for every
k € [1,N]y, and b¥1 — gk+1 = (b* — a¥) /2. Finally, statement (i)
holds by noticing that [n* — v(7*)| < b* —a* = (b° —a0)/2k =
v(7%) /2K, This implies that v(7¥) exponentially converges to the
optimal value v(7*).

The first part of statement (ii) is simply due to the termination
condition in step 7 in Algorithm 1. Since k = N is the first
satisfying b* —a¥ < ve™ /2, it holds that ve™r /2 < N1 —gN—1 =
v(7%)/2N=1, and hence the rest of statement (ii) follows immedi-
ately.

To prove statement (iii), notice 87 = n™ +v7/2 > v(t*) =
61-1* for any i, j € [1,r— 1]y, where the inequality follows from (ii).
Therefore, 5if > 517* for every i € [1,r — 1]y, which implies that
%, > v for every i € [1,r — 1]y, and hence 5?71 < 5}; = v(1").
Now, one has

v(2) = max{n" + Ven /2,67 }
<max{nY + Ver /2, V() } = NV + Verr/2 < V(TF) + VT,
where the last inequality follows from (ii). O

Notice that steps 5 and 20 of Algorithm 1 require the solution
of a transcendental equation in one variable. Even though an exact
solution is not available, we discuss in the following remark a
bisection method to approximate it with an arbitrary degree of
accuracy.

Remark 6.3. (Solving transcendental equation in one variable).
Here we describe a strategy to approximate the solution in steps 5
and 20 of Algorithm 1. For conciseness, we describe it in general
as Algorithm 2: one can apply it to solve step 5 (resp. step 20) by
simply letting T = ¥ (resp. T = %) and n = n (resp. n = n"). Al-
gorithm 2 uses bisection method too, where we tighten the length
of the interval containing the solution of 87 | = 7 iteratively.
Similar to the way we prove Proposition 6.2, one can easily
check that |7;(1) — 7;| < (tp — 7;_1)2 ! for every I € N. Due to the
fact that 7;(I) converges to 7; exponentially fast, in practice, we
terminate Algorithm 2 when [ is large enough and take 7;(I) as
our approximation of ;. °

Figure 2 shows an execution of Algorithm 1. Note that the
sampling sequence obtained by the optimization algorithm is
optimal for a class of disturbances (rather than for a specific dis-
turbance), as defined by the cases (a), (b), and (c) in Section 3.2.

Remark 6.4. (Generalized metric for vector-signal). Similar to
the way we define v in (40), for any A € {pre, par, unk}, we
define

DAl

A
{65}

max
g€[1,r(i)]N



Algorithm 2: Solve transcendental equation in one variable

Data: Derivative bound signal y,, 7,1 and 7,
Result: 7; that satisfies §7 | =1

1 Initialization: ¢(0) = 7,1, d(0) =2, and
7(0) = (c(0) +d(0))/2

2 while true do

3 if (7:(1) — Tio1) max;e(r_, 5y {ya(t)} > n then
4 ‘ cl+1 — Cl, dl+1 _ Ti(l)

5 else

6 ‘ A = Ti(l), dtl =4t

7 end

8 | w(l)=(MM'+d"*)/2andl=1+1

9 end

3 0.8
06
2
0.4 b
1
0.2
a
0 0
6 0 5 10 15 20
Sampling point position k

(@) (b)

Figure 2. Execution of Algorithm 1. Here y : R — R, 7 > e~ % 4 sinte 'K,
with |K| < 1. One can easily check that y; : R — Rs, ¢ — 2] |+
|coste™" —sinte™"| satisfies |y(¢)| < yq4(¢) for any > 0. The interval of
interest is determined by 1, =0, 1, = 5. We run the algorithm for r = 12
sampling points and set v&" = 27 v(7®e"), (a) shows y, and the
trajectories of the 12 sampling points at each iteration. Since y, is
monotonically decreasing, as k increases, t* tends to be dense around
t= Oskand sparse around ¢ = 5s. (b) shows the convergence of o, b*
and n*.

72 max {xh/ (P -},
i€[l,m+n|y

(44)

and use 7w as the metric measuring the approximation gap

between ‘P;l (resp. ‘Pé) and P* (resp. ‘Pgl), where the coefficient
1/(xMa — xin) scales 7 relative to its bounds. One can reduce
Tt by applying Algorithm 1 component-wise to optimize the
sampling sequence 7 for each i € [1,m +ny. .

7 SIMULATIONS

Here we illustrate our results on the IEEE 39-bus New Eng-
land power network displayed in Figure 3. This network has
46 transmission lines and 10 generators serving a load of ap-
proximately 6GW. We run our simulations in MATLAB on a
desktop with a 3.5GHz Intel Core i7-4770k quad-core CPU
and 8GB of RAM. For system (2), the susceptance b;; and
the rotational inertia M; for generator nodes are taken from the
Power System Toolbox [35]. We assign all non-generator buses
an uniform small inertia M; = 0.1. Let the damping parameter (or
droop coefficient) to be D; = 1 for all buses. The nominal power
injection P"™(z) is chosen to be a constant Py obtained from the
same toolbox. The initial state (A(0),Q(0)) is chosen to be the
equilibrium with respect to the input P(¢) = By. The frequency

bounds are F™M#* =-F min — 10 unit X 146, the power flow bounds
are Q"™ = —Q™" =().5 Hz X 139, and the time period considered
for transient-safety is [t1,72] = [0,3]. If there is no disturbance

11

injection, then the state (A(¢),Q(¢)) stays at equilibrium, which
trivially satisfies the transient-safety requirements.

e |

v < ©)

L L
<11> < >- <36>
; , ®
<> 10 1= <34> <33>

Figure 3. IEEE 39-bus power network.

We start by showing the efficiency of the approximation gap
reduction obtained by Algorithm 1. We consider the case when a
precisely known disturbance occurs at the 16th and the 24th buses,
with the trajectory form of a step signal. Formally, this corresponds
to the model (4) with B € R¥*2, where B;; = 1 only when (i, )
equals (16,1) and (24,2); diag (&P (z)) = diag([1(¢) 1(¢)]), and
kP = [K7" KD for which the bound Y"™ = 4.7 is known.
We compute the approximations W} and W9° using the expres-
sions (35) in Theorem 5.5. We use the same sampling sequence
for each component i € [1,m+n]y and consider two cases: an even
sampling sequence of period 0.02s and the sequence that results
from optimizing it by applying Algorithm 1. Figure 4(a) and (b)
show the approximation sets ‘P}ge and P! obtained in each case,
with a marked improvement in the case of the optimized sequence.
Figure 4(c) shows the result obtained with an optimized sequence
using Algorithm 1 on an even sampling sequence of period 0.01s.
The gap between the two approximation sets is smaller than in
Figure 4(b), which is in agreement with the convergence result in
Theorem 5.5(i1).

Figure 5 illustrates how the trajectory form impacts the shape
and size of the tolerableness set. Figure 5(a) shows the inner and
outer approximations when the step function in the first component
of the disturbance trajectory is delayed by one second, i.e.,
EPe(t) = [1(t — 1) 1(¢)]”. Figure 5(b) shows the same sets when
the trajectory form is the sinusoid {P™(¢) = [sin(7t) sin(7z)]”.
Comparing with Figure 4(c), one observes that the tolerableness
set can take remarkably different forms depending on the type of
disturbance (even though all the three trajectory forms are bounded
by 1).

Next, we illustrate the containment relations among the ap-
proximations and the exact tolerableness set stated in Theo-
rem 5.5(1). To do this, we select two nearby disturbance am-
plitudes, K" =2 —3]" € Y7 and K)* =2 —3.1]7 ¢ WO~".
Figure 6 shows the state trajectories of (2) corresponding to each
disturbance. In the case of K}, the frequency responses (resp.
flow responses) of all buses (resp. transmission lines) stay within
the +0.5Hz (resp. +10unit) bound, and hence K} € ¥P™ accord-
ing to (5), which is consistent with the inclusion P} C PPre,
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Figure 4. Inner and outer approximations of the transient-state tolerableness set for the precisely known case with different sampling sequences.
Plot (a) uses even sampling with 151 points. Plots (b) and (c) use optimized sampling sequences with 151 and 301 points, respectively. The first
two plots show that Algorithm 1 reduces the gap between the inner and outer approximations for a fixed number of sampling points. The last two
plots illustrate the convergence of the approximations as the number of sampling points increases.

2
. S
$ 0 K
-2
4 2 0 2 4 -50 0 50
K K
(@) ()

Figure 5. Inner and outer approximations of transient-state tolerableness
set for the precisely known case with different trajectory forms. In plot
(a), the trajectory form is &P (¢) = [1(¢ — 1s) 1(¢)]” and in plot (b) {P™(r) =
[sin(mt) sin(zr)]", respectively.

In the case of Kgre, one frequency response goes beyond the -
0.5Hz bound, reaching to approximately -0.506Hz, violating the
frequency safety requirement slightly, and hence KD° ¢ W9,
which is consistent with the inclusion W5® C WP

Figure 7 illustrates the computation of the inner and outer
approximation sets in the cases when the disturbance trajectory
form is partially known and unknown. In the first case, for
the model (6), we have the nominal trajectory form {"™(r) =
0.9-[1(t) 1(z)]” and the uncertainty bound & = 0.1-15 on {°.
Since |{P(r) — £™™(¢)| < a and |£™™(¢)| + o < 1 for every
t € [t1,12], we deduce from Remark 4.2 that Pk C WPar C ppre,
The comparison of Figures 4 and 7 validates these containment
relations.

Table 1 gathers the computational time for the inner and
outer approximations in Figures 4, 5 and 7. The additional 2
seconds for Figure 4(b) with respect to Figure 4(a) are due to
the take taken by the optimization of the sampling sequence. This
latter time increases as more sampling points are considered, cf.
Figure 4(c). We also see a slight computational time difference
among Figure 4(c), Figure 5(a), and Figure 5(c), corresponding to
different disturbance trajectory forms. Finally, for a fixed number
of sampling points, the computational time does not vary dramat-
ically for precisely known, partially known, and totally unknown
disturbances. Computational times are also reported in [1] for a
simulation on the IEEE 118-bus network with 91 disturbances.

Finally, we illustrate the robustness metric definition based
on tolerableness sets introduced in by Remark 5.8. We consider
39 different scenarios: in the ith scenario, we inject a power

Sets Time(s) Sets Time(s)
Figure 4(a) 12.41 Figure 5(a) 18.62
Figure 4(b) 14.39 Figure 5(b) 16.52
Figure 4(c) 20.38 Figure 7(a) and (b) | 20.26 and 20.39

Table 1

Times for the computation of for various tolerableness sets.

disturbance with trajectory form 1(¢) only at node i. For each
i€{l,---,39}, B5° (resp. BF") stands for the upper (resp. lower)
approximation of the maximum allowable disturbance magnitude
injected at node i so that the whole network maintains transient-
state safety. One can see from Figure 8 that nodes 1,9,12 and
38 are the most vulnerable. The first three cases have similar
causes — either low inertia, making the transient frequency easily
affected by disturbances or low dissipation capabilities due to a
small number of neighboring nodes, resulting in a relatively long
time required to dissipate the disturbances. The 38th node case is
primarily due to the fact that the only transmission line connecting
the node with the rest of the network is almost saturated before
the disturbance injection.

05 0 05 0 002 004
KII)T‘U K{)T(ﬁ
(@) (b)

Figure 7. Inner and outer approximations of the transient-state tol-
erableness set with partially known and totally unknown trajectory
forms. Plot (a) shows the tolerableness set with nominal trajectory form
gnom(r) =0.9-[1(¢) 1(#)]” and uncertainty o = 0.1 - 1,. Plot (b) shows the
set with totally unknown trajectory. Together with Figure 4(c) one has
that punk C ppar C Wpre | a9 stated in Remark 4.2.

8 CONCLUSIONS

We have considered the problem of efficiently describing the set
of disturbances to a power network that do not affect its transient-
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Figure 6. Frequency and power flow trajectories with different disturbance amplitudes. The problem data is the same as in Figure 4. Plots (a) and (b)
show the trajectories with a disturbance amplitude K7™ = [2 —3]7 (which, from Figure 4(c), is contained in the inner approximation set ¥}"), while

pre

plots (c) to (d) show the trajectories for K)° = [2 —3.1]7 (which is not contained in the outer approximation set ¥5). In both cases, the power flow
trajectories stay within the +10 unit bound. However, all the frequency trajectories stay within the +0.5 Hz bound when the disturbance amplitude
is K™, while for the K},“case, one frequency trajectory hits up to approximately -0.506Hz, exceeding the -0.5Hz bound.
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Figure 8. Robustness characterization of the IEEE39 bus network based
on tolerableness sets. In each scenario, we inject a disturbance at the
corresponding node and compute the approximations of the robustness
metric defined in Remark 5.8. This metric measures the maximum
allowable disturbance that does not violate transient safety. Both ap-
proximations use 301 sampling points optimized through Algorithm 1.

state safety in terms of frequency and power flow. Under the
assumption that a bound on the amplitude of the disturbance is
available, we have devised a sampling method to provide inner
and outer approximations of the transient-state tolerableness set.
These approximations can be computed with arbitrary accuracy,
at the cost of increasing the computational complexity. We have
also introduced a metric to measure the approximation gap and
designed an algorithm to optimize it for a given fixed number
of sampling points. Future work will extend the analysis from
unknown constant amplitude to unknown time-varying amplitude,
and quantify the difference between the tolerableness sets of the
nonlinear swing dynamics and its linearized version.
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