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Abstract

In this dissertation, we consider two problems. The first one is a general approach to the
optimal design of uncertain dynamical systems, where the uncertainty is represented by a
random parameter. The problem is formulated using two types of performance criteria, that
result in two different optimal design methods. However, both of them are difficult to solve
analytically for most uncertain complex dynamical systems. A numerical scheme is de-
veloped for the optimal design that involves two steps. First, in order to obtain a numerical
algorithm for the optimal solution, we apply randomized algorithms for average perform-
ance synthesis to approximate the optimal solution. Second, using the properties of the
Perron-Frobenius operator we develop an efficient computation approach for calculating
the stationary distribution for the uncertain dynamical systems and the average perform-
ance criteria. The proposed approach is demonstrated through numerical examples. The
second problem is a novel approach for evaluating the short-term Loss of Load Probability
(LOLP) in power systems that include wind generation resources that vary stochastically
in time. We firstly introduce a mathematical model for calculating the short-term LOLP,
and then a novel quantitative measure of its behavior when converging to its steady-state
level is derived. In addition, the corresponding empirical formulas are offered which can
be used in practice to estimate the convergence time of LOLP under different conditions.
Finally, an application of the outcomes of the analytical work in estimation of the dynamic
behavior of short-term LOLP with an actual wind generation profile is presented to show

the significance of the developed measures.
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Part 1

Part I: Optimal Design of Uncertain

Dynamical Systems



CHAPTER 1

Introduction

Demands for increased functionality, improved performance, increased efficiency and bet-
ter utilization of resources frequently results in engineered systems that are large, distrib-
uted and highly interconnected. Typical systems are built as complex physical and func-
tional interconnection of components that are sophisticated systems themselves that have
been designed and optimized for performance and cost in isolation. The system com-
ponents frequently have complex nonlinear behavior that when combined with the spatial
distribution of components, large separation of time scales and high connectivity results in
a system that can have very complex dynamic behavior.

The use of physics based models in the design of complex systems is becoming a part
of standard engineering design process [3]. The value of model-based design includes the
ability to quickly evaluate a large number of design alternatives, optimize system design
and evaluate transient behavior. Additional benefits include early detection of design flaws,
prevention of component damage and decreased hardware commissioning time.

However, all models in applications have some degree of uncertainty. This uncertainty
can be attributed to errors in the physical description, due to either unknown or ignored
phenomena, parametric uncertainty or unknown external conditions. In general, we can
classify uncertainty into two classes, parametric uncertainty and model uncertainty. Para-
metric uncertainty is uncertainty in the parameters and initial/boundary conditions of a
model of a fixed structure whereas model uncertainty is uncertainty in the structure of the
model itself. The former type of uncertainty typically arises due to imperfect measure-

ments or information about the physically parameters of a system. Model uncertainty is



usually either due to unknown or unmodeled behavior or approximation error. These un-
certainties call for improved design methodologies that can account for the complexities
and uncertainties in the model descriptions in the design process.

Many pessimistic results on the complexity-theoretic barriers of classical robust control
problems have stimulated research in the direction of finding alternative solution [9]. One
effective solution is to first shift the meaning of robustness from its usual deterministic
sense to a probabilistic one. This shift in meaning implies a statistical description of the
uncertainty, opposed to a purely unknown-but-bounded one. It has been shown that the
probabilistic approach presents itself as a natural tool to deal with the random character
of uncertainties affecting control systems [10]. In this work we consider the problem of
optimal design of uncertain systems by a probabilistic robust design approach. In particular

we assume that the system is described by a discrete time dynamical system

Xi+1 = T(xi, 975)

yi=f(x)

where & represents the uncertainty in the system which is assumed to be a random para-
meter with distribution p and 0 is a vector of design parameters that can either be physical
parameters and/or controller parameters.

Frequently the design objective is to minimize a cost function g () over all admissible
6 € O, where y is the stationary output for the system (i.e. ignoring the effect of dynamics,

see e.g. [60]). In this case the resulting optimization problem is

gnelgg@) st.x=T7(x0,8),y=/(%) .

If the parameter & is random the steady state value X is random as well and consequently
the objective function g(¥) is random. Following [48], [71] an average performance is

used as the objective function to be minimized. Thus, we replace g (¥) with the average



cost resulting in the optimal design problem

min B [¢(7)] s.t¥=T(,6,5), 7=/ (%)

where EP [] is the expectation with respect to the distribution p.

The objective of this method is to select the design parameters so as to minimize the
cost function based on the a-priori uncertainty information due to parameter uncertainty.
Obviously, the above design methodology only makes sense when the system converges
to the equilibrium x = x(6,&) for all initial conditions. Indeed, if for some values of &
and O the equilibrium is unstable then the system will never reach the steady state and
consequently the steady state optimization problem does not make sense. Furthermore, for
some complex dynamical systems that have uncertain behavior generated by the dynamics
of the system itself, e.g. chaotic motion, the above method also fails. Therefore, there is a
strong need for efficient alternatives. In this dissertation, we propose an alternative optimal
design approach by analysis of asymptotic dynamics of uncertain systems.

The dissertation is organized as follow: In Chapter 2 we introduce the mathematical
setup that forms the basis for our proposed research. In Chapter 3 we formulate the optimal
design of the uncertain dynamical systems. In Chapter 4 we introduce randomized al-
gorithms for average performance synthesis in the design of uncertain systems. In Chapter
5 we solve the optimal design problem numerically. In Chapter 6 we review the Monte
Carlo method as a traditional method for calculating the invariant measure. In Chapter 7
we discuss an efficient computational approach for the calculation of the invariant meas-
ure. In Chapter 8 we present illustrative examples for the proposed methods to calculate
the invariant measure and optimal design of uncertain dynamical systems. In Chapter 9
we conclude the Part I of my dissertation. In Chapter 10 a study of short-term reliability

analysis of power systems with wind generation is presented as Part II of my dissertation.



CHAPTER 2

Mathematical Setup

In this chapter, we introduce the basic mathematical concepts necessary for formulation
and solution of the uncertain system design problem. These concepts may be studied in
detail before continuing on to the core of our subject matter, which starts in Chapter 3, or,
they may be skimmed on first reading to fix the location of important concepts for later

reference.

2.1 Measure Theory

In this section, we briefly outline some essential concepts from measure theory applied to
dynamical systems [39]. This material is in no sense exhaustive; more detailed treatments

can be found in [30] and [56].

Definition 1 A4 collection A of subsets of a set X is a c—algebra if:

(a) When A € P then X\ A € B,

(b) For any finite or infinite sequence {Ay} of subsets, Ay € B, the countable union
Urdy € B,

(c) X € B.

From this definition it follows immediately, by properties (a) and (c), that the empty
set 0 belongs to & since 0 = X \ X. Further, given a sequence {4y}, 4; € 4, then the

intersection N4 € %, because

Nk = X\ Uy (X'\ 4)



and then apply properties (a) and (b). Finally, the difference 4 \ B of two sets 4 and B that

belong to 4 also belongs to % because
A\B=AN(X\B).

If X is any metric space, or more generally any topological space, the c—algebra gen-
erated by the family of open sets in X is called the Borel 6 —algebra on X. Its members are
called Borel sets. Borel o—algebra includes open sets, closed sets, countable intersections
of open sets, countable unions of closed sets, and so forth. It is the smallest oc—algebra

containing intervals in X.

Definition 2 A4 real valued function U defined on a 6 —algebra % is a measure if:

(@) p(0) =0;

(b) w(A4) >0 forall A € B;

(c) W (Ukdr) =S 1 (Ag) if {Ar} is a sequence of disjoint sets from 2, thatis AiNA; =0
fori#j. '

This definition of a measure and the properties of a c—algebra ensure that if we know
the measure of a set X and a subset 4 of X we can determine the measure of X \ 4; and if
we know the measure of a collection disjoint subset A; of 4 we can calculate the measure
of their unions.

If X =R, there is a large family of measures whose domain is the Borel o—algebra
and such measures are called Borel measures. The Lebesgue measure on R is the measure
for which the measure of an interval is its length. In particular, the Lebesgue measure is
usually denoted as m, and m ([a,b]) = b — a. The Lebesgue measure is a completed Borel
measure. The definition of a completion of a measure can be found in [24]. Whenever
considering spaces X = R or X = R” or subsets of these we always assume measures to be

Borel measures.



Another important class of measures are supported on finite or countable sets. The

simplest of these measures is the Dirac measure defined by

1 xcAd
0:(d) =
0 x¢ A
Definition 3 If' & is a c—algebra of subsets of X and if I is a measure on X, then the

triple (X, %, 1) is called a measure space. The sets belonging to 9 are called measurable

sers.

Definition 4 Let (X, %, 1) be a measure space. A real-valued function f: X — R is called
measurable on X if =1 (D) € B for every interval A C R. In particular, if X = R, then the

function f is called Lebesgue measurable.

Definition 5 4 measure space (X, 2,1) is called finite if u(X) < . In particular, if
W (X) = 1, then the measure space is said to be probabilistic and such a measure U is

called probability measure.

In a probabilistic measure space, X is to be considered as the set of all possible out-
comes of some process, such as an experiment or a gambling game, and a measure of a set
E € % is interpreted as the probability that the outcome lies in £. In the study of dynamical
systems, it is a convention to use analysts’ terms in measure theory instead of probabilists’
terms in probability theory.

If (X, %, 1) is a measure space, a set E € & such that p (E) = 0 is called a null set. If
a statement about points x € X is true except for x in some null set, we say that property is
true almost everywhere (a.e.).

One of the most important notations in analysis, measure theory, and topology, as well
as other areas of mathematics, is that of the Cartesian product. To introduce this concept

we start with a definition.



Definition 6 Given two arbitrary sets A\ and A,, the Cartesian product of A1 and A, is the

set of all pairs (x1,x;) such that x| € Ay and x, € Ay . This is written as

Ay x Ay = {(xl,xz) 1 X1 EA],Xz EAZ}.

In a natural way this concept may be extended to more than two sets. Thus the Cartesian
product of the sets A ,..., Ay is the set of all sequences (xi,...,x;) such that x; € 4;,i =
1,....d, or

Al X"'XAd:{(X1,"',X2):xieAia fOTiZI,...,d}.

An important consequence following the concept of the Cartesian product is to extend
the property of measure space to the Cartesian product. Thus, given d measure spaces

(X, Bi, u;),i=1,...,d, we define

X=X x---xXy, (21)

2 to be the smallest c—algebra of subsets of X containing all sets of the form

Ay - xAy withd;€ B, i=1,...d (2.2)

and

‘Ll(AlX---XAd)Z[,LI(Al)---‘ud(Ad) for A; € %;. (2.3)

Theorem 1 If measure spaces (X;, %i,11;), i = 1,...,d are given and X, 9B, and | are
defined by equations (2.1), (2.2) and (2.3), respectively, then there exists a unique extension

of U to a measure defined on A.

The measure space (X, %, 1) whose existence is guaranteed by Theorem 1 is called the
product space and the measure is called the product measure. Moreover, if all the measure

space (X;, %, I;) are finite or probabilistic, then (X, %, ) is also finite or probabilistic.



Finally, we conclude this section with the definition of absolutely continuity of a meas-

ure.
Definition 7 Assume two measures v and L are defined on (X, %). Then we say that V is
absolutely continuous with respect to Il denoted as

V< U

if v(E)=0forevery E € B for which u (E) = 0.

Theorem 2 (Radon-Nikodym theorem) Let (X, %,lL) be a measure space and let v be
a finite measure with v < . Then there exists a non-negative integrable function f €

L' (X, ) such that

forall E € A.

In the following sections, we will introduce some notations used in the study of dynam-

ical systems, including both deterministic and uncertain cases.

2.2 Deterministic Dynamical Systems

In this section, some notations used in the study of deterministic dynamical systems will

be defined. Consider a deterministic discrete time dynamical system

xip1 = T(x) (2.4)

vi = f(x)

where T : X — X is a diffeomorphism on a compact subset X C R”. We denote by % the
Borel o—algebra on X and by m the Lebesgue measure on %4. Moreover, let .# be the

space of all real value measures on %.



Definition 8 4 measure u € . is said to be an invariant measure of T if

for all sets B € A.

Definition 9 A function p : X x 28 — R is a stochastic transition function, if (i) p (x,-) is a

probability measure for every x € X. (ii) p(-,A) is Lebesgue-measurable for every A € A.

Let &, denote the Dirac measure supported at the point y € X. Then p (x,4) = 8y (4)
is a stochastic transition function for every m-measurable function 2. We will see below
that the specific choice # = T represents the deterministic situation as system (2.4) in this
more general set up.

We set p(1) (x,4) = p(x,4) and define recursively the i-step stochastic transition func-

tion p) : X x 2 — R by

p(i_H) (x,A) = fp(i) (y,A)p(X,dy), i=1,2,..

It is easy to see that p(¥) is indeed a stochastic transition function. In particular, for the case

where p (x,4) = Or(y) (4) we obtain fori > 1

p(l) (X,A) = 6Ti(x) (A)

Definition 10 Let p be a stochastic transition function. If L € ./ satisfies

p(d)=[p(x,4)du

forall A € B, then U is an invariant measure of p.

10



Remark 1 (a) If W is an invariant measure of p then if follows that

()= [p? (x.4)du

foralli=1,2,...
(b) For system (2.4) the stochastic transition function is chosen as p (x,-) = 8py). If U

be an invariant measure of p, then W is also an invariant measure of T.

If we assume that for every for x € X the probability measure p(x,-) is a absolutely
continuous with respect to the Lebesgue measure m, then we can write p(x,-) with an

appropriate transition density function £ : X x X — R by

p(x,4) ngk(x,y)dm(y)

for all A € A. In this case, we also call the stochastic transition function p absolutely

continuous.

Definition 11 Let p be a stochastic transition function. Then the Perron-Frobenius (P-F)

operator P: M — M is defined by,

Pu(d) = [p(x,A)du(x)

where M is the space of bounded complex valued measures on 9B. If p is absolutely

continuous with density function k then we can define the Perron-Frobenius operator P on
L' by,

Pg(y) = [k(x,y)g(x)dm (x)

for all g € L'. In particular, for the deterministic dynamical system T : X — X the P-F

11



operator is defined by,

PR(A) = [ 709 (A)du (x) = p(T'(4))
for all sets A € A.

Remark 2 (a) By definition a measure L € A is invariant if and only if it is a fixed point

of the P-F operator P, that is, for all sets A € B,

(b) The P-F operator characterizes the evolution of the distribution of the state x;, i.e.
if the initial state has distribution Wy € M , the distribution of x; is P'L,,

(c) Note that in the case when p is absolutely continuous with density function k we

have P: L' — L' and for each g € L

[Peramy) = [ [Kx)gdmx)an(y)
= [ &) [ kex)dm(y)dm
_ / g(x)dm(x) <

Since our goal is to characterize the stationary distribution for uncertain systems, the
same notations used for deterministic dynamical systems will be extended to random dy-

namical systems with parametric uncertainty in the next section.

12



2.3 Random Dynamical Systems

Consider an uncertain dynamical system

xip1 = T(x;,8) (2.5)

In order to simplify the discussion we assume that X is a compact subset of R” and N is
a compact subset of R”. The random parameter & can be very general and is specified in
more detail later. We assume that 7'(x, &) is C",7 > 1 in x for every & € N and assume that
f:X — R satisfies f € L'(X). Denote Té(x) = Tz o...0 Tz where T¢(x) = T(x,§). Note
that for a given parameter & the uncertain dynamical system (2.5) becomes the deterministic
case (2.4). Therefore, the notations used in Section 2.2 can be defined in a similar way for
uncertain dynamical systems. The discussion that follows is based on some recent results

[2], [42], [57], [43] and is not exhaustive.

Definition 12 Let ./ be the vector space of real valued measures on X. For a fixed value
of & the Perron-Frobenius (P-F) operator Pe : M — M corresponding to the dynamical

system T : X — X is defined as

P:u(B) = /r1<3> dp = p (Tgl(B))

¢

for all sets B € 4.

Definition 13 4 measure g € A is said to be a Tg invariant measure if

g (B) = Peptg (B) = g (T7(8))

for all sets B € A.

13



Thus, e € . is invariant if and only if it is a fixed point of the Perron-Frobenius
operator F.

Let P =X x N be the state-uncertainty product space and endow it with the product -
algebra & in the usual way, i.e. if A is the Borel c—algebra on X and .% is the o —algebra
on N, then ¥ = #B x F.

Definition 14 A probability measure N on & is called an input measure.

Example 1 Consider the evolution given by

Xir1 =X+ Exi —x;. (2.6)

System (2.6) has a bifurcation point at & = 0. In particular, for & < 0 there is an unique
stable equilibrium at x = 0 and for & > 0 there are three equilibria, two stable at x = j:\/z
and an unstable one at x = 0. The input measure M is given by the product measure v X p,
where V(E) = I(E N [—a,a])/l([—a,a]), | the Lebesgue measure on the real line, a > 0.
This measure is given by the uniform density function fy(x) = 1/2a for x € [—a,a] and
represents the uncertainty in initial conditions. The measure p is a measure on R defined
by p(E)=I1(EN[—b,b])/I([-b,b]), 0 <b < 1. This measure is given by the uniform density

Sunction fp (&) =1/2b for § € [—b,b] and is the density for the “parameter input measure”.

We are interested in the question of how does the uncertainty in the "output" of the
process depend on the input measure. For the observable defined by f: X — R, the "initial"
uncertainty is described by a probabilistic measure @; on R (endowed with the Borel c-

algebra %) defined by

14



where E € 2. This measure evolves in time, becoming

@"(E) = n((foTf) ' (E))
= n((7)"' /T 1E) =Pin(f(E)),

We call @" an output measure. It describes the uncertainty of the system output at the n-th
step of the process given the input measure 1.

Frequently we are mostly interested in the long term behavior of the solution of the
system. In this case the uncertainty in the system output is best studied in terms of the
uncertainty in the asymptotic properties of the system. In particular, define the time-average

f(x,& —hm Zf (xi, & (2.7)

n—oon

and the asymptotic output measure @,

@, (E) = lim @"(E) = n((f*) " (E)). (2.8)

n—oo

Return now back to the uncertain system (2.5) with assumption that & = ¢ where ¢ repres-
ents a (certain) parameter. In other words, there is no parametric uncertainty and the input
measure 1 is replaced by uncertainty distribution v for the initial conditions of the states.

Then we can rewrite the asymptotic output measure as

@o(E|E = c) = lim P'v(f~1(E)) = p (/' (E)) (2.9)

Therefore, if the random parameters in the dynamical systems are fixed, the asymptotic
output measure can be characterized by the invariant measure of the system.
Next we discuss methods for characterizing the asymptotic output (2.7) in terms of

the invariant measures of the random dynamical system. In particular, we are interested

15



in situations when the system has a physical measure u in the sense that for almost all

(x,§) eX XN
f(x,8)= fdu (2.10)

XxN

We begin by rewriting system (2.5) so that it can be studied within the framework
of Discrete Random Dynamical System (DRDS) [2]. We are interested in characterizing
invariant measures for (2.5). For the purpose of presenting the formulation in [2] full
generality we allow the uncertainty to vary as a function of time. Let Q = N be the space
of all sequences taking values in N, denote an element of Q as @ and let .# be the Borel
o —algebra on Q. Let S (k) be the shift transformation on Q, i.e. S(k) ®; = @, , define the
map 7 : Q — N by

w(w)=w(0)

and the coordinate process

Let IP be any S invariant (probability) measure. Then &; = @ (i) is a stochastic process on

the probability space (Q,.%,P). Now we let 7 (x, ®) = T (x,®» (0)) and get

xip1 =T(xi,&;) = T(x;, 0 (i) = T (x;,S (i) ) (2.11)

yi= f(xi)

Let w(®) : X — X be the operator defined by v (®)x = T'(x,®). Then the solution of

(2.11) can be represented as x; = @ (i, @) x where

y(Sisjw)o--oy(w) i>1
idy i=0

(P(iaw) =

16



where idy is the identity operator on X. The mapping
(@,x) — (Siw, ¢ (i,0) x) = © (i) (©,x)

is called the skew product of S; and ¢ (i, -) and is measurable dynamical system on (Q x X,.# x ZBy).

Let g denote the projection by g (®,x) = o.

Definition 15 A4 probability measure [t on (Q X X, F x AB) is said to be an invariant meas-

ure of the DRDS defined by (2.11) if it satisfies (i) © (1) u = u and (ii) tqu = P.

Note that any measure that is invariant with respect to © has a marginal wou that
is invariant with respect to S. Furthermore, the second condition in the above definition
is imposed since the measure is an a-priori specified invariant measure for § . Now let

Z (Q x X) be the set of all probability measures on Q x X and define

yP(QXM):{Vech(QXX):ﬁQV:P}

Ip={u € Zp(QxX):puisinvariant for (2.11)}

Assume u € Pp(Q x X). A function p_(+) : Q x B —10,1] is called a factorization

of u with respect to P if

1. forall4 € A, u.(A) is .# measurable,
2. u, (+) is a probability measure on (X, %) for P almost all @,

3. forall C € .% x % we have

RO = [ | xe(0x) 1y (dx) P(dw)

where ¥ is the indicator function for C.

17



Note that it follows that for 2 € L' (1) we have

/gxxhd“ - /Q/Xh(waX)uw(dx)P(dw)

It can be shown that under the assumptions we have made about X the factorization
exists and is [P almost surely unique [2].

Return now back to the uncertain system (2.5), i.e. assume that for all i we have &, =&
where & is a random parameter that has distribution p on N. Then the invariant measure of
S(1) is a (random) measure concentrated at & and if u is a physical measure in the sense

(2.10)

rwg = sau= [ | rEn, s @=-¢)do
= [ F@ng (@)

We note that the through the factorization of the physical measure the time average
S (x,&) is an explicit function of the random parameter &. The dependence on the (ran-

dom) initial state can be characterized in terms of the ergodic properties of the system.

Definition 16 Let p be an a-priori measure on the Borel c-algebra on X. System (2.5) is
called Bp-regular if for each fixed & there exists a finite set of ergodic invariant measures
,LL%, i =1,...,K¢ such that for almost every x € X and every f € C(X) there exists a

JjE {1, e ,Kg} such that the time average satisfies

w8 = [ 1@ uk )

5

Furthermore, there exists an ergodic partition, i.e. disjoint (random) sets D7 , ... ,Df( such
¢
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that p (X— UﬁlDf) =0and

Df:{xex

78 = [ remu e vrecn |

The following proposition from [43] characterizes the calculation of the asymptotic

output measure in terms of the ergodic invariant measure.

Proposition 3 Assume that (2.5) is Bp-regular and the family of measures /,Lf Jd=1,..Kg
3

has the property that each |} (B) is continuous as a function of & for any B € Bx. Assume
that the input measure M is absolutely continuous with respect to the a-priori measure p.
Then the cumulative distribution function Fg, for ©, is piecewise continuous with a finite

number of steps.

If we define pg (4) = zll.(f] ,u% (A ﬂDf) then ¢ (4) is an invariant measure for 7; and
factorization of the invariant measure u for (2.5).
The following result proven in [2] provides further insight into the conditions under

which the invariant measure of (2.11) is a physical measure in the sense of (2.10).

Definition 17 The DRDS is said to be continuous if for each fixed @ the mapping ¢ (-, ®) - :

Z.xX — X is continuous.

We note that by Theorem 1.5.10 in [2] if X is a compact metric space and the DRDS is

continuous then .#p is a non-empty convex compact subset of & (Q x X). For a measure

ve Z(QxX)and f€L;(v)definev(f)= [ fdv.

Theorem 4 Assume that DRDS is continuous. For v € Pp(Q x X) define

1 N—-1 1 N—-1
av ()= Y V()= 3 v(feow)

Then as N — o every limit point of Ly converges weakly to some L € Ip and every |l €

Ip arises in this way.

19



Finally we have the following general result taken from [2] that further characterizes

the factorization of the invariant measure.

Theorem 5 Let L € Pp(Q x X). Then (i) u € Ip if and only if for all i € N

E((9(i,) 1. 1 SG) ' F) = Bstiyo P—a.s.

(ii) If' S is measurably invertible then S(i)~\.F = .F for all i € 7, and u € Ip if and only
ifforalliceZ

@i, 0) o = Ls(iyo P—a.s.

Consider now the special case of an uncertain system (2.5), i.e. &; = & for all i where
€ has the distribution p on N. In this case, if u € #p then ¢(i,&) g = pg. Thus, since
¢(1,8)x = Tt (x), for each fixed value of § € N the marginal g = TxM is the invariant
measure of (2.5) on (X, %x). Furthermore, if the dynamical system T is ergodic for each
& € N, then the @-invariant measure ¢ is called a random Dirac measure, i.e. there exists
amap h: N — X with fLg = 8.

In the following chapters, we will present the main contribution of the paper, i.e. an

efficient optimal design method of uncertain dynamical systems.
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CHAPTER 3

Uncertain System Design

The use of mathematical models in the design of engineering products and systems has
become widespread in the last few decades. Depending on the complexity of the product
or process the models range from simple physics based and empirical models to large com-
putational models. Most of the models used in design are algebraic models representing
the steady state or static relationship between variables. In [1], the quantities of interest in

a typical design problem are the following:

* Design Parameter [DP]: Any free or independent parameter whose value is determ-

ined during the design process.

* Performance Parameter [PP]: Any parameter used in the design process that has
a specified value [FR] determined independent of (and usually in advance of) the
design process. The performance parameters [PPs] are usually dependent on the

design parameters [DPs], and possibly some other PPs.

* Output Parameter [OP]: Any parameter used in the design process that is dependent
on the design parameters [DPs], and possibly some performance parameters [PPs],

but has no specified functional requirement [FR] value.

* Functional Requirement [FR]: A value, or range of values, or fuzzy number that
is the specified value for a Performance Parameter [PP]. This value is determined
independent of (and usually in advance of) the design process. Each Performance

Parameter has a FR.
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* Performance Parameter Expression [PPE]: An expression, relationship, or equation
relating some or all of the Design Parameters to a Performance Parameter. Each PP

has a PPE.

In terms of a mathematical design process the problem is formulated as an optimiz-
ation problem where the objective is to optimize over the Design Parameters the devi-
ation between Performance Parameters and their corresponding Functional Requirements
subject to constraints set by the Performance Parameter Expressions. Let y represent the
Performance Parameters, d denote the Design Parameter, P (y,d) = 0 represent the Per-
formance Parameter Expression and g(y) be a cost function or performance function that
represents the level to which the Performance Parameters meet the Functional Require-
ments. Then the optimal design problem becomes the optimization of g(y) subject to the
constraint P (y,d) = 0.

In many practical problems the Performance Parameter Expression is subject to uncer-
tainties that can be attributed to inaccuracies in physical parameters, lack of knowledge
about physical characteristics as well as modeling inaccuracies and approximation errors.
Frequently these uncertainties are modeled as random parameters with a known distribution
and incorporated into the Performance Parameter Expression [48].

In some design problems the Performance Parameter Expression is a true static rela-
tionship. This is in particular true for many component design problems. In other problems
the system is truly dynamic and the effect of the dynamics cannot be ignored. This is the
case for many system design problems that can exhibit complex nonlinear behavior. In
this section we discuss the incorporation of uncertainty into the design specifications in
such problems. In particular, we consider the uncertain discrete dynamical system (2.5) but

assume that the system depends on a design parameter 6. Thus the system is now

xip1=T(x;,0,8) (3.1)

yi= f(xi)
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where x; € G C R” is the system state, 0 € O is the design parameter, and the uncertainty
& € H is as before a random parameter with distribution p. In order to simplify the discus-
sion we assume that G is a compact subset of R” and H is a compact subset of R”. Also,
we assume that the system is stable for all initial states, all 6 € © and all parameters § € H.
Of particular interest is the case when the parameters 0 arise from a parameterization of
controllers. In this case we assume we start with the controlled system with control input

u;. Thus the system is now

Xig1 =T (xi,ui, &) (3.2)

yi= f(xi)

Furthermore, we assume the control input u; has the form u; = u(x;, 0) where the control
parameter 6 € ©. We denote the class of all such control laws by ?7(9) We assume that
there exists a nontrivial compact subset @ C © and a subset % (8) C ?;/(6) that has the
property that any control law u € % (6) with 6 € O stabilizes the closed loop system for all
initial states and all parameters & € H. In other words, we focus our attention on stabilizing
state feedback control laws. For u € % (6), 6 € © the dynamical system equation can be

rewritten as

Xiv1 = T(xi,u(x;,0),8) = T(x;,6,8) (3.3)

yi= f(x)

Assume that the objective of the design for system (3.3) is to minimize the performance
function g(y) over all admissible 6 € O, where y is the Performance Parameter for the
system. In the design literature y is frequently evaluated at an equilibrium point of the

system. In that case the resulting optimization problem becomes

min g(y) st.x=T7(x,6,),y=/()
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where ¥ is the stationary output of the system. Since the parameter £ is random the steady
state value X is random as well and consequently the objective function g(¥) is random.
Following [48], [71] we use an average performance as the objective function to be minim-

ized. Thus, we replace g (7) with the average cost resulting in the optimal design problem

min B [g(y)] st x=T(x,6,5),y=/() (3.4)

where EP [-] is the expectation with respect to the distribution p. If we define a a-priori

equilibrium measure @? by

@l (E)=p({§ €H|f(x) €Ex=T(x,6,6)}) (3.5)

then (3.4) can be rewrite as

Mnég@wﬂ&) (3.6)

6O

In the remainder of the paper we refer to (3.6) as the a-priori design criteria.

For a dynamical system evolving from an (unknown) initial condition the above for-
mulation only makes sense if the solution X of the constraint equations corresponds to an
attractor of the dynamical system. Indeed, if for some values of & and 6 the equilibrium is
unstable then the system will never reach the steady state and consequently the steady state
optimization problem does not make sense. Furthermore, the system may exhibit uncertain
behavior that is "generated" by the dynamics of the system itself. All uncertainty effects
can be correctly accounted for by reformulating the design problem utilizing the asymptotic
output measure corresponding to the time-averages of the output y. Indeed, formulating the

optimal design problem as

min /R 2(2) @ (dz) (3.7)
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captures all uncertainty effects through the definition of asymptotic output measure @9 (E) =

n ((fg)_l (E)) where

fo(x,&) = hm Zf (x1,0,&)) (3.8)

n—oopn

and 7 is the input measure. We call (3.7) the a-posteriori design criteria.

It is of interest to compare the designs obtained from the above two formulations for
the design optimization. In the former one (3.6) the objective is to design a controller that
minimizes the cost function based on the a-priori uncertainty information due to initial
conditions and parameter uncertainty, while the latter one (3.7) incorporates a-posteriori
uncertainty induced by the system dynamics [57]. We call the former design method a-
priori design and the latter one a-posteriori design. The difference between the two design

measures is illustrated in the following simple example.

Example 2 Consider the system
Xit1 :xi+§(x,~—9)—(x,~—9)3 (3.9)

where 0 € [—a,al is a design parameter and & € [—b, b] is an uncertain parameter, assumed
to uniformly distributed on [—b,b|. The initial state is assumed to be uniformly distributed
on [—a,a). System (3.9) has equilibrium at X = 0, 0 + +/&. The cumulative distribution

function of the output measure is given by

p

0, z<—-Vb+8
o] L o
0 | (OO 9 <z<Vb+0
1, z>vVb+6

\
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and it is easy to see that F, (z,0) has density

1 a+0)(z—06
fa(z,0) = 55 (z—6)— %x{z—\/lg+9<z<9}

(a—0)(z—10)
+ o X{de<z<Vbi6)

On the other hand the equilibrium measure (3.5) has density

-0
fS (27 9) = _(Zb—)x{z|\/l;+9<z<9}
=9,
b {z16<z<Vb+6}

Comparing the two measures shows that they will result in quite different cost functions.

Furthermore, the dependence of the density f, for the average output measure on the initial

conditions (reflected in the appearance of a) and the presence of the term %5 (z—0) shows

shows the importance of the initial condition and the dynamic evolution of the system.

We remark that both (3.6) and (3.7) are in general difficult to compute analytically, since

the a-priori equilibrium measure @¢ and asymptotic output measure @° cannot generally

be characterized analytically for complex systems. Consequently, since it is difficult to de-

rive the performance function analytically it is even harder to obtain the optimal parameters

that minimize the performance functions. Therefore, we need an effective computational

method for the optimal design of the uncertain system. In this dissertation research, we

have developed an efficient approach called randomized algorithms that is based on statist-

ical learning theory to solve this problem.
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3.1 Randomized Algorithms for Average Performance Synthesis

In recent years, probabilistic and randomized methods have been developed as effective
tools to deal with uncertain complex systems, see e.g. the book [63] and the papers [12],
[64]. The starting point of these methods is the assumption that the uncertainty affecting the
system is random. The objective is then to provide probabilistic assessments on the system
characteristics. More precisely, we say that a certain performance level of the system is
robustly satisfied in a probabilistic sense if it is guaranteed against most, albeit not all,
possible uncertainty outcomes. In other words, we accept the risk that a given system
property is violated for a set of uncertainties having small probability. Such systems may
be viewed as being “practically robust” from an engineering point of view.

One of the advantages of this approach for control purposes is to provide a reapproa-
chement between the stochastic and the robust paradigms, utilizing classical worst-case
bounds of robust control together with probabilistic information, which is often neglected
in a deterministic context. The interplay of probability and robustness also leads to innov-
ative concepts such as the probabilistic robustness margin and the probability degradation
function. However, it should be noted that moving from deterministic to probabilistic ro-
bustness does not imply a simplification of the problem. Indeed, assessing probabilistic
robustness may be even computationally harder than establishing robustness in the usual
deterministic sense, since it requires the evaluation of multidimensional probability integ-
rals, which can be computed exactly only in very special cases of limited practical interest.

This computational problem is often resolved by means of randomization techniques,
which have been used extensively in various branches of science and engineering to tackle
difficult problems that are too hard to be treated via exact deterministic methods. Spe-
cific examples include the Monte Carlo methods in computational physics, simulations and
financial risk analysis, and the Las Vegas techniques in computer science [64]. In the con-

text of systems and control, the key idea is to introduce “uncertainty randomization,” and
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this requires the development of specific techniques for generating random samples of the
structured uncertainty acting on the system [63]. The probability of performance is estim-
ated using a finite number of random samples, and tail inequalities are used to bound the
estimation error. Since the estimated probability is itself a random quantity, this method
always entails a certain risk of failure, i.e. there exists a nonzero probability of making an
erroneous estimation. The resulting algorithms, called randomized algorithms (RA), often
have low complexity and the resulting robustness bounds are generally less conservative
than classical ones [11].

The randomized algorithms used for the probabilistic approach are particularly effective
in the context of control design where the system is not fixed a a-priori, but depends on
some controller parameters which should be determined. Specifically, a RA for average
performance synthesis is an algorithm that returns a parameter vector which guarantees
the average performance is minimized with an a-priori specified accuracy characterized by
probabilities. In other words, this probabilistic approach aims at designing a controller
that performs well on average. Let & € H represent the random uncertainty acting on the
system and let p be the distribution of . The design parameter is a vector 6 € ©, where
© C IR" is the set of allowable design parameters. Furthermore, letJ: H x © — [0, 1] be a
performance function for the uncertain system. The following definition of RA for average

performance synthesis is from [63].

Definition 18 Letr € € (0,1), 0 € (0,1) be given probability levels. Let

0(0)= [ J(.0)p (d) = EPUIE.0) (310

denote the average performance cost (with respect to p) of the uncertain system, and

¢* =min ¢(0)

0cO
denote the optimal achievable average performance. A randomized average synthesis al-
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A
gorithm should return with probability 1 — 6 a design vector Oy € ©, such that

A

P(On)— 9" <€

The parameter 6 N is constructed based on a finite number N of random samples of & .
The RA for average performance synthesis design procedure follows two steps: In the
first step, the average performance cost ¢(0) = EP[J(&E,0)] is approximated, and in the
second step a minimization is performed on the approximate cost to obtain the "optimal"
solution. In the first step of the procedure, since the exact computation of the expected
value is, in general, computationally difficult, we approximate the expectation ¢ (0) by its
empirical version. That is, N samples &,...,& are collected and the empirical mean is
obtained as
A A 1N
0r(0) =B, 0)] = 5 J(E,.0).
=

Obviously, the approximation error will be affected by sample size N. From Statistical

Learning Theory in [54], [69], [72], we have the following result for sample size bound.
Theorem 6 Given 1,6 € (0,1), let

16e 16e

32 8
N>—=|ln—+d|In—Inln— (3.11)
& 01 €l €1

where d is an upper bound on the so-called Pollard (or P) dimension of the function family

{J(-,0),0 € O}, then, it can be asserted with confidence 1 — 8 that

0(6)- 0,(0)| -

EPJ(E, 6) —I%Nwé,e)]' <e (.12)

forall 6 € ©.

A
In the second step, we have to find the solution 6 € O such that minimize the approx-
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A
imate expectation ¢ (6), that is
6 inf 0,y(6
n =arg inf ¢ (6).

In principle the minimization of qA) v(0) over O € O can be performed by any numerical
optimization method. However, if the performance function J(&,0) is non-convex in 6
for some fixed &, then the empirical mean $ n(0) is also non-convex, and there are ob-
vious difficulties in finding a global minimum. Thus, a viable approach would be to use
a randomized algorithm also for the determination of a probable minimum of (?) n(0). In
order to apply a randomized algorithm to find the optimal solution, we introduce an arti-
ficial probability distribution & over the set © of design parameters (sometimes based on
some a-priori knowledge about the parameters). Note that the sampling distribution 7 is
often chosen to be the uniform distribution on © if we have no a-priori knowledge about
the parameters. Correspondingly, the performance function (/]\b ~(0%) is evaluated for each

sample Oy, k = 1,...,M and the empirical optimal solution is obtained as

A A
Oy = argmin @ (6y). (3.13)
k=1,...M

This randomized algorithm to find the approximate optimal solution is also called a random
search algorithm.

A simple randomized algorithm to search the optimal solution is a so-called pure ran-
dom search (PRS) that generates a sequence of independent, identically distributed sample
points in the feasible region O, and the objective function has no impact on the technique of
generating the next sample points. However, it has been shown that PRS is inefficient when
the search region is high dimensional since the expected number of sample points in PRS
is exponential in dimensionality. In [61], a more efficient search procedure is developed

called adaptive partitioned random search (APRS) which is shown to be at least hundreds
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of times more efficient compared with PRS. In this dissertation, we still use PRS to present

our randomized algorithms for simplicity. Furthermore, the following theorem in [35], [62]

gives us an estimation of sample size M required for a specific approximation error .

Theorem 7 For any €, € (0,1) and 6, € (0,1), if

then, with probability greater than 1 — &,, we have
(3.14)

A

9NM>} <&

A A
Pr{x(6) < n(
Finally, combining two steps randomized algorithm presented in Theorem 6 and The-

orem 7, we obtain the following corollary.

Corollary 8 Given g, €,,6 € (0,1), let

n2
M > n‘f
In—
and
32 16
N>— {ln—%—d(ln@lnln@)] (3.15)
& o &1 &1
Then, with confidence 1 — d, it holds that
AA
¢N(9NM)—€1} < &.

Pr{q)(e) <

A
The quantity Oy in (3.13) is called in [70] a probably approximate near minimizer
of ¢(0). In the same paper, it is observed that the sample size in (3.11) can be reduced
if we use a randomized approach to find the optimal parameters since it is not strictly

necessary to guarantee uniformity of the bound (9.6) for all values of 68 € O. Actually, it
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is sufficient to require that the inequality (9.6) holds for 6 € {61, ...,0,}. This amounts to
guaranteeing the convergence of the empirical estimate uniformly with respect to a family
of performance functions having finite cardinality M. It follows that the bound (9.6) is

satisfied for 6 € {61,...,0,} if we draw at least

samples of &. This leads to the following theorem, also stated in [70].

Theorem 9 Given €1 €5,6 € (0,1), let

M > i (3.16)
lnl_82
and
ln%l
N> 3.17
ST (3.17)
Then, with confidence 1 — 8, it holds that
AA
PI‘{(])(Q) <¢N(9NM)—81} < é&,. (3.18)

It is easy to verify that the bounds required by (3.17) are substantially better than is
required by (3.15). For example, taking 6 = € = €, = 0.01, Theorem 9 leads to M > 528
and N > 61,295, whereas Corollary 8, with d = 1, would require N > 4,248,297. Now, we
present the randomized algorithms for average performance synthesis based on Theorem 9
as follows [63]:

Algorithm 1: (RA for average performance synthesis) Let J : H x © — [0, 1]. Assume
0 and £ are random with distribution 7 and p. Given €;, €,,8 € (0,1), this RA returns
with probability at least 1 — & a design vector g ~u such that (3.18) holds. The steps of the

algorithm are:
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1) Determine M = M(&,,68) and N = N(g;,8,M) according to (3.16) and (3.17);
2) Draw M iid samples 01,0, from 7;
3) Draw N iid samples & & from p;

4) Return the empirical optimal parameter:

N
gNM: argmin]%ZJ(éi,Qk). (3.19)
k=1,..MN 5

Obviously, the computational burden of a randomized algorithm is strictly related to
its sample complexity. One of the main critical issues of Algorithm 1 is that the bounds
obtained are conservative for extremely small values of €; resulting in difficult practical
application. Therefore, a challenging topic of great interest is to reduce this conservatism.
Along this direction, an attempt is given in [15], where a bootstrap technique is used to
determine a stopping rule for the number of required samples.

In the next section, we present an efficient optimal design approach for uncertain sys-

tems based on RA for average performance synthesis.
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3.2 Optimal Design of Uncertain Systems

In this section we apply the algorithm presented in Section 3.1 to both the a-priori and a-
posteriori design criteria for optimal design for the uncertain systems. We assume that all

performance functions are normalized to satisfy the requirement in Algorithm 1.

3.2.1 The a-priori Design Criteria

As we discuss earlier, for the a-priori design criteria, by comparing (3.4) and (3.10) we get

the performance function

J5(5,0) =gV &)

where yg ¢ 1s the stationary output of the system equations (3.3) determined by 6 and E.In
applying Algorithm 1 we sample the parameter and controller spaces to obtain &, and 6

fori=1,...N,k=1,....M. Thus, we obtain

Js(8i0k) = 80ki)
where y; ; is the output solution of steady state equations for 6y, &,, that is,

x=T(%,0,&)) (3.20)

Vri = f(X)

)

If y; ; is not unique, since the a-priori equilibrium measure is only determined by the system
steady state equations, and has nothing to do with system dynamics, wﬁ’k is a Dirac delta
measure concentrated at every stationary output with equal weights, i.e.

1 n@kl)

Js (éz?ek (yk Z g(yk,z,]
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where n(yy ;) is the number of distinct solution y; ; for equation (3.20). Furthermore, by

Algorithm 1 we obtain the a-priori design controller,

AS | N n@k,i)g (?k,i,j)

:17...7M l:1 j:1

3.2.2 The a-posteriori Design Criteria

(3.21)

For the a-posteriori design criteria, it is not as straightforward to derive the suboptimal

solution. In particular, in order to apply the randomized design algorithm we rewrite the

a-posteriori design criteria (3.7) as follows.

Proposition 10 7he a-posteriori design criteria (3.7) satisfies

2138 (d2) = [ J(E.0)p(aE)
R H

where the performance function J,(§,0) is given by

Ju(8.0)= [ 2V (x € GIfs (nE) € da).

Proof. We note that

JRCLAD
= [e@m (05 @)

= | [ [ 8@ 1 5 Evid0p(E)
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where ) is the indicator function and v is the initial distribution defined on state space

G. Thus, we have

Ju6.0) = [ [ e eV
= [e@vire Gl (x8) e d).

Now that we have rewritten the design criteria in the standard form (3.10) we proceed
to apply the randomized algorithm for optimal design. We sample parameter and controller

space to obtain J,(&;, 0y),

Jul&:s00) = [ )V (x € Glfy, (x.8) € dz) (3.22)

From the definition of the asymptotic output measure @9 we have

O EIE=E) =V (xeClf5, (&) €E).

Also, by (2.9), we have
OHE|E = &) = ug (/1 (E))

where ug’f is the invariant measure of the dynamical system for given &; and 6. Thus, we

can rewrite (3.22) with respect to invariant measure as

Ju00) = [ eEud (@)
= [ goruian.
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By (3.19), the a-posteriori suboptimal design vector is

NG 1

N
By = argmin— / go f (x) u (dv). (3.23)
=1,.MN 5/ i

In order to evaluate the cost function (3.23) we need to evaluate the integrals [;go
f(x) ,ugf (dx) which requires the invariant measures ugf. A common approach for the com-
putation of ugl’f is to use a Monte Carlo type method that samples the distribution of the
initial state and then simulates the system until it reaches stationarity (steady state), which
is discussed in the next chapter. Then we present an alternative operator based approach for

the computation of the invariant measure that is more accurate and efficient than the Monte

Carlo approach.
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CHAPTER 4

Computation of Invariant Measure

4.1 Monte Carlo Method

In this section we discuss Monte Carlo (MC) and quasi Monte Carlo (QMC) methods. The
Monte Carlo method has a very long history, which began in 1949 with the seminal paper
of Metropolis and Ulam [41]. The quasi Monte Carlo (QMC) is an improved Monte Carlo
method, which is more recent and regarded as a deterministic version of MC [46].

Monte Carlo methods are a class of computational algorithms that rely on repeated ran-
dom sampling to compute their results. Monte Carlo methods are often used in simulating
physical systems and evaluation of mathematical objects. Because of their reliance on re-
peated computation, these methods are most suited for calculation by a computer and tend
to be used when it is unfeasible or impossible to compute an exact result with a determin-
istic algorithm.

Monte Carlo simulation methods are especially useful in studying systems with a large
number of coupled degrees of freedom, such as fluids, disordered materials, strongly coupled
solids, and cellular structures. More broadly, Monte Carlo methods are useful for modeling
phenomena with significant uncertainty in inputs, such as the calculation of risk in business.
These methods are also widely used in mathematics: a classic use is for the evaluation of
definite integrals, particularly multidimensional integrals with complicated boundary con-
ditions. It is a widely successful method in risk analysis when compared with alternative

methods or human intuition.
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4.1.1 Monte Carlo Methods for Calculating Invariant Measure

The most straightforward method for obtaining the stationary distribution (invariant meas-
ure) for the uncertain dynamical system (3.3) is Monte Carlo Simulation. We assume that
the probability distribution of the initial state xo = x 1s known and want to find the invariant
measure ,ugf for (3.3).

We propose the following nested Monte Carlo algorithm for calculating the invariant
distribution. In particular we sample L points xf) from the initial distribution v and for
each sample we simulate the system equation until it reaches steady state X (xé, [ Gk) .
Let x, be the indicator function for the set A and define random variables z; (&, 0;) =
XA ()_c (xlo, &, Ok)) . Then compute % ZZL:I z;(&;, 0x) as an approximation to [,Lg:‘ (4).

The accuracy of this method is determined by the number of the samples we pick
from the distribution v. In order to evaluate the error in the Monte Carlo approximation
scheme we compare simulation result with the true value ,ugf (A4). Consider the independ-
ent samples X (x),&;,6;), /= 1,...,L and assume that the distribution of the ¥ (x},&;, ) is
identical to that of the steady state X (x,&;, 0¢), i.e. each simulation has reached the steady
state. Then it follows that E[z; (&;, 0x)] = E x4 (% (x),&;,6k))] = ,ugff (A4) and by the central

limit theorem,

1 L 0 3‘}(51'79/() ~
Pr (’ZZZIZ, (£:66) — ! (A)’ < T) ~0.997 @.1)

L
and the mean square error between the estimate 1 5 z (&;,0y) and true value ,ug’f (4) is
=1 i

given by,
27\ 2

_ V(éia ek)
VL

L

5 216000 ~ )

=1

MC __ E

e; = 4.2)
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where v (&, 0y) is the standard deviation of the z; (§;, 0 ), that is,

v(§,0)° = E[(Zz@w@k)—“?f(f“)z]
= [z,(é,,ek)z] 2E [z;(§;,00)| 1 gk(A)+ <‘ugf(A))2

- o -2{uta)'+ (o)

- ug’f<A> ~ (2 <A>)2

Note that since ugf (4) € [0,1] we have v(&;, ;) < 1. Also, we note that the variance
depends on the uncertain parameter.

At the heart of the Monte Carlo method is the generation of the independent statist-
ical samples x( from distribution v. It can be shown that an arbitrary random sequence
(¢i)i:1,2,... can always be represented as a sequence of functions y; (ay,..., ;)i = 1,2...
where (@;);_; , is a sequence of independent uniformly distributed random variables on
unit interval U = [0, 1] [31]. In particular, assume that we are interested in generating a
sequence of independent and identically distributed random variables with cumulative dis-

tribution function F, and random variable « is uniformly distributed on U. Define
gla)=inf{z:F, (z) > a} (4.3)
Then we have,

Pr{g(a) <x} = Pr{inf{z:F, (z) > a} <x}
= Pr{F, (x) > a}

= ()

Therefore, the random variable ¢ = g(a) has cumulative distribution function F,. Us-

ing this method, a sequence of independent random variables ( ¢i>i:1727... with an arbitrary
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distribution F, can be generated from a sequence of uniformly distributed random vari-
ables (@;);_; . Other methods, that may be computationally superior, for generating the
sequences (¢;);_; , are discussed in [32].

A device that generates the sequence (ai)izl,Z,... of independent uniformly distributed
random variables is called a random generator. The most common procedure for generating
(@i);—; ... 1s to use efficient computer codes that generate pseudo-random sequences, i.e.
long sequences that have many of the properties of the independent uniformly distributed
random sequences, as measured by statistical tests.

One of the drawback of Monte Carlo method is that the mean square error between
the approximate and true value is proportional to % Therefore, in order to achieve a
mean square error of € we need of the order of 51_2 simulations, i.e. L =0 (81—2> In many
real applications, particularly for complex dynamical systems, each simulation run can be
computationally expensive as well as very time-consuming.

For problems where each simulation run is computationally very expensive more effi-
cient methods are needed. Various improved statistical sampling techniques such as im-
portance sampling and stratified sampling) exists that result in reduction in the variance in
the error estimate (4.2) but still have an error of the order \% [32]. An attempt for increas-
ing the computational efficiency that has shown great promise in several applications are
so-called quasi Monte Carlo methods which arise in information based complexity theory

[66].

4.1.2 Quasi Monte Carlo Methods for Calculating Invariant Measure

The quasi Monte Carlo (QMC) method is a deterministic version of Monte Carlo with
guaranteed approximation errors instead of probabilistic errors (4.2). In the quasi Monte
Carlo method, deterministic points chosen according to some optimal criterion are used
instead of random samples generated according to a given probability density function.

In particular, in quasi Monte Carlo methods, the sample sequence with some distribution
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Fy is generated by a low discrepancy sequence of random variables instead of uniformly
distributed random sequences in regular Monte Carlo methods [46].
Let d denote the dimension of random variable we want to generate, let x = (x1x3...x4) T'e

U? and let X[0.x) be the indicator function for the cube [0,x). For Gy, ....,6; € U 4 define

1 L
RL(X;€17“'?gL> = lelx[o,x)(gl)_m([oax))

1L
B Zl;x[ox) (67) —x1x2...xg

where m is the Lebesgue measure. The L; and Lo discrepancy of G, ...,G; are defined as
follows

1
2

HRL(';Q17"'agL)H2 = (de%(xégl»---aQL)dx>

U

IRL (56156l = sup [RL(x;561,...,67)
xeUd

It can be shown that

d—1
inf HRL<~;g1,...,gL>H2=o(M)

SEN) L

A low discrepancy sequence (G;);_, , _is an infinite sequence for which

logL)?
IRL (5561 62) |l < IRL (561561 )l = 0 (%)

The basic idea behind a low discrepancy sequence is that they cover the unit cube U? as
uniformly as possible. Examples of low discrepancy sequences are the Halton and Sobol
sequences [53].

Assume that we use a low discrepancy sequence (G;) /12, to generate the sequence of
initial states (xé)lzl,z,,,.’ e.g. xh = g(g,;) where g(-) is defined by (4.3). Then we simulate

system (3.3) L times giving z; (§;, 0x) = (X (x}, &;,0%)) where X (x), &;, 0;) is the steady
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state of (3.3) for each sample &;, 0 and initial condition xf). Using the fact that (g;) =12,
is a low discrepancy sequence it can then be shown that the mean square error for the quasi

Monte Carlo method is given by

2

e2MC (4.4)

1 L o,
ZI;ZI(‘SnOk) —Ngi (4)

< ClIRL (56161 |l

-, ((logmd)
- L

where the constant C depends only on the parameters of the system and is independent of

the number of samples L.

Compared to (4.2), the quasi Monte Carlo method outperforms the Monte Carlo method
in terms of convergence speed if the dimension d is small. For large d the upper bound
for the quasi Monte Carlo method exceeds the Monte Carlo error bound for large value
of L. Several simulation studies for large values of d indicate that quasi Monte Carlo
methods still outperform standard Monte Carlo methods [65], [53], [49], [51]. However,
these results are empirical and rigorous explanation for this good performance of quasi
Monte Carlo methods for large values of d do not exist. Although there exist other methods
(such as variance reduction schemes) for improving the computational efficiency of Monte
Carlo methods, these methods only result in marginal improvements or are only applicable
to a limited class of dynamical systems. Thus, there is a considerable need for efficient
alternatives. In the next section, we introduce a new approach to solve this problem using

some recently developed results from Random Dynamical Systems.
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4.2 Operator Approach

In this section we discuss an approach for calculating the invariant measure in (3.23) using
the theory of random dynamical systems in Section 2.3. In particular we note that under
the appropriate conditions the system has an ergodic invariant measure that is characterized
as a fixed point of the Perron Frobenius operator P for 7.

We note that the invariant measure may not be unique. However, it can be shown
that, under mild conditions on the dynamical system, by adding small (localized) noise,
the resulting system possesses an unique invariant measure [37] that converges to the true
ergodic measure as the noise intensity converges to zero. The computational approach

relies on the discretization of the P-F operator that we discuss next.

4.2.1 Discretization

In order to obtain a finite-dimensional (discrete) approximation of the P-F operator, we
consider a finite partition of the state space G, denoted as By By, ...Br, where B;NB; = ¢
and U;B; = G. Corresponding to each partition element we associate a positive number
u; € [0,1] with Z§:1‘uj =1,ie u=(Uy..1y)€ R’ is a probability vector. Define a
probability measure on G as

L m(dx

H(dX) = . Hix&-(x) m(B,)

1=

~—

(4.5)

where m is the Lebesgue measure and x5 is the indicator function for B;. Then, the action

of the Perron Frobenius operator P on (I on the element B; is

a8 = m(1'(8))
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where the L x L matrix with entries

Py (&) = | 4.6)

is a stochastic transition matrix. We will see below that the operator P (&) is a "good"
approximation of P and the invariant measure for P can be approximated by a measure (&
defined by (4.5) where the coefficients of [I are invariant for P (&), i.e. satisfy II; = (7);
where 7, = 7, P (). We note that the computation of the entries of P(€) is much more
efficient than the Monte Carlo method.

The basic justification for using a finite dimensional approximation for the calculation
of the invariant measure lies in the theory of finite dimensional approximations for compact
operators [19], [47]. For the Perron Frobenius operator Pz we will define an approximate
compact operator Py : Ly (G) — L, (G) and then use finite dimensional approximations
for compact operators to obtain the finite dimensional approximation for P. Here L, (G)

denotes the space of functions that are square integrable on G. Define a kernel

1 z—y
ks(yvz)_enm(B)XB< € )a X,ZGG

where B C G is the ball of radius one and center at zero. We note that &, (T £ (x) ,z) 1sa

transition density for the transition function

pe (x,4) = /Akg (Tg (x) ,z) m (dz)

It can be shown that pg (x,-) — 6Tg (x) (") as € — 0 in a weak sense, i.e. pe is the transition
function for a Markov process that is a small random perturbation of a discrete dynamical
system defined by T: [36]. We note that the evolution of the distribution for the Markov
process is given by the operator Pev (4) = [;pe (x,4) v (dx). If the initial measure v has

density g with respect to m then P; can be viewed as an operator mapping L, (G) — L, (G),
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i.e. the density evolves according to

Pegy) = [ ke (T () ) g () m ()

Next note that
m(G)
€"m(B)

//|ks (T: (x),2)| m (dx) m (dz) <

Therefore, the transition operator P is a compact operator on L, (G) [38].

Next we describe how to construct the finite dimensional approximation (4.6) for the
compact operator P that (for small €) gives a finite dimensional approximation for P as
well [19]. Let 7 be a L—dimensional approximation of L, (G) , e.g. Vo =span{@,,...,¢; }
for some "independent" functions @,...,¢; € L, (G). Let QO : L, (G) — V7 be a projec-
tion such that Q; converges pointwise to the identity in L, (G) as L — oo. Define an ap-
proximate operator P 1 = Qr P; where P is the compact operator defined previously. Then
| Pe,p — Pell, — 0 as L — oo. We use the finite dimensional operator P ; as an approxima-
tion of the Perron-Frobenius operator Ps.

Let V7 be defined by ¢; (v) = x 5. (v) where the sets B; form the partition of G discussed

earlier. Define the Galerkin projection Oy of g € L, (G) by

(01, 9;) = (g9, i=1,....L (4.7)

where (-, -) is the inner product on L, (G). Since @; (y) = x . (v) we have

/Qng/g, i=1,...,L
B; B;

Forg € Vi = span{Q,,..., ¢, } we write g(y) = 5%, 0. (y) g:. It is easy to see that for any

such g we have < g, j> =g;. Now for any g € L, (G) we have by definition P 18 = O Peg.
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Therefore, we get from (4.7) with P.g replacing g

<P8g7 > <QLP8g7 > <P€,Lga (pi>> I = 17"'7L (48)

Since P ;g € ¥ we know that there exist constants m;,i = 1,...,L such that P ;g =

sL | @;(v)m;. Furthermore, for j = 1,...,L we get from (4.8)

mj = <P£,Lg7 (Pj> = <ng, (Pj>

Now if in addition g € V7, then
L

L
Ps,Lg:PS,LZ(Pj zPsL(PJ
J=1 j=1

Notethatifg:(pjthenP&L(pj(y):Zle(pi(y)m wherem <P8L(pj, > <QLP8(PJ, >—
<qu0j, (pi> . Thus

l]g]

HMN

L
Perg z

We note that when restricted to the finite dimensional subspace ¥, the action of the the
operator F is fully represented by the L x L matrix MF¥ with coefficients m .. We finally
note that in the limit € — 0 we have m; — m(T~ 1(B;) N B;) which after renormalization
to a stochastic matrix agrees with (4.6). Furthermore, it follows from the results in [37],

[19] that when the invariant measure of (2.5) is an ergodic invariant measure in the sense

of Definition 16 then the approximate invariant measure 77 converges to [l as L — oo.

4.2.2 Subdivision

In this section, we will discuss the application of subdivision methods for the partition of
the state space in the computation of the approximate invariant measure. Recently subdivi-

sion methods have been successfully applied to the numerical analysis of complex dynam-
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ical behavior [21], [17], [16], [19], [25]. These methods can be used for two essentially
different purposes: the first is to understand the geometric structure of an underlying at-
tractor. Secondly the goal may be to approximate the observable dynamical behavior of the
underlying system in a specific region of state space by the computation of invariant meas-
ures. Here, we concern the application of subdivision algorithms for the second purpose.

The subdivision algorithm has been used to approximate the unstable manifolds of in-
variant sets in discrete dynamical systems. Existing methods for the computation of an
unstable manifolds are local in the sense that one starts the computation at a hyperbolic
periodic point and then computes part of the unstable manifold by some sort of continu-
ation procedure [52]. In contrast to these methods, the subdivision algorithm is a global
approach in the estimation of unstable manifolds.

In particular, we consider discrete dynamical systems of the form

Xj+1 :f(xj)7 Jj=012..

where f: R” — R”" is a diffeomorphism. The central object which is approximated by the

subdivision algorithm developed in [17] is the so-called relative global attractor,
Adp= N f/
0= 0/"(0)

where O C R" is a compact subset. Roughly speaking, the set 4y should be viewed as
the union of unstable manifolds of invariant sets inside . Moreover, the relative global
attractor is in general "invisible" in the sense that it cannot be computed by direct simulation
of the underlying dynamical system.

The subdivision algorithm for the approximation of 4y generates a sequence B, A1, %>, ...
of finite collections of boxes with the property that for all integers k the set Oy = BéJ%kB is

a covering of the relative global attractor under consideration. The sequence of coverings
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is constructed in such a way that the diameter of the boxes,

diam(%;) = max diam(B)
k

converges to zero for k — co. Moreover, it is shown in [17] that the finite collection of
closed subsets O converges to the relative global attractor Ap as k — .

Given an initial collection %, one can inductively obtain %) from %;_; fork=1,2,...
by any subdivision method. The simplest approach is to use bisection for all boxes and
such algorithm called a standard subdivision algorithm. In particular, we assume that the
dynamical system is defined on a compact subset of R”. We start by specifying one box in
R on which we want to analyze the dynamical behavior. For a given fixed integer L we
interactively obtain 2© boxes in R”, B, ..., Bz, of equal size by a bisection algorithm.

In the calculation of the approximate invariant measure, the principal factor affect-
ing the computational complexity is the discretization level on the state space. Using the
standard subdivision algorithm with the discretization level L, the size of the approximate
stochastic transition matrix P is then 2© x 2L, We note that if the requirement for computa-
tional accuracy is stringent then L will be large and the resulting P will be huge requiring
excessive storage and computational effort.

The standard subdivision algorithm described above leads to a partition with boxes of
equal size. We note that the subdivision is done without utilizing any information about
the system dynamics or the invariant measure. However, frequently there exist subsets in
the state space that have a very small invariant measure. Consequently, the subdivision of
these subsets is not necessary for the computational determination of the invariant meas-
ure and their subdivision will lead to unnecessary computational effort. By incorporating
information about the invariant measure it is possible to produce more efficient partition-
ing schemes that result in an adaptive subdivision into boxes of unequal sizes. Here, we

introduce an adaptive subdivision algorithm that is a variant of the algorithm developed in
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[18].

Roughly speaking, the idea of the adaptive subdivision algorithm is as follows. Suppose
that the dynamical system is defined on G and we start by one box covering the whole space.
In a first step we subdivide this box and throw away boxes which have empty intersection
with the support of the invariant measure. Then we subdivide the remaining boxes again
and proceed in the same manner. Since we use the information on the actual approximation
of the invariant measure to decide whether or not a box should be subdivided, the adaptive
subdivision algorithm is obviously more efficient in the calculation of the approximate
invariant measure.

In particular, let {0} be a sequence of positive real numbers such that 6; — 0 for
k — o0 and let %, be a finite collection of compact subsets of R” at step & (the partition at
step k). Let 7 be invariant measure of stochastic matrix Py obtained at step k. Given an
initial pair (%o, 7o), one inductively obtains (%By, ;) from (By_1,7y—1) fork=1,2,...in

three steps:

(1) Subdivision: Define

%/: 1 = {B € B_1: ﬂk_l(B) < 5k—1} and

+ _ —
B = B\ B_,
Construct a new collection @; such that

U B= U B
Be#}  Bedf

where

diam(Z]) < 6 diam(%," )

for some 0 < 6 < 1.
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(i) Calculation of the invariant measure: Set
s -

For the collection %y calculate the approximate invariant measure as the fixed point

7ty of the discretized P-F operator defied by (4.6).

(ii1) Selection: Set

By = {Be@k:ﬁk(B) >0}

and

Tk = 7tk| ,.

In the first step, we subdivide the boxes in the collections %?k*, which is consist of
successively finer boxes as k increasing. Meanwhile, we remove each subset with small
invariant measure based on the information in the second step. In the third step, a new
collection %, is constructed for the next subdivision. As we shall see, this algorithm is an

efficient way for calculating the invariant measure.

Example 3 Let us illustrate the algorithm for the simplest possible case, namely for the
mapping f: R — R,
f(x) = ox

with o € (0, %) . With this choice of a the invariant measure of the dynamical system is a
Dirac measure on origin, i.e. 8,_q\. We start with a single interval %y = {[—1,1]} and

construct ,%3; by bisection of the intervals in '@Ij—l' Hence,
K, =0

By = B ={[-1,0],[0,1]}.
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No interval is removed, since each of them has equal invariant measure % Subdividing

again, we get four intervals
e[ [ P )
Applying the selection rule, the two boundary intervals are removed from subdivision, i.e.
= {l=s) )
a-{[ 44 b}

Keep the interval in %, and subdivide the interval in 93; , we get
A 1 I 1 1 1 11 1
a={[-1-a) [-o-a) [59) oa) (72 2]}
1 1 1 1 11
m={[-p=a) [-59 oa] [}

Proceeding this way, we obtain after k subdivision steps

| I 1 1 11
%k: { |:_2k2’_2k1:| ) |:_2k1 7O:| ’ |:O’ 2k1:| ’ |:2k1’2k2:| } )

We see that the union Upc B is indeed approaching the global attractor x = 0 for k — oo,

Moreover, the number of intervals in the collection remains constant during the adaptive

subdivision algorithm whereas the standard subdivision algorithm has exponential growth

of intervals.

Compared with standard subdivision algorithm with an exponential growth of boxes, it

is easy to see that adaptive subdivision algorithm even in the worst case, that is the invariant
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measure is positive everywhere, has a polynomial growth of boxes:
\Bi| =14+ | By |+ B | +....+ |8, || atstepk
where |-| denote the number of boxes in the collection and
B <2 fori=0,1,...k—1

In the realization of the algorithm, we typically subdivide the boxes in the collection
%’,‘: by bisection. This guarantees that the number of boxes is not growing too fast. The
details concerning the implementation are discussed in [17], [19]. Moreover, there is some
freedom in choosing the sequence {8} of positive numbers used in the subdivision step.
Note however that this sequence determines the number of boxes which will be subdivided
and hence it has a significant influence on the storage requirement. In the computations it

turned out to be quite efficient to choose the average

where Nj, is the number of boxes in Z;.
Using the proposed P-F method in this section, the invariant measure ,ug’f is approxim-
ated by a measure 712" calculated by the corresponding transition matrix P (6y,&;) defined

1

in a similar way as (4.6):

I_Dij (Okaéi) =

(4.9)

Utilizing the approximate invariant measure ng" the approximate optimization problem for

(3.23) becomes
/\Cl 1 N L

Oy = argmin=S S go f (m)) - g (j) (4.10)
k=1, MV (= j= !
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where L is the number of boxes in the partition of the state space G and m; is the central
point of the j-th box.
We illustrate both the Monte Carlo and P-F based approach for calculating the invariant

measure and the uncertain system design in numerical examples in the next chapter.
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CHAPTER 5

Example

5.1 Computation of Invariant Measure

5.1.1 Pitchfork

Consider the system in Example 1, i.e.

3
Xip1 = Xi+Ex; —x;

where x; € G C R is the system state, & € H C R is a random parameter. As before for ini-
tial conditions the initial measure is chosen as V(E) = m(E N[—a,a])/2a and the uncertain
parameter is assumed to have the distribution p(E) = m(E N[—b,b])/2b. We want to com-
pute the invariant measure (¢ for any . Below we illustrate the numerical determination
of the invariant measure using both Monte Carlo Simulation and the suggested P-F method

for random dynamical system. We pick a = 1 and b = 0.5 in the example.

Monte Carlo Method

First we sample L = 100 points from the distribution of the parameter to obtain &;, i =
1,2...100. Second, for each &;, we perform K = 100 simulations with initial conditions
drawn from the initial condition distribution and obtain the distribution of the limiting
steady states as the approximation of the invariant measure U £ The results are displayed
in Figure 5.1. To display the invariant measure we use a square to denote the steady states
and color the squares with respect to their probability (i.e. frequency).

From the Monte Carlo simulation we see that for each fixed value of & the system has
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Monte Carlo Simulation
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Figure 5.1: Invariant Measure by Monte Carlo

either one or two equilibrium points at x = 0 and x = ++/&, respectively, and and the

corresponding invariant measure [l¢ is approximated as

1 1
25{)(:7\/5}—{—25{)6:\/5} forézO
6{x:0} for 5 <0

He =

Since the invariant measure (¢ is the combination of finite Dirac measure we note that the

system is a parametric Bp-regular system.

P-F Method

The adaptive subdivision algorithm and the approximate P-F method was used to calcu-
late the invariant measure [L¢. In order to the make the algorithm even more efficient we
considered the parameter to be a dynamic state (sitting at a fixed point) and calculated the
invariant measure for the skew product system. This allows us to adaptively select the size
of the partition in both the state and uncertainty dimension.

The results using a standard subdivision algorithm and 1024 boxes are displayed in

Figure 5.2.
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Invariant measure

parameter

Figure 5.2: Invariant measure by standard subdivision

The savings in computational effort when using the adaptive subdivision algorithm is
considerable. Indeed, after 10 subdivision steps (note 2'° = 1024 so this corresponds to the
previous non adaptive case) we obtain only 388 boxes so there is considerable reduction
in computational load but at the same time the result are much more precise as is seen in
Figure 5.3.

We note that the Monte Carlo method and P-F method give us the same results. Moreover,
since the P-F method requires one step simulation for the determination of the elements
of the discretized operator it was found to be much more efficient than the Monte Carlo
method. This is illustrated in the following catalytic reactor example with S-shape steady
state characteristic, which is referred to as a system with Arrhenius dynamics. The negative

slope part of the S-shape curve represents a set of unstable steady states.

5.1.2 Catalytic Reactor

In [14], [20], a set of nonlinear partial differential equations, which describe heat and mass
transfer in a spherically shaped catalytic pellet, was reduced to a dimensionless first-order

ordinary differential equation which we represent in the form
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adaptive subdivision

parameter

state

Figure 5.3: Invariant measure by adaptive subdivision

dx/dt = A —g(x,B)

where x is the dimensionless temperature in the reactor and ¢ is time expressed in units
of the rise time of the system. The rise time is defined as the time necessary to reach a
sufficiently small neighborhood of the equilibrium position. A4 is the dimensionless external
temperature, which is the random parameter in our example. B is a parameter defined by

the reacting substances viewed as a constant and g(x, B) is of the form

(@1 (x)/9y(x))

where @ (x), s = 1,2 are polynomials in x. In our simulation, we choose B = 5.5 and
g(x,B) = (x/(1 —x))e~>->. For initial uncertainty of the system, we assume x has an
uniform distribution in [0, 1] and 4 is also uniform in [0,0.16]. The discretization time step

1s 0.01.
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Monte Carlo Simulation
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Figure 5.4: Invariant measure by Monte Carlo

Monte Carlo Method

We sample 1000 points both in state space and parameter space. As we discuss before, the
mean square error is proportional to \/LN’ that is about 0.03 in this example. The results are

shown in Figure 5.4 and the simulation costs 50.94 sec.

P-F Method

The standard subdivision is shown in Figure 5.5 and the adaptive subdivision is shown
in Figure 5.6. For standard subdivision, we have 4096 boxes to cover the whole space
with 21.57 sec. simulation time while we only have 286 boxes with 8.49 sec. in adaptive
subdivision. Moreover, the adaptive subdivision method has much higher accuracy than
standard method in the computation of the invariant measure. The average size of boxes
that cover the invariant measure is 2.5 * 107 in the adaptive subdivision while the size of
boxes is 3.9 % 107 in the standard subdivision. The adaptive subdivision algorithm shows
great efficiency in this example.

The negative slope part of the S-shape curve represents a set of unstable steady state.
It has been shown that the system with smaller negative slope part gives an increase in

productivity of the plants. Studying the invariant measure for the system can help us in
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Figure 5.5: Invariant measure by standard subdivision

adaptive subdivision

state

parameter

Figure 5.6: Invariant measure by adaptive subdivision
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analysis of the domains of attraction and in the design of control methods to shape the

curve so to increase the reaction productivity.

5.2 Uncertain System Design

Consider an optimal design problem for a continuous stirred tank reactor (CSTR) system.
In [68], the kinetic equations of the reaction can be reduced to a dimensionless second-order

ordinary differential equation which we represent in the form as (3.2)

X1 =—x1tu-exp{xa} (5.1)

Xy = —(1+ B)x2+ Bu-exp{x2}

where x; € [0, 1], x; € [0, 10] are the system states denoting the reactant concentration and
temperature respectively, u is the control input for the reactant concentration. The constant
B € [5,9] is defined by the dimensionless adiabatic temperature rise and related to the
inverse of the reactant feed temperature which, in turn, is viewed as a random parameter.
Finally, B = 0.5 is a dimensionless heat transfer coefficient viewed as a constant parameter
in our example. It is well known that the norm of the steady state ||x;(B,u)||> has an
interpretation as the productivity of the reaction process in the system, and maximization
of this productivity in a stable steady state by an appropriate control method is an important

practical goal. Here, we consider the simple state feedback control strategy,

u:Da-(l—xl)

where D, is the Damkohler number is identified with the inverse of the input flow rate and

is considered here as a control parameter. Then, we modify the dynamical system (5.1) by
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Figure 5.7: Arrhenius Dynamics

adding the control parameter D, and an output equation related to the objective function,

X1 = —x1 +Du(1 —x1)exp{x2} (5.2)

X2 =—(14B)xa+BD4(1 —x1)exp{x2}

Y ) 2
Y =1/X]+x35

It can be shown that steady state x; = (x5 x25)7 of (5.2) satisfies

Dy = (x15/(1=x15))exp{—(B/(1+B))x1s} (5.3)

x2 = (B/(14B))xi,

Therefore,

¥ =||xs||> = x15(1+B>/(1+ B)*)'/?

which results, for all values of the control parameter D,, in the S-shape steady state charac-
teristic shown in Figure 5.7, referred to as a system with Arrhenius dynamics. The negative
slope part of the S-shape curve represents a set of unstable steady states.In reality, the upper

stable branch of the curve is not acceptable because of technological reasons. Hence, our
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performance function is chosen to maximize the norm of steady states bounded to some
acceptable range. Specifically, the resulting optimization problem is
. _ ) 1
B0 = B ()

where x (+) is the indicator function for some acceptable system operation range E de-
termined by reaction device parameters. Due to the random parameter B, the steady states
are random also. The problem can be considered as an uncertain system design problem of
the type discussed in the previous Sections. Below we will apply both the a-priori design
method and the a-posteriori design method. In our design, we assume initial states have uni-
form distribution in [0, 1] x [0, 10] and the control parameter D, is uniform on [0.06,0.12]
and choose E = [0,2]. The discretization step is 10~%.

1) a-priori design method.:

Choosing €; = €, = 0.1, 6 = 0.01, the design of the optimal controller according to

Algorithm 1 requires

M =51

samples of the controller parameter D,, and
N =496

samples of the uncertainty B. For every sample of D, and B, we solve the steady state

equation (5.3) and find the optimal controller parameter by (3.21),

D =0.0784
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Figure 5.8: Stationary distribution by apriori design method

The corresponding average optimal performance value is

~ 1N
on(Dy) = N;Js(ﬁi,DZ)

1 N n(y;) 1
= = =2.1872
Ni;]; xe (3i;) -n()

The stationary distribution of system output ||x;||» colored by a-priori equilibrium measure
is shown in Figure 5.8.

2) a-posteriori design method.:

Setting the same probability levels as in the a-priori design method results in the same
number for samples M = 51 and N = 496. For every sample of D,, using the P-F method

0

and adaptive subdivision algorithm, we obtain the approximate invariant measure 7 £ for

1

k=1,2,...M,i=1,2,...,N with the number of boxes L = 472. Finally, (4.10) gives us the
optimal controller parameter

D’ =0.0642
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Figure 5.9: Stationary distribution by aposteriori design method

and the corresponding average optimal performance value

onDL) = =3 Jal&: D7)

The stationary distribution of output with respect to asymptotic output measure is shown in
Figure 5.9.

Although the numerical calculations show that aj\,(Dz) < ?q;?\,(DZ), the a-priori equilib-
rium measure @¢ does not discriminate between stable and unstable points and as result
the optimal calculation includes values evaluated at some unstable steady states as shown in
Figure 5.8. Obviously, unstable points are not allowed as part of the optimal solution. Con-
sequently, since the support of asymptotic output measure @? is only on the stable branches
of the steady states characteristic and a-posteriori design method does not include any such
unstable points we conclude that it still yield a better result. Moreover, the a-posteriori
design method is more robust than a-priori design method since the norm of steady states

stays in the accessible range for a larger range of values of the uncertain parameter.
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CHAPTER 6

Conclusions

In this part of the dissertation we discussed two types of optimal design based on a prob-
abilistic approach for uncertain system design. We sought a controller that minimizes the
average performance function with respect to the uncertainty. The first approach, called
a-priori design, is based on a-priori equilibrium measure for the design of the system on
the basis of a-priori uncertainty information for the parameter uncertainty. However, this
method may fails for the dynamical systems that have initial condition dependent uncer-
tain behavior. The second design method, a-posteriori design, utilizes an asymptotic output
measure for the design of an optimal controller based on a-posteriori uncertainty gener-
ated by the dynamics of the system itself. It is shown that the a-posteriori design approach
can capture all uncertainty effects. In order to obtain the optimal controller numerically,
we applied randomized algorithms for average performance synthesis for the two design
methods by sampling both the uncertain parameters space and the design parameters space.
Furthermore, an approach using properties of the Perron-Frobenius operator is presented
to efficiently compute the invariant measure of dynamical systems with random uncertain
parameters. Finally, to illustrate the approach, we applied the a-priori and a-posteriori

design methods to a CSTR example system and compared the results.
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Part 11

Part II: Characteristics of Short-term

LOLP with Wind Generation
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CHAPTER 7

Introduction

Large-scale intermittent and variable wind generation in the future electric energy supply
portfolio challenges the assessment of generation adequacy, especially when the penet-
ration is high. Although the capacity provided by the wind power improves the system
adequacy level to a certain extent in a long-term measure, the variability of its output can
affect the system adequacy in a short-term, which imposes an immediate risk to system
reliability operation [29], [67].

Loss of Load Probability (LOLP) is an important measure of generation adequacy. By
definition, for a power system with both wind generation and conventional generation, for
any time ¢ € [0, 7] and a given peak load / during this period of 7, LOLP can be described
as follows

LOLP(t) =Pr{Cr(t)+Cw(t) <1}

where Cr(¢) is a variable representing the total available conventional generation at time ¢
and Cy (t) represents the wind generation at time ¢. Conventionally, controllable genera-
tion is usually modeled with a two-state process including an available state with planned
capacity and an outage state with zero or reduced amount of output, while wind generation
can be viewed as a stochastic process driven by the wind.

Incorporation of wind generation in LOLP calculation has been explored in several
studies. For example, [34] and [6] used the Monte Carlo method to simulate hourly
stochastic change of generation availability. An auto-regressive and moving average (ARMA)
time series model is used in [7] to simulate hourly wind speed and available wind power

in consideration of chronological characteristics. [26] and [8] presented some analytical
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methods for estimation of wind output with multi-state models of wind speed.

These existing techniques mainly focus on the long-term reliability evaluation ranging
from several months to several years using the stationary LOLP. In long-term LOLP calcu-
lation, wind generation has been viewed as a multi-state power plant and probabilities for
each output level are time-invariant, which cannot be directly used to describe the short-
term change of LOLP. Lack of an appropriate techniques to assess the dynamics of short-
term LOLP makes it difficult to quantify the impact of the wind on generation adequacy.

The concerns about the impact of variable wind generation on short-term generation
adequacy are expressed in several recent articles, where some new methods are also pro-
posed. For example, [45] developed an empirical sliding window to update LOLP on an
hourly basis. This approach was extended and applied to assess the fraction of system
reserve that can be allocated to wind farms [44]. In [27] and [28], the authors applied a
Markov chain model to represent variable wind generation in operational risk evaluation.
However, it is found that the short-term LOLP converges to its steady-state value, i.e. its
long-term level. This finding indicates that the information about variable and intermittent
wind generation can be lost if the updating interval of LOLP is too long [33].

In this dissertation, we will introduce a method for calculation of the short-term LOLP.
An instantaneous multi-state model is constructed to characterize the output of wind gen-
eration. The instantaneous state probabilities are estimated by Markov chains. Moreover,
a novel analytical description of convergence time is developed and empirical formulas for
calculation of convergence time are derived, which can be used to determine the appropriate
period for updating LOLP and understanding its dynamic behavior. Finally, an application
of the methods and measures are shown using the output profile of an actual wind farm.
The discussion of the impact of short-term LOLP on generation adequacy under different

wind penetration scenarios are also presented.
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CHAPTER 8

Computation of Short-term LOLP with Wind Generation

8.1 Instantaneous Multi-State Wind Generation Model

A multi-state model has been used to study the impact of wind generation on LOLP calcu-
lation [26]. More specifically, wind generation is assumed to have multiple output states,
while conventional generation has only two states: “on” for available state and “off” for
outage state.

Due to the variability of the wind input, a time-invariant multi-state model is not suitable
for short-term LOLP calculation. In order to describe the change of wind generation, an

instantaneous k-state wind generation model is proposed as follows

=O

with probability u,(0)

—

c with probabilit 1
C(6) = & p yu.t( ) @&.1)

k=1 with probability u,(k—1)

\

where c{;, Jj=0,....,k—1 are discretized states for wind generation levels while u,(j) are
the corresponding instantaneous state probabilities for the output state at time ¢, which are

defined by

() =Pr{Cw(t) € (el )}, j =0,k —1 (8.2)

with ¢k, = ¢M3 the maximum output of wind generation.
Usually, we rewrite u,(j), j =0,...,k— 1 in a probability row-vector form, i.e. u, =

[1,(0),...,u,(k—1)], to describe the distribution for different levels of wind generation at
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time ¢.

8.2 Formulation of Short-term LOLP

The LOLP model considering only conventional generation can be computed through prob-
ability convolution. In long-term LOLP computation, the force outage rate (FOR) is used
to describe the unavailability of conventional units. Since we are interested in the probab-
ility of generation outage during a short-term period 7', the force outage rate is replaced by
the outage replacement rate (ORR) used in PJM method [5]. Specifically, the ORR of a unit

during period T is given by
ORR7 = Pr{unit is out during 7'} = 1 —exp(—AT) (8.3)

where A is the failure rate. For a two-state conventional generation with capacity c, let
ORR7 be the generation outage replacement rate, then the probabilities of available state
and outage state are | — ORR7 and ORR7, respectively. Thus the cumulative probability
of having a generation capacity less than or equal to x during period T after adding this

conventional generation, Pr(x) can be calculated as follows
A A
PT(X) = ORRT-PT(X)—}-(I —ORRT) -PT(X—C) (8.4)

where Ié\T (x) is the cumulative probability of having a system capacity less than or equal to
x before adding this generation unit with capacity x. Using the above equation iteratively,
we can obtain a capacity outage table where the cumulative probability Pr(x) is deduced
directly for any given x.

Similar to the convolution of a two-state conventional generation, a time-variant cumu-

lative probability, F;(x), of having a system capacity less than or equal to x after adding a
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k-state wind generation can be found as follows

P(x) = Pr{Cr(t)+Cw(t) <x}

k—1 A .
= Y u()RKx—c)
j=0

where 1, (/) is the instantaneous state probability of wind generation for state j, while
A

P, (x) is the instantaneous cumulative probability of having conventional generation less
than or equal to x before adding any wind generation. Then, the instantaneous LOLP at

time ¢ € [0, 7] for peak load / can be written as

LOLP() = R()='3 w()F (1-c)) (5.5)
j:
k—1 A .
= 2 w, (j)Pr (Z_C{v) .
j=0

Equation (8.5) assumes that the system has two types of supplies, conventional genera-
tion (two-states) and wind generation (k-state). The cumulative probabilityl/;, (x) describes
the probability of generation capacities less than or equal to x with only conventional gen-
eration. Since the generation outage replacement rate ORR7 is time-invariant once a certain
period T is fixed, we can replace f; (+) with lé\T (+), which is known a-priori from the capa-
city outage table. Therefore, the key to the computation of instantaneous LOLP described
by Equation (8.5) is to calculate the instantaneous state probabilities of wind generation,

i.e., u,(j), for all state j at time .

8.3 Probability Estimation by Markov Chain

In steady state LOLP calculation, the probability of the wind generation output staying at
each output level can be computed using the power curve of wind turbines and the Weibull
distribution of hourly wind speeds as discussed in [26] and [8]. However, since we want

to compute the instantaneous transition probabilities between states, those computation

72



methods for long-term LOLP cannot be used for short-term LOLP estimation because the
state probabilities estimated by these methods are time-invariant, thus cannot characterize
the impact of variable wind on LOLP.

A number of articles have adopted Markov chains to describe the variation of wind
speed, where each state represents a discrete wind speed level. In some recent studies, such
as [58], a first-order Markov chain is used to generate synthetic series of wind speed and
the results show that short-term dynamics by the Markov chain are very close to the actual
wind speed. In [50], a method for direct generation of synthetic time series of wind power
output by Markov chain Monte Carlo is proposed. Another application of Markov chains in
evaluation of the reliability of distribution networks containing embedded wind generation
can be found in [59]. In addition, a study reported in [28] used a Markov process to model
wind generation to evaluate operational risk in a power system with high wind penetration.

Note that for a process to be represented by a Markov chain, it need to be stationary.
In other words, the transition rates between different states remain constant throughout the
period of interest. Since the wind speed usually has seasonal patterns, the mean and stand-
ard deviation of wind speed cannot remain constant all the time. Therefore, the wind speed
cannot be described as a stationary process. In some recent studies, such as [22], authors
have proposed an approach to overcome this problem of non-stationary by partitioning the
annual cycle into months and model monthly wind data.

Based on the idea proposed in previous studies, we use a Markov process to model wind
generation and estimate the instantaneous state probabilities in Equation (8.5). Assume
the wind generation, Cyy(¢), is a homogenous Markov process with states described by

Equation (8.2). Then, the instantaneous state probabilities, u,(;), can be evaluated by
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solving the differential equations [40]

d ; k—1 . . k-1 .
i=0 i=0
i# ] I # ]

where «;; is the transition rate from state i to state j. If we rewrite Equation (8.6) with

row-vector U,, we have
T

T
=4 87)
where matrix 4 is given by
- -
— 2 Qi 10 Ok—1,0
i=1
k—1
o1 - 2 oy - 1,1
i=0
A=
i#1
k-2
00 k—1 1 k-1 = Y Oy
- 1= -

It is shown in [40] that solving Equation (8.6) under initial condition u,(;),j=1,2,...,k—
1, the instantaneous state probability, i, ( /), can be calculated for any time instant ¢ € [0, T].

The solution of Equation (8.7) is given by [13]
ul =) g (8:8)

for any #y € [0, T|. However, the practical challenge is that, in order to have high compu-
tational accuracy, a large number of states £ may be needed, which makes computation
complexity high in Equation (8.7).

Here we use a discrete approximation so that Equation (8.7) can be solved easily
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without compromising much accuracy. Let Af be a very small time step compared to the
minimum residence time in all states of wind generation. Then the time period of interest,
[0, 7], can be divided to NV intervals of equal length Ar = 7'/ N. During each small time inter-
val of A, the state probabilities, u, (), are assumed constant. Let ﬁn( J) be the probability
that wind generation is in j state during the (n + 1)th time interval, and /,AL N = ur ().

A . A
Denote U ,as the row vector representation of state probabilities () for all states. Thus,

for a fixed Az, a discrete form of Equation (8.8) can be obtained for intervaln =1,...,N—1
AT AT AT
Hy :eAAt'nunfl =P-u, (8.9)

if initial condition ﬁo is known. Equation (8.9) represents a k-state first-order Markov chain
and 4% is called transition probability matrix denoted as P characterizing the probability
of going from one state to other states during Ar. Once the initial distribution ﬁo and the
transition probability matrix P are given, the state distribution of the Markov chain for any
step can be found.

For empirical study on the short-term LOLP, we propose the following formula for the
estimation of the state distribution and transition probability matrix [P based on real wind
data. The method is based on matrix multiplication approach discussed in [4].

Using Taylor series, we have

2 3
(AAr) N (AAr) n

_ AN
P = = [+ ANt + 5 3

Since At is small, first two terms in Taylor series are used as an approximation for Equation

(8.9), that 1s

A A A A
u, = H,_y- (1+ATAI) =U, P
A
= Uo-P (8.10)
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A A
where I is a k X k stochastic matrix as an approximation of P’ with entries p;; defined by

( k—1

1— > Ot,'j'Al fori=j
A J=0
JF#i

OC,'j-Al fOI’i;léj

Note that the transition rate between two states describes the frequency of occurrence of a
transition per unit time independent from the time step A¢. For a metered wind generation
data over time period 7y, the maximum likelihood estimator for the transition rate ;; from
state i to state j is given by

al'j:Tt

where 7;; is the number of transitions of samples from state 7 to state j observed in the time
period, 7;.

Since the time period of interest [0, 7] is divided into N intervals with equal length of
At there exists a unique n € {0, 1,...,N — 1} with which the corresponding row vector of
state probabilities, ﬁ »» that can characterize the instantaneous state distribution, u, for any

t € [0, T]. In other words, we have

A N
He=Hy ) =Ho P (8.12)

where | -] is the floor function mapping a real number to the next smallest integer.
The instantaneous LOLP described by Equation (8.5) can be written by using the ap-

proximate discrete time state probabilities ﬁnas,
k—1 A . A .
LOLP(t) =Y Hig| ()Pr(l—cl). (8.13)
j=0 LA

A
Note that ﬁt | is the estimated instantaneous state probability by Equation (8.12), and Pr (-)
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is the cumulative probability of the availability of conventional generation that can be com-
A

puted by (8.4). Hence, once the time step A is determined and the transition matrix P is

constructed by (8.11), the instantaneous LOLP during the time period [0, 7] for a given

initial wind generation condition can be obtained by Equation (8.13).

71



CHAPTER 9

Time Period for Updating Short-term LOLP

9.1 Estimation of Convergence Time

Figure 9.1 shows a short-term LOLP profile for a 6 hour time period with different initial
conditions. It is observed that different initial conditions can cause the different trajectories
of short-term LOLP, since the initial conditions of wind power affect the instantaneous
state probabilities according to Equation (8.12). Moreover, it is also observed that the
convergences of instantaneous LOLP under both high and low initial wind speeds: LOLP(¢)
will converge to a steady state if the time period 7 for estimation is long enough. For
example, as shown by the diamond marked line, if the estimation period is 7 = 200 min,
the LOLP(t) with a high initial wind speed will increase to its stationary level 0.054. On
the other hand, as shown by the square marked line, LOLP(¢) with a low initial wind speed
will decrease to its steady state level in about 7 = 180 min.

The reason for the convergence of short-term LOLP is due to the fact that the instantan-
eous state distribution converges. In particular, as # — oo, it can be shown that the instant-
aneous state distribution y, will converge to the stationary distribution 7 of the Markov

chain. The corresponding steady state LOLP is given by
k—1 A .
LOLP(w) =5 7(j)Pr(I—c}). 9.1)
j=0

Since the stationary distribution 7 characterizes the long-term behavior of a Markov chain,
Equation (3.20) also provides another way to look at long-term LOLP.

Once the LOLP converges, it will not change significantly as the time period further
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Figure 9.1: Short-term LOLP

increases. This implies that the short-term effect of wind generation will be lost if the
period of estimation is too long. For example, as shown in Figure 9.1, for a given initial
wind speed, instantaneous LOLP(t) with ¢ € [0, T] for a period of 7' = 200 min is almost
the same as the one estimated for 7 = 350 min. In order to have a better assessment, it
is necessary to update the LOLP with a new initial wind generation condition before it
converges to the steady-state.

We found that the appropriate updating frequency can be found by applying some
properties of Markov chain. It is known that instantaneous state probabilities of an er-
godic Markov chain converge to its steady state distribution as time increases, and the
corresponding convergence rate is determined by the absolute value of the second largest
eigenvalue of the transition matrix [55]. More specifically, if the absolute value of the
second largest eigenvalue is small, the short-term LOLP for different initial wind power
will quickly converge to the steady state LOLP. Therefore, choosing a suitable time period
[0, 7] is important to the calculation, since it will impact the accuracy of assessment of
generation adequacy.

In general, for short-term LOLP calculation, we have a maximum time period Ti,x, say

12 hours. Moreover, we define the convergence time of instantaneous LOLP as the shortest
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time period 7 when the difference between LOLP(T') and LOLP () stays within a certain

tolerance level, which is the solution to the following optimization problem

min T s.t. T < Tax, |[LOLP(T)— LOLP(»)| < § 9.2)

where Thax is the maximum time period for the short-term LOLP calculation and 6 is the
given tolerance level.
The optimal solution of (9.2), i.e. convergence time of instantaneous LOLP, is denoted

as T*. The tolerance level used in this study is given by
0=o0o-|LOLP(0) — LOLP()| (9.3)

where o € (0,1) is a coefficient.
According to equations (8.5) and (3.20), we define the discrete form of convergence

time N* with time step At

min N s.t. <9 (9.4)

'3 Bra (1-ch) - (tn) ~207)

Jj=0

where IQ’N.N (+) is the cumulative probability of conventional generation, ﬁ ~(J) is the ap-
proximated state probability of wind generation at level j in step N, and 7 is the stationary
distribution of the Markov chain. The discrete convergence time is the optimal solution
N* to the problem described by Equation (9.4). The corresponding convergence time is

T*=N*-At.
Definition 19 We refer the optimal solution N* as the time window or window.

In order to obtain a more accurate results in practical estimation, numerous states of
wind generation might be needed. Therefore, it could be very challenging and time-

consuming to solve for the window N* through iterative simulation. In order to address
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this issue, we will propose a simplified method for quick assessment of the convergence

time or window using the properties of ergodic Markov chains.

9.2 Empirical Formula

We found that the convergence properties of an ergodic Markov chain can be used to sim-
plify the numerical problem described by Equation (9.4). A Markov chain is ergodic if
the chain is aperiodic and irreducible. Let [P be the transition matrix of a k-state Markov
chain and Ag,A1,...,A;_; be the eigenvalues of P. Then, the stationary distribution 7 of
the chain satisfies the equation [55]

TP =rx

The chain is ergodic if and only if 7 is unique which is equivalent to the condition that
there is a unique eigenvalue equal to 1.

We notice that in this case the magnitude of all the remaining eigenvalues of P are
strictly less than one, i.e. if Ao = 1 then |A;| < 1 fori=1,..,k— 1. This property allows us
to use the unique stationary distribution 7 to define a metric, so that the distance between
probability distributions of the Markov chain at any time instant and the its stationary dis-

tribution can be characterized and then, used to simplify Equation (9.4).

Definition 20 For two probability vectors L, T on a finite state space X, the variation

distance between these two probability vectors is defined as follows,

1
1=l = (4) = 2 ()] = 5 5 1) =70

The proof of the following result can be found in [23].

Theorem 11 Let P be an ergodic transition matrix on a finite state space X and let T be

its stationary distribution. Then for any initial distribution [, the distribution of the chain
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at time n, denoted as U, satisfies the following inequality:

a2 < Lyom (1o () =7 ()

where A is the absolute value of the second largest eigenvalue of P.

For an ergodic Markov chain, the stationary distribution is unique. Therefore, the vari-
ation distance in Definition 20 can be used to measure the convergence time between the
distribution [,AL n and the stationary distributions 7, i.e., the two distributions used in com-
puting the LOLP convergence time.

In many practical problems such as those associated with variable wind generation, the
transition matrix PP has distinct eigenvalues and is therefore diagonalizable. For a diagonal-
izable transition matrix, we found that estimation of the variation distance by Theorem 11
can be further simplified to characterize the absolute difference between the current state
distribution of Markov chain u, and the stationary distribution 7 for any point in the state

spaces. This simplification is discussed in the following proposition.

Proposition 12 For an ergodic Markov chain defined on a finite state space X, assume the
initial state distribution [ is given and transition matrix P is diagonalizable with distinct
eigenvalues Ao, Ar_1, and define Lo = 1, A. = maxi<<i_1|A;|. Then, the absolute dif-
ference between the state distribution [, at time n and the stationary distribution T for

point j € X satisfies:

() —xG) < 3 lam()] AP

i=1

k—1
('3 lamtl) -2

where vy, ..,vi_1 is a basis of left eigenvectors of the transition matrix P corresponding to

IA
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Ao, Ak—1, and ag, ...,ai_y are the unique coefficients such that
Uy =aovo+ ... +ak—1Vi—1-

Proof. For any eigenvalue A; of the transition matrix P with the corresponding left eigen-
vector v;, we have

Vi]P) :/'L,-v,-

Furthermore, by iteration, for any n > 0, we also have
vilP"'=A"v;
Assume Ao = 1 and the initial distribution u is given by
Ko = aopvo+aivy +... +agp—1vg—1
then, for any n > 0, we have
M, = WoP" =agvo+avi(A1)" + ... +ar_1vi—1(Ar—1)".

Since |ll| ,...,M,k_1| <1,
= 11m/,tn = apvo-
—500

n

For a point x € X,

|, (x) = (@) = |avi@A]+.. F a1 ()AL

k—1 "
3 lamix)]- [

k—1 "
('3l ) -2

VAN

IN
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where A, = max; < j<x_| |7Lj| . n

Now, the time window N* for the empirical estimation of the convergence time of the
short-term LOLP will be derived using these analytical results. Note that the time period 7
affects the outage replacement rate ORR7 and cumulative probability }é\T in Equations (8.3)

and (8.5). It is obvious that the following condition holds

A A
Pr(x) < Pry, (%) 9.5)

for any given x.

Using Equation (9.5) and Theorem 11, we can have

k-1 -
Z I/ANN (l—C{V) . <ﬁN(]) — n(;))' (9.6)
=1
k-1 :
< ?’Tmax(l_cfv)‘HﬁN_nHW
=0
(bt - =)
1k=1A [T
—y Py (I-¢ &
< 2];() Tmax( CW) jZO TC(] ) '

The smallest N, i.e. window N*, is approximated by letting the upper bound of (9.6) equal

to the boundary & and the approximate window N* is given by

., 26
N* = |log, I 9.7)
k=1n N [ F=t (HoG)-7())
_ jZOPTmax (l —C{V) (jZO_ Q) _

where |- | is the floor function.
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By Proposition 12, if the transition matrix [P is diagonalizable, we have

o
k—1 . k—1
5 Pr (1) (5 lawi)])
i=1

Jj=0

N* = |log,. (9.8)

Since the transition matrix P is diagonalizable, the left eigenvectors v;, i = 0,..,k — 1 are

independent and the coefficients ag, ..., a;_; can be obtained by

ao 1o(0)
ai _ Vil I*LO(l)
Kau | Ho(k—1) |

where V = [vg,...,vk_1] € R¥*¥ is nonsingular.

The N* found in Equations (9.7) and (9.8) is a suboptimal solution of (9.4) and the
corresponding convergence time 7% = N* - At is slightly smaller than the actual optimal
solution of (9.2). By Equations (9.7) and (9.8), it is convenient to estimate the time window
for updating LOLP in empirical analysis.

In the next chapter, the analytical results obtained will be used to study the dynamic
behavior of the short-term LOLP and its convergence time based on an actual wind profiles

in different situations.
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CHAPTER 10

Application

This section presents three case studies on the characteristics of the short-term LOLP based
on wind data measured at 10 min time interval at a wind farm located in northwest Ok-
lahoma, with the concepts and the methodology developed in previous sections.

Case 1 only considers conventional generation in estimation of short-term LOLP. Case
2 studies the short-term LOLP with wind generation added. The wind generation profile in
winter and in summer are considered separately to overcome the problem of non-stationary
due to seasonal patterns, as suggested in [22]. Case 3 studies the impact of wind penetration

level on the convergence time.

10.1 Case 1: LOLP with Conventional Generation Only

Assume that the power system has 6 conventional generating units, each with capacity of
250 MW. The time horizon of interest, 7', is set to be 6 hours. The generation failure rate
is 2 = 0.0139h~!. Equation (8.3) gives an outage replacement rate ORR7 = 0.08. The
convolution algorithm can be used to generate the capacity outage table by adding one
generator at a time. The results are shown in Table 10.1.

If the peak load / is assumed to be 1000 MW, the LOLP with conventional generation

is 0.077, which remains constant over time period 7.
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Available Forced Out- | Cumulative
Gen. age Gen. Probability
1500 MW 0 MW 1.000000000
1250 MW 250 MW 0.39364500
1000 MW 500 MW 0.07728587
750 MW 750 MW 0.00851214

Table 10.1: LOLP with conventional generation

10.2 Case 2: Short-term LOLP with Wind Generation

In this case, 500 MW wind generation is added to the conventional generation portfolio
described in Case 1. The wind generation consists of 100 wind turbines, each with capacity
of 5 MW. The outage rate of wind turbine is ignored in this short-term performance study.

The time series of wind generation is based on a real wind profiles at a wind farm
located in northwest Oklahoma measured at 10 min time interval. A simple cubic function

below is assumed to describe the power curve, given by

0 W < Wei Wr > Weo
3
= | W= e )
F Py (Wr Wci) Wei < wp < we
P we < Wy < Weo

where F; is the power output of wind generation at time ¢, wy is wind speed at time ¢, wy
and P; are rated wind speed and power output, w,; and w,, are the cut-in and cut-out wind
speeds. In the study, we choose w.; = 3 m/s, wr = 14 m/s, weo = 25 m/s. The generated
wind power output time series is shown in Figure 10.1. Figure 10.1 (a) shows that the wind
generation output in winter (Dec, 2009), while Figure 10.1 (b) shows that in summer (Aug,

2009).
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Figure 10.1: Time series of wind generation

In order to calculate the short-term LOLP numerically, we discretized the time series
into 10 states with equal range between the adjacent states, i.e., ¢, = 0 MW, ¢}, = 50 MW,
..., ¢), = 450 MW. The time step chosen to be At = 1 min and we estimated the transition
rate between different wind levels from the time series to construct a 10 x 10 transition
matrix [P for the Markov chain.

In this study, we found that all eigenvalues of IP matrix are distinct, which means it is
diagonalizable. Therefore, the assumption for Proposition 12 is valid for the study.

The variation of short-term LOLP depends on the initial state probability of wind gen-
eration, as described in Equation (8.12). In this study, three different initial state distri-
butions are presented for low, medium and high initial wind generation levels, given by
ﬁé = [1,0,...,0], ﬁf = 1[0...,1,..0], ﬁff = [0,...0, 1). The result of the short-term LOLP
with wind generation in winter is shown in Figure 10.2.

As shown in Figure 10.2, the short-term LOLP converges to its stationary level regard-
less the initial levels, i.e., LOLP(o) = 0.0378. Note that for 6 hours time period, LOLP has
already been in its steady state for about 1 hours. This means that, if the time period for

LOLP updating is 6 hours, it will have lost all short-term information. Therefore, LOLP

has to be updated much more frequently than 6 hours.
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Figure 10.2: Short-term LOLP in winter

The variation ranges for three different initial distributions are: 8; = 0.0099, 6, =
0.0073, 03 = 0.0093, with the tolerance factor equal to 0.25 in Equation (9.3). To sim-
plify the problem, we assume Tiax = T = 6h. The corresponding window N}, Ny, N5 are
also shown in Figure 10.2. The approximated windows obtained by (9.8) are: Nik =52,
]V; =87, Ng‘ = 110 for low, medium and high initial wind conditions, respectively. The
corresponding approximated convergence times are: 7;* = 52 min, 7, = 87 min, 7 = 110
min.

The result of the short-term LOLP with wind generation in summer is shown in Figure
10.3.In this case, the states of Markov chain are the same as that for wind generation in
winter while the transition matrix P is constructed using time series in Figure 10.1 (b).
Compared to that in Figure 10.2, the short-term LOLP in summer converges to its steady
state level at a slower rate. The time windows for LOLP updates are shown in Figure 10.3.
Using the same tolerance level o, the approximated convergence times are: Tl* = 64 min,
Tz* = 92 min, 7"3* =131 min.

The time window or convergence time for updating LOLP in summer is larger than
that in winter due to the "smoother" time series of wind generation shown in Figure 10.1

(b) compared with Figure 10.1 (a). It means that for a fast-changing intermittent wind
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Figure 10.3: Short-term LOLP in summer

generation, LOLP needs to be updated much more frequently to better reflect the actual
system generation adequacy condition in short-term.

It is also shown that the steady state LOLP in Figure 10.2 is better than that in Figure
10.3 due to the fact that the wind generation in winter remains at a high level for longer
time than in summer. In other words, the wind generation in winter has more contribution
to generation adequacy than in summer for the time period of this case study.

Based on the observations in Case 2 study, it is also suggested that although the capacity
benefit of wind generation is better in winter in a long-term, the LOLP needs to be updated

more frequently to reflect the actual generation adequacy condition.

10.3 Case 3: Impact of Wind Penetration Level

Case 3 studies the impact of wind penetration level on the convergence time of short-term
LOLP by changing the number of wind turbines in wind farms. The wind penetration is
defined as the percentage of total wind generation over total system generation. The results
are shown in Figure 10.4.

Figure 10.4 indicates that the impact of wind penetration level on the short-term LOLP

is non-linear. By increasing the penetration, the time window decreases, which implies that
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Figure 10.4: Impact of wind penetration level

we should update the short-term LOLP more frequently. Note that when the penetration
level of wind generation is increased, the impact of variable wind generation on short-term
LOLP becomes larger, thus more frequent update of LOLP is desired.

The finding and suggestion presented in above three case studies show that the pro-
posed method and measures improve the understanding about the impact of variable wind
generation on short-term generation adequacy, and provide quantitative support for power

system reliability operation.
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CHAPTER 11

Conclusions

In this part of the dissertation, a method for understanding the short-term impact of wind
generation on LOLP is proposed. The short-term LOLP is calculated using an instant-
aneous multi-state wind generation model. A discrete method based on a corresponding
Markov chain is proposed for estimation of short-term LOLP. Furthermore, by using prop-
erties of an ergodic Markov chains, several methods for determining the appropriate time
interval for updating the short-term LOLP are provided. Finally, the methods are applied
to a study of the short-term LOLP under different initial wind generation levels, different
wind generation output profiles and different penetration rates.

The novel measures of LOLP convergence time presented in this paper can be used to
better understand the impact of wind generation on system reliability and are very useful for
short-term generation adequacy assessment. More specifically, the methods and measures
enable a quantitative estimation of convergence characteristics of short-term LOLP, which
provides scientific support for the system operator to understand the accountability of wind
generation.

Additional enhancements could be made in our future research. For example, the failure
rate of the wind turbines could be taken into consideration. Also, due to the daily and
seasonality patterns of wind energy, different transition matrices for different time periods

may be needed for more accurate results.
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