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Abstract

Nonlinear systems allow us to describe and analyze physical and virtual systems,
including dynamical systems, power grids, robots, and neural networks. The problems
involving nonlinearity pose challenges in providing safety guarantees and robustness
in the presence of uncertainty. This thesis provides methods to exploit knowledge on
upper and lower bounds on the nonlinearity and solves problems related to robustness
verification and optimization subject to uncertain parameters. The first half of the
thesis develops the convex restriction of a non-convex feasibility set defined by a set
of nonlinear equality and inequality constraints. Convex restrictions provide a closed-
form convex quadratic condition that is sufficient for solving a system of nonlinear
equations. By replacing the original constraints with the proposed conditions, a
non-convex optimization problem can be solved as a sequence of convex optimization
problems, with feasibility and robustness guarantees. We demonstrate its applications
in Model Predictive Control (MPC), robustness verification of neural networks, robust
Optimal Power Flow (OPF) problem, and motion planning in robotics. The second
part of the thesis focuses on nonlinear dynamical systems and develops reachability
analysis and constrained-input constrained-output analysis for verification problems.
We provide an optimization-based method for computing reachable sets around a
nominal trajectory. The proposed methods use contraction metrics to find templates
for reachable sets. Additionally, we developed constrained-input constrained-output
analysis to characterize the relationship between peak magnitudes of input and output
signals. Numerical experiments were conducted to demonstrate their applicability to
a broad class of nonlinear systems.

Thesis Supervisor: Jean-Jacques E. Slotine
Title: Professor of Mechanical Engineering, and Brain and Cognitive Sciences
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Chapter 1

Introduction

1.1 Overview

Nonlinear systems are ubiquitous in describing physical phenomena and modeling
mathematical problems, ranging from designing electric power grids to neural net-
works. Identifying and solving the set of equations is often at the core of mathemati-
cal analysis and engineering problems. For example, operating and designing electric
power grids rely on nonlinear models to predict its reliability and safety. The power
flow between nodes has a nonlinear relationship following Kirchoft’s voltage and cur-
rent laws. Delivering electricity from the point of generation to consumption involves
feasibility to the power flow equations subject to operational constraints. Another
example is designing and operating a robot with kinematic models described by a sys-
tem of nonlinear equations. The solvability of the kinematic equations describes the
feasible configurations of the robot. More recently, neural networks enabled break-
throughs in many domains such as image recognition, natural language processing,
and perception. The layers of nonlinear activation functions in neural networks pro-
vide the expressive power as a nonlinear function approximator. Understanding the
inherent robustness of prediction involves studying the equations involved in neural

networks.

The underlying system model described in the above applications is written as a

17



system of equations denoted by

f(z,u) =0.

The variables are partitioned into a parameter vector u € R™ and the solution vector
x € R™ The vector of functions f : (R",R™) — R" describes the relationship
between x and u. This parameter vector u can describe either deterministic quantities
that can be controlled or uncertain quantities that are unknown but have some known
properties.

Systems involving dynamics can be described as an ordinary differential equation

of the form

T = f(m,u),

where z is the state, and u is the control parameter. The equilibrium (or fixed
point) of the system corresponds to f(z,u) = 0, which is the nonlinear steady-state
equation. The discrete-time version of the dynamical system z,.1 = f(zy,u;) can

be also analyzed by considering nonlinear equations in a finite-time horizon (i.e.,

ry — f([L‘Q,UO) = 0, cee sy TN41 — f(xN,uN) == O)

1.2 Bounding Nonlinearities

A recurring theme throughout this thesis is the idea of bounding the nonlinearity by
upper and lower estimators and deriving a result that holds for any function within
the bounds. These nonlinear estimators are used to enforce the condition:

fl@)=0,2€D = fi2) < f(z) < f'(2).

The envelopes provide a necessary condition for satisfying the equality constraint. By
enforcing either convexity or concavity to the upper and lower estimators, we develop
methods that are computationally tractable. Figure 1-1 shows two examples of such

envelopes.

There are a number of methods that exploit known bounds on nonlinearity in

18



(@) Upper-convex lower-concave envelope (b) Upper—concave lower-convex envelope

f()t ?
f*(z) \
\ /, R \

v

(=)

Figure 1-1: Examples of (a) Upper-convex lower-concave envelopes and (b) upper-
concave lower convex envelopes denoted by red lines. The blue line is the considered
nonlinear function, and the yellow dash line denotes the domain of the state space
where the envelope is valid.

optimization and control applications.

The upper-concave lower convex envelope on the left of Figure 1-1 is widely used
in convex relaxation of nonlinear equality constraints. The inequality constraints
fix) < f(z) < f%(z) is convex when the function f* is convex and f“ is concave
with respect to . McCormick envelopes for bilinear functions and quadratic envelopes
for trigonometric functions are well-known examples in this category [68, 49]. The
condition on the left forms a superset of the feasibility set, and solving a minimization
problem replaced with convex relaxation finds a lower bound on the global optimal

solution.

In control theory, sector bounds use a related approach by exploiting a conic bound
on the nonlinearity [87, 54|. Absolute stability can be proven if the system is stable
with respect to any nonlinear function that belongs to the sector. A one-dimensional
sector bound is a special case of upper-convex lower-concave envelopes, but they are
not equivalent to general high-dimensional systems. While sector bounds often result
in linear matrix inequality constraints in the analysis, the proposed envelopes in this
thesis can often yield less conservative results by expressing the bounds by a set of
inequalities.

Lipschitz continuity of a function is widely used in proving the existence of a

solution for nonlinear equations as well as the convergence of algorithms. The L-
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smoothness of a function implies the existence of an upper-convex lower-concave en-
velope. We provide a lemma below to show how an upper-convex lower-concave

envelope can be systematically derived from the L-smoothness of a function.

Quadratic Concave Envelopes
Definition 1. A function, f : R™ — R is called L-smooth if it is continuously differ-
entiable and its gradient is Lipschitz continuous with Lipschitz constant L:

IVf(z) = Vi@l < Lllz—yll, Vz,yeR™ (1.1)
If f is twice continuously differentiable, this is equivalent to |[V2f(z)|.< L for all
r e R™

Lemma 1. If V f(z) is uniformly Lipschitz in  with Lipschitz constant L and 2(® €
R"™ be any fixed point, then

f(&) < F) + TFEOV (@~ 20) + Ll — 2O,

Fa) > f@) + VO (@~ 20) — e 2O

Proof. From calculus, f(z) = f(y) + fol Vf(za)'(x — y) where 2z, = y + alz — y).
Then,

[f(@) = fy) = V) (= —y)l = /0 (Vf(za) = V()" (& - y)da

1 1
L
< [ I94Ga) = V1@l llo = ylda < 1 [ alle =yl da = 5 el

By rearranging and letting y = (), we obtain (1.2). O

Equation 1.2 in Lemma 1 provide a upper-convex and lower-concave envelope
just based on gradient and Lipschitz constant for any L-smooth function. Given

more knowledge of the nonlinearity, a tighter bound can be derived to provide a less
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conservative result. Examples of more general envelopes are provided in appendix A.1

for bilinear, trigonometric, and logistic functions.

Co-optimization of Domain

Another technique that utilized in this thesis is co-optimization of the domain,
D(z',2") = {z |2’ <z < 2"},

where the domain D is parametrized by z and 2%, which are the upper and lower
bounds on the state variable. In some applications, the description of the domain is
generalized to a polytope P(z, 2%) = {x | ¢ < Az < z“} rather than a simple box.
The underlying idea is to restrict the domain of interest such that the result
is applicable to systems that only exhibit local properties. By parametrizing the
domain with the upper and lower bounds on state, we use optimization to search for
the domain that satisfies the condition of interest. This is particularly useful when
the system does not exhibit global property. Co-optimization of domain is used in
Chapters 2, 3, and 6, and the detailed formulation and discussions can be found in

the respective chapters.

Robustness to Uncertainty

This thesis deals with both robustness verification and robust optimization that in-
volves nonlinear equations. We will consider the uncertainties that are unknown but
bounded, and a system will be considered robust if there is no violation of safety

constraints under all realizations within the uncertainty set.

1.3 Thesis Overview and Contributions

In this section, we provide an overview of the thesis structure and summarize the
contributions of each chapter. We develop a variety of techniques that provide guar-

antees for optimization and robustness verification problems. Our approach consists
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of exploiting knowledge about nonlinearity and using the information in computation

and optimization to provide a provable guarantee.

Chapter 2 propose convex restriction of a feasibility set that is described by a
system of nonlinear equations. Convex restriction provides a sufficient condition on
the parameter space such that the solution to a system of nonlinear equations is
feasible to a set of constraints. There has been a constant interest in finding an
inner approximation of the feasibility set in the power systems community due to
its importance in the safety of critical infrastructures. In this chapter, we present
a convex condition that achieves (i) reduced conservativeness (ii) universality in its
applications, and (iii) significant improvement in terms of scalability compared to
the existing methods. We exploit sparse representation of nonlinear terms to control
the trade-off between scalability and conservativeness of the proposed condition. By
replacing the original constraint with the convex restriction, we propose sequential
convex restriction to leverage convex optimization for solving non-convex problems.
The result of the algorithm is guaranteed to produce a feasible path between the
initial point to the final point and is useful for transitioning system settings without

violating safety constraints. Related publications can be found in [64, 61].

Chapter 3 presents applications of convex restriction in optimization under uncer-
tainty. We show that robustness can be guaranteed by ensuring that the uncertainty
set resides inside of the convex restriction. The existing literature in robust op-
timization focused on inequality constraints and often neglected nonlinear equality
constraints. By assuming that there are some quantities that can be controlled to
satisfy equality constraints, equality constraints were solved with linear decision rules
or bilevel optimization problems. In this chapter, we provide a method that can cap-
ture nonlinear relationships between decision variables in an optimization problem.
While the solution of the proposed approach may not be globally optimal, the solution
can be found with tractable methods by solving a sequence of convex optimization
problems with the guarantee of robustness against the pre-specified uncertainty set

Related publications can be found in |64, 65].

Chapter 4 shows applications of convex restriction in control, energy systems,
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machine learning, and robotics. The first application considers robust model pre-
dictive control under uncertainty and safety constraints. Our framework considers a
nonlinear dynamical system subject to disturbances from an unknown but bounded
uncertainty set. By viewing the system as a fixed point of an operator acting over
trajectories, we propose a convex condition on control actions that guarantee safety
against the uncertainty set. Moreover, we consider the implicit time-discretization
of system dynamics to increase the prediction horizon and enhance computational
accuracy. The second application considers electric power grids with uncertain fluc-
tuations from load demands and renewables. It considers the robust AC OPF problem
that minimizes the generation cost while requiring a certain level of system security in
the presence of uncertainty. We develop a convex restriction of the AC OPF problem
that accounts for uncertainty in the power injections. The third application presents
a convex condition that provides guaranteed upper and lower bounds on the outputs
of a neural network. We propose a generalized fixed-point interpretation of deep neu-
ral networks and use it to derive a convex inner approximation of the feasible space
defined by a trained neural network. The coefficients involved in the convex condition
can be obtained by backpropagation, with the number of constraints and variables
linearly proportional to the number of nodes in the neural network. The proposed
condition is a set of linear constraints for a ReLLU-activated neural network and a set
of convex quadratic constraints for more general activation functions. The last appli-
cation considers feasible path planning in robot manipulation. We show several test

cases with potential failure modes. Related publications can be found in [66, 63, 65].

Chapter 5 presents a reachability analysis framework that utilizes contraction
analysis. Reachability analysis is a formal verification method for satisfying safety
constraints in discrete-time dynamical systems. In this chapter, we consider reachabil-
ity analysis based on convex relaxation using upper-concave lower-convex envelopes.
By exploiting the knowledge of nonlinearity involved in dynamics, the reachable set is
computed by solving convex optimization problems. These bounds provide a guaran-
teed bound on all possible reachable trajectories given the initial condition. Moreover,

the reachable sets are designed using contraction analysis in order to capture the dis-
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tortion between neighboring trajectories. The templates for the reachable set can be
computed by backpropagation of contraction condition in time. Related publications
can be found in [62].

Chapter 6 presents input-output stability analysis of dynamical system around its
equilibrium. This chapter develops a method to analyze the input to output rela-
tionship when the peak magnitude of the input is constrained by some quantity. We
propose a certificate on the disturbance bound such that the output is guaranteed to
be bounded by some pre-specified limit. The result guarantees that the system is ro-
bust against all possible realizations of magnitude-bounded disturbances. We present
a method based on convex optimization to identify the peak magnitude that is toler-
able by the system. We propose the concept of constrained-input constrained-output
for locally stable systems and extend the bounded-input bounded-output stability
result for globally stable systems. The related publication can be found in [60].

Chapter 7 summarizes the thesis contributions and discusses future directions.
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Chapter 2

Convex Restriction

2.1 Introduction

This chapter studies methods for guaranteeing solvability and feasibility in the pres-
ence of nonlinear equality constraints. Consider the following optimization problem

minimize fy(u)

subject to  f(x,u) =0, (2.1)

h(w,u) <0,

where f : (R",R™) — R"and h : (R",R™) — R? are vectors of continuous nonlinear
functions. The decision variables are divided into z € R", referred to as implicit
(decision) variables, and u € R™, referred to as explicit (decision) variables. Explicit
variables are a subset of decision variables that are independent of the uncertain
variables, and implicit variables are a subset of decision variables that adapt to the
uncertain variables according to the equality constraints. Note that the number
of equality constraints and the number of implicit variables are the same, so the
implicit variables can be solved by the system of equations if explicit variables are
appropriately chosen. The objective function is fp : R™ — R and is a convex function
of u without loss of generality. If the objective does not meet this condition, it can be

rewritten in this form by adding fo(z,u) < u,,11 as a constraint and setting wu,,,1 as
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the objective function. Consider the constraints involved in the optimization problem:

flz,u)=0 (2.2a)
h(z,u) <O0. (2.2b)

The feasible domain of explicit variables satisfying the nominal constraints is denoted
by
U={u| 3z, f(z,u) =0, h(z,u) <0}

This notion implies that the solution manifold satisfying f(x,u) = 0 is projected
onto the space of explicit variables. As an example, consider a quadratic equation,
f(x,u) = 2> + w1z + uy. The projection of the manifold leads to the well-known
solvability condition, U = {u | u? — 4uy > 0}. The illustration of both manifold and
its projection is shown in Figure 2-1. Notice that (a) finding a general solvability
condition for a large system of nonlinear equations is generally difficult if possible,

and (b) the solvability condition forms a non-convex set.

Figure 2-1: Projection of the manifold created by 2% + u;x + uy = 0 onto the explicit
variable space.

We considers the convez restriction of U, which we denote by U**® C U. The con-
vex restriction provides a convex sufficient condition for the feasibility of the explicit
variable u and can be written with a closed-form expression based on the envelope
over the nonlinear functions. We start with preliminaries and will show an extended

analysis of the convex restriction and demonstrate its application.
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2.2  Preliminaries

2.2.1 Fixed Point Theorems

Fixed point theorems have been widely used in game theory, economics, and dynam-
ical systems [19, 18, 43|. In this chapter, Brouwer’s fixed point theorem will be used
in the proof to certify the existence of the implicit variable that satisfies the given

constraints.

Theorem 1. (Brouwer’s Fixed Point Theorem [19]) Let P C R™ be a nonempty
compact convex set and G : P — P be a continuous mapping. Then there exists

some x € P such that G(z) = =.

The convex restriction will be derived by designing the fixed-point equation from
Newton’s iteration and the self-mapping set P to be a polytope that is parametrized
by its affine term. Using the sparse representation of the constraints, we will show
that the number of constraints in convex restriction is linearly proportional to the
number of constraints of the original problem.

Another well-known is the Banach Fixed Point Theorem, which relies on finding

the contraction metric.

Theorem 2. (Banach Fixed Point Theorem [5]) Let (P, d) be a non-empty complete
metric space with a contraction mapping G : P — P. That is there exists ¢ € [0,1)
such that d(G(z),G(y)) < gd(x,y) for all z, y in P. Then G admits a unique fixed-
point z*. Furthermore, x* can be found as follows: start with an arbitrary element

xo in P and define a sequence {z,} by =, = G(z,,_1), then z,, — x*.

Moreover, consider the Implicit Function Theorem around some nominal point

that satisfies f(z(®,u®) = 0.

Theorem 3. (Implicit Function Theorem [36]) Suppose f is continuously differentiable.
If Jpo = Vof |(z(0)’u(0)) is invertable, then there exists an open set U™ C R™

(0

containing u(®) such that there exists a unique continuously differentiable function

such that © = ¢(u) and f(z,u) =0 for all u € YUV,
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The implicit function theorem states that the state x can be expressed as some
function of u under the non-singular Jacobian condition, and its implications have
been studied extensively [38]|. The theorem states that there exists some open neigh-
borhood around the nominal point where the implicit function exists, but it does not
define the exact neighborhood. Unlike implicit function theorem, we are concerned
with characterizing the domain where the solution is guaranteed to exist, and this is

a much less restricted condition.

2.2.2 Decomposed Representation

The constraints in Equations (2.2a) and (2.2b) can be represented as linear combina-

tions of continuous basis functions,

S, u) = Mip(z,u)
h(z,u) = L (z,u) (2.3)
z=Cux,

where ¢ : (R?, R™) — RP is a vector of nonlinear basis functions, and M € R"*?| L €
R#*P and C' € R?" are constant matrices. The variable z € R is a linearly trans-

formed implicit variable and is assumed to satisfy the following condition.

Condition 1. rank(C) = n. Equivalently, P = {z | 2 = Cz, 2* < z < 2%} is closed

for some 2%, 2* € R4,

The representation in Equation (2.3) satisfying Condition 1 always exists where a
trivial example is setting M and C to be the identity matrix, and ¥(z,u) = f(z,u)
with z = . The set of basis functions is not unique, and there is a natural trade-off
between the complexity and conservatism based on the choice of the basis functions
(see Example 3). In addition, the transformed implicit variable z needs to be chosen
such that 1); is a function of only a finite subset of {2y, ..., z,}. To make this statement
more precise, let 7, denote the set of indices of z that the basis function v, depends

on. That is, given e; € R? is a unit vector with jth element equal to 1 and zero
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otherwise,

Iy ={j| 3z, u, e #0), Yp(z,u)# Yr(z+eej,u)}.

The degree of sparsity of the representation is defined as the worst-case cardinality

of 7y, and is denoted by |Z| where

|Z| = max |Zg|.
ke{l,....,p}
It will be shown later that the number of constraints involved in the convex restriction
grows exponentially with respect to |Z|, but there often exists a natural choice of z
such that |Z| does not grow with respect to the size of the problem. The following

example in a network flow problem shows how these variables can be chosen.

Ezample 1. (Nonlinear Network Flow Problem) Consider a directed graph G =
(N, A) with 6; and b; representing the internal state and external supply at each
node 7 € N, and E denoting the incidence matrix of the graph. Suppose the flow
model between node ¢ and j is given by a nonlinear function ¢ : R — R. The

conservation of the flows at every node imposes the constraint,

bi+ Y ol —6:)= > o(6:i—0;), VieN,
Jel(i) 7€0()
where (i) is the set of start nodes of the edges that are incoming to, and O(i) is
the set of end nodes of the edges that are outgoing from, node i. Suppose that
the supply b; at node i = {2,...,|JN|} are controlled while b; balances the overall
supply and demand. Then the explicit variables are u = [b2 bINJT) and the

implicit variables are x = [QT bl} T. Let the transformed variable be z = [ ETH bl]
by choosing C' = blkdiag(ET,1). The equality constraint can be represented by
M = [_E [] with the basis function 1 (z,u) = [J(zl) o 0(214) a1 uT]T'
Since 1; has only one variable as the argument for all i, the degree of sparsity is

|Z| = 1 independent of the size of the network.

An important feature to notice is that the nonlinearity of v can be arbitrarily
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bounded by constraining only |Z;| variables.

Lemma 2. For all u € U and € > 0, there exists some ¢ such that if P, = {z | z =

Cx, 2f <z < 2% Vi€ L.} with 2% — zf < § for all i € Zy, then

iré%):gbk(C’x,u) — gelg,t U (Cr,u) < e.

Proof. Suppose P = {z | z = Cz, z* < z < 2%} with 2% — 2¢ < §. Since the basis
functions are continuous, for all © € U and € > 0, there exists § such that if 2*—2¢ < §
then

rileagcl/)k(C’x, u) — min Ui(Cz,u) < e.

Since the ¥ (x,u) is independent of z; with j € {1,...,q} \ Zy,

max Yp(Cx,u) — min Ur(Cxyu) = Iileag(wk(Cx,u) - Iaglgwk(C:c, u) < €.

]

The effect of nonlinearity can be controlled by bounding a finite number of vari-
ables as we saw in Example 1. This property of the sparse representation will dras-

tically reduce the complexity involved in convex restriction.

2.3 Convex Restriction

The convex restriction provides an analytical expression for a convex sufficient con-
dition for feasibility in Equation (2.2) around some nominal point, (z(®, u(?)). While
convex relaxation has a globally optimal outer approximation (i.e., the convex hull
of the feasible set,) the convex restriction can have many local regions where it can-
not form a larger region due to the restriction as a convex set. We use the nominal
point as the reference point around which the convex restriction is constructed. The

nominal point is assumed to satisfy the following conditions.
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Condition 2. The nominal point, (z(?), u(?), satisfies
(1) f(z9, u®) =0 and h(z®, u) <0, and
(ii) If f(x,u) is differentiable with respect to z, V. f(x,u) | 40 4) is invertable.

Condition 2 is not strictly necessary in constructing convex restriction, but it will
be used later in the analysis of the algorithm proposed based on the convex restriction.
From the Implicit Function Theorem, it is known that there is a neighborhood of
solutions where x can be expressed as a function of u if Condition 2 is satisfied. The
convex restriction will provide the bounds on the implicit variable and an explicit
description of a convex neighborhood where the existence of the implicit variable is

guaranteed.

2.3.1 Fixed Point Representation

Here we present the fixed point representation of the equality constraint f(z,u) = 0.

The equality constraint can be rewritten in the following fixed point form,
v =—(MAC) *Mg(z,u), (2.4)

where

g(z7u) = ¢(Zvu) — Az,

with some matrix A € RP*?. The conservatism of the convex restriction depends
on the choice of A. Finding the optimal A that maximizes the region for convex
restriction is difficult, but the Jacobian evaluated at the base point gives a good

approximate solution.

e If f is differentiable at the nominal point and V. f (o, ug) is non-singular, choose
A as the Jacobian of the basis function with respect to z evaluated at the base
point,

A= Vzw(z, u(o)) ’z:z(o) .
Note that in this case MAC = V, f(z,u) |,_,©.
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e If f is non-differentiable at the nominal point, choose each element of A as

Al] = azj¢i(z7 u(O)) |z:z(0)7

where 0,,v;(z,u) is the subgradient of 1; if ¢; is locally convex with respect
to z; at the nominal point. If 15 is locally concave, then 0. (2, u) is the

supergradient.

For differentiable functions, the fixed point form in Equation (2.4) is equivalent to a
single step of Newton’s method, z = —Jf_1 (f(z,u) — Jsx), where Jp = V, f(z,u).
Given the explicit variable u, Equation (2.4) defines a continuous nonlinear oper-
ator G : R™ — R™ that maps the implicit variable = to —(MAC) 'Mg(Cxz,u). By
iterating this operator, a sequence of approximate solutions can be generated with the
initial condition x = (¥ for an arbitrary value of u. We will verify the existence of
the implicit variable by studying this sequence of approximate solutions and inferring

the existence of a fixed point of the sequence.

2.3.2 Self-mapping Polytope

Consider the following set of polytopes as a candidate for the self-mapping set in

Brouwer’s fixed point theorem,
Pb) ={z| Az < b}

where

A= , b= . (2.5)
An alternative representation of this polytope is

Pb)={x|z=Czx, 2'<2z<2"}.
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Since P(b) is a polytope satisfying Condition 1, the set is compact and convex. The
set of polytopes parameterized by b € R?? will be used to guarantee the existence of

an implicit solution using Brouwer’s fixed point theorem.

Lemma 3. For a given explicit variable u, there exists an implicit variable z that

satifies f(z,u) = 0 if and only if there exists b € R* such that

max K;g(Cz,u) <b;, i=1,...,2q, (2.6)
z€P(b)

where K; € R is the ith row of matrix K and

K =—A(MAC)™*M.

Proof. The condition in Equation (2.6) implies that —(MAC)'Mg(Cx,u) € P(b)
for all € P(b). Then the set P(b) is self-mapping with the nonlinear map G(z) =
—(MAC) *Mg(Cx,u), so there exists an implicit variable z € P(b) from Brouwer’s
fixed point theorem. To prove that this is a necessary condition, suppose there exists
(2@, u(®) satisfying Equation (2.2a). Choose b = [(CxO)T (=Cz)T]T then for
i = 1,...,2q, max,epp) Kig(z,u) = A;z® = b;, which satisfies the condition in

Equation (2.6). O

2.3.3 Concave Envelopes

Suppose that the function g; is known to be bounded by some analytical functions

g¥ and gf such that

gi(zv u) < gk(27 u) < 91?(27 U),
where the envelopes satisfy the following conditions.

Condition 3. g and g are over- and under-estimators of g such that

(i) g% is convex and g, is concave function of z and u,

33



(ii) g* and g} are tight at the nominal point,

gﬁ(z(o), u(O)) — gk<z(0), u®) = gg(z(o), u®),

(iii) if ¢ is differentiable at the nominal point, the derivatives of estimators are tight,

Vzglf:(z7 u(O)) ’Z:Z(D) - sz;:(’Z’ U(O)) ‘Z:Z(O) )
Vg (22 0], y0 = Vagii (21, )]

u:u(o) :

Similarly ¢ and ¢ are the over- and under-estimators of ¢, that satisfy Condition
3. We define the envelope such that the nonlinear function is bounded by a convex
over-estimator and a concave under-estimator, which was discussed in Chapter 1. For

any continuous function, there exists a concave envelope satisfying Condition 3.

g(z, U) A

VN

Figure 2-2: Illustration of a upper-convex lower-concave envelope.

An example of such an envelope is shown in Figure 2-2, which turns out to be
necessary for enforcing convexity to a restricted set. These envelopes have flipped
convexity and concavity compared to the envelopes used in convex relaxation [49, 70].
Given the model of the system, these envelopes are assumed to have a closed-form

expression, and examples are provided in Appendix A.1.
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2.3.4 Bounds over Intervals

Given the upper-convex lower-concave envelopes, the bound of g, over the polytope

P(b) can be defined as

gé,k(ua b) < gk(z7 U) < g’%,k(“? b)7
which is valid for all z € {Cz | x € P(b)}. These bounds are defined as
gp x(u,b) = max gi(Cz,u)

z€P(b)

‘ L0
,b) = min g, (Cz,u).
gP,k(“ ) xg%)(b) i ( )

Since g}'(z,u) is a convex function, its maximum occurs at at least one of the vertices
of the polytope P(b). Similarly, the minimum of concave g (z,u) occurs at the vertex.
The self-mapping condition in Brouwer’s fixed point theorem can be viewed as solving
a containment of the polytope P(b) into the inequality constrained sets Equations
(2.6) and (2.2b). Solving the containment problem is generally hard, but it becomes

tractable if the polytope is in the vertex representation contained in a convex set [53].

2.3.5 Vertex Tracking

By relaxing the equations with concave envelopes, the interval bound of gx(z,u) can
be expressed by tracking all the vertices of the polytope
% p(u,b) = max ¢ (Cz,u
gP,k( ,0) eBP) 9% (C, u)

14 : 14
’ b - C ) )
9px(u,b) xergg(lb) gi(Cz, )

where OP(b) are the vertices of the polytope P(b). Although the number of vertices
of the face-polytope P(b) grows exponentially with respect to the number of faces,

the following lemma shows that only the vertices involved in Z(k) need to be tracked.
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Lemma 4. The interval bounds can be expressed with the inequalities

gp(u.b) > gi(z,u), Vz € {z ]z € {2 2}, Vi € Ti} 27

177

gf;,k(u,b) < gi(zu), Vze{z|z e {224, VieL),

where these inequalities can be expressed by 2Z+*! inequalities by listing all possible

vertices.

Lemma 2 from the previous section showed that the nonlinearity can be bounded
by controlling |Z| variables. Similarly, g3, and g%’k can be expressed by inequalities
involving |Z| variables. If the nonlinearity is decomposed in a way such that |Z| does
not grow with the problem size, the number of constraints involved is also independent

of the problem size.

2.3.6 Vertex Pruning

It is not necessary to track all the vertices in Equation (2.7) because the maximum
or minimum never occurs at some of those vertices. As an example, consider the
bilinear function in Appendix A.1.1. The maximum always occurs at vertices (z*, y")
or (z,y%), and it is unnecessary to trace (z%,y’) and (2%, 3*). Many of the vertices

can be pruned from the candidates by exploiting this property.

2.3.7 Convex Restriction and its Properties

Given these considerations, the convex restriction of the feasibility set can be ex-

pressed as an explicit condition. This condition was first provided in [61].

Theorem 4. (Convex Restriction of Feasibility Set) For a given explicit variable u,
there exists an implicit variable x that satisfies f(z,u) = 0 and h(z,u) < 0 if there

exists b € R?? such that

Kt g (u,b) + K~ go(u,b) < b (2.8a)

Ly (u, b) + L4 (u, b) <0, (2.8b)
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where K% = max{K;;,0} and K = min{Kj;;,0} for each element of K.
Proof. From Condition (2.8a), for i =1,...,2q,

max K;g(Cz,u) < max (K;'¢“(Cz,u) + K; ¢'(Cz,u))

= K gp(u,b) + K gp(u,b) < by.

From Lemma 3, there exists a solution for the implicit variable, = € P(b). Similarly,

from the condition in Equation (2.8b),

max Litp(z,u) < L gp(u,b) + Lip(u,b) <0, i=1,...s,
xe

so for all z € P(b), LY(Cz,u) < 0. Therefore, there exists an implicit variable
satisfying f(z,u) =0 and h(z,u) < 0. O

This is a sufficient condition for the existence of a feasible implicit variable for
a given explicit variable. Note that the condition in Equation (2.8) is a convex
constraint with respect to both u and 0. This region in the explicit variable space

will be denoted by Ll(cov)xrs C U where

UG ={u | 3b, KT gp(u,b) + K gp(u,b) < b,
L p(u,b) + L™4p(u, b) < 0}.
The subscript (0) denotes that (z(?), u(?)) is used as the nominal point for constructing

the convex restriction.

Ezxample 2. (Quadratic Equations) Consider a quadratic equation with z € R parametrized

by u € R? from the introduction,

fz,u) = 22 + uyx + us,
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where there exist real solutions for z if and only if u3 — 4u, > 0. In addition we
consider the inequality constraint, —2 < x < 2. Define z = x and the basis function
Y¥(z,u) = f(z,u). The residual function is then g(z,u) = (2, z — 22 +u, —u§0)> +us.
The bilinear envelope in Appendix A.1.1 can be applied to z and z — 22(9 4y, — u§°)
with p; = po = 1. Let the derivative of the equation with respect to x evaluated at
the nominal point be denoted by J, = 2z(© + u§°). The convex restriction condition

in Equation (2.8) gives the following closed-form expression,
Uy™ ={u | 3 (=", 24, 2 <2, 2> -2
1Y (x(o)(u1 — ) = (22— 0.25(uy — ul®)? + u2> <
sl <$(o) (w1 — @) — (2©)2 4+ 0.25(22% — 22© 4y — u(V)? & u2> < st

|75 (x(o) (uy — ugo)) — (;15(0))2 +0.25(22° — 220 4+ uy — u§°))2 + u2) < —zg}.

Figure 2-3 shows this region in explicit variable space where both equality and in-

equality constraints were considered with the nominal point at (z(?, u(®) = (0, [4, 0]).

(@ (b)
30 15 N
. \/ / . \ /
10 B N\ /2
S
o ° A ~——— /// L]

N

Figure 2-3: The convex restriction of a quadratic equation with (a) the solvability
of the equality constraints and (b) the feasibility with the additional inequality con-
straint, € [—2,2]. The blue region shows the true feasible region, and the green
region shows the convex restriction. The red dot marks the nominal point.

While the example considers a simple equation, the convex restriction creates a
scalable condition for any sparse system of equations where |Z| is finite, independent

of the problem size.

Remark 1. (Scalability of Convex Restriction) The number of constraints involved in

convex restriction is bounded by ¢ - 2172 4 2n + s.
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There are 2n+ s inequality constraints involved in Equation (2.8), and Y 7_, 2®)!

inequality constraints involved in g%, ¢°, ¥* and ¢* as shown in Equation (2.7). As
we saw in Example 1, there exists a representation such that |Z| is independent of the
size of the original problem in many applications. Then the number of constraints

involved in the convex restriction grows linearly with respect to n and s.

Remark 2. (Retrieval of Implicit Variable) Consider a sequence {xj} generated by
Tp = —(MAC) *Mg(zp_1,u) with u € U™ and the initial condition, xq = 2. If

the solution converges to a fixed point, x*, then f(z*,u) =0 and h(z*,u) = 0.

Similar to any numerical approach for solving nonlinear equations, the above
sequence is not guaranteed to converge. However, the convex restriction condition
guarantees that the sequence will not diverge outside of the closed polytope P(b).
Instead of Newton’s method, the above iteration can be an alternative method to
retrieve the implicit variables more efficiently without requiring the inversion of any

matrix.

Lemma 5. (Non-emptiness of Convex Restriction) The convex restriction is non-

empty and contains the nominal point. Moreover, if there exists b € R?? such that

K*g%(u,b) + K= g5(u,b) < b
P (u, b) p(u,b) (2.9
LT (u, b) + L™ (u, b) < 0,

the convex restriction contains an open non-empty neighborhood around the nominal

point. That is Vo € R™, 3¢ > 0 such that v 4+ cv € L{(CO‘;X‘"S.
Proof. Let b©® = Az then P(b) = {(¥} since P(b) is closed. Then,

K*g%(u(o), b(O)) + K‘gf;(u(o), b(O)) - Kg(x(o), u(O)) — p©
Lﬂb}é(u(o), b(O)) + LW/J?;(U(O), b(O)) — L¢(x(0),u(0)) =0,
from Condition 3, so (u(®, ) is always feasible to the constraints in Equation (2.8),

and thus the convex restriction is always non-empty. Since g% and g4 are convex and

concave respectively, they are continuous functions with respect to b and u. Then for
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all v € R™, there exists € > 0 such that

K*gh(u+ev,b) + K gh(u+ev,b) <b

L% (u 4 ev,b) + L™%(u + v, b) < 0.

Therefore, u + cv € U™ from Theorem 4, and the convex restriction contains an

open non-empty neighborhood around its nominal point. O

Moreover, the condition in Theorem 4 is an equivalent condition to the original

feasibility constraints if the original constraints are convex constraints.

Corollary 1. (Equivalence for Convex Constraints) Suppose that the constraints are
convex constraints: f(x,u) is linear and h(z,u) is convex with respect to z and w.

Then u € U if and only if there exists b € R* that satisfies Equation (2.8).

Proof. Consider the decomposed representation of the constraints using the basis
function ¥(z,u) = | f(z,u)" h(z,u)” ' with z =z, and h"(z,u) = h(x,u) since h is
already a convex function. Following the convex restriction procedure, the resulting
Condition (2.8) can be written as

2t < —J; f(0,u) < 2% and  hy(z,u) <0, Vze{z|z € {26,240 € I}, (2.10)

17

for k = 1,...;s. From Theorem 4, f(z,u) = 0 and h(z,u) < 0. To prove that
this is a necessary condition, suppose x and u satisfy f(z,u) = 0 and h(z,u) < 0.

L

Choose z* = z* = z, then it satisfies Equation (2.10), and thus is feasible to Equation

(2.8). 0

Corollary 1 shows that the convex restriction can retrieve the original feasibility set
if the original set is convex. If the feasibility set is non-convex, the convex restriction
fundamentally cannot be equivalent to the feasibility set. Note that the condition in
Lemma 3 was a necessary and sufficient condition for feasibility, and there were two
main steps that introduced conservatism of the convex restriction relative to . First
is the tightness of the concave envelope. This is an unavoidable limitation where

the nonlinear functions have to be bounded by concave envelopes. Second is the
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decomposition of the basis functions, and the use of the fact that the maximum of
the sum is always less than the sum of the maximum,

max K ¢"(Cz,u) < K max ¢“(Cz,u).

zeP(b) " g'( )< K acEP(b)g ( )
The more variables each combination of g; and g, share, the less conservative the
convex restriction will be, but the complexity of the restriction will increase as it

increases the degree of the sparsity |Z|. The next example shows this relationship

more explicitly.

Ezample 3. (Conservatism v.s. Complexity Trade-off) Consider the following system

of polynomial equations,

T1X9 + ...+ 212, +u; =0
ri+u; =0, 1=2,...n

T1To + ... + 1T, S 10.

For a given k, let us select the basis function to be

k k
w( )(Z,U): Zi:2l’1$i, T1T+1, --- T1Tp, J]T, UT )

with z = x. Decreasing k decomposes the representation further and leads to a
more sparse representation. Figure 2-4 shows the trade-off between the conser-
vatism and the complexity as k varies. The conservatism was quantified by solving

)

MiN__, cvas, (k) U1 — U] Where Ll(cov)xrs( is the convex restriction constructed with the

ueld
basis fl(lor)lction * and uj = —10 is the global optimal value. The complexity was
quantified by the number of constraints involved in the convex restriction, which is
proportional to 2¥ for a naive implementation without vertex pruning. The degree
of sparsity for w%k) = (x4, Zsz x;) is 7y = k, and the vertex tracking require all
combinations of x; € {x%, z{} for i = 1,..., k. However, this is a special case where

the vertex pruning drastically reduces the number of constraints regardless of k. The

, k k k -
maximum of @/J§ ) occurs at (2, >, ad) or (a4, >°7 , af) and only 2 vertices need to
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be tracked instead of 2 vertices, and the restriction can scale without sacrificing the

performance in this example.

Conservativeness

0 200 400 600 800 1000
Complexity

Figure 2-4: Illustration of the trade-off between the complexity and the conservatism.
The complexity is quantified by the number of constraints involved, and the conser-
vatism is quantified by the optimality gap.

2.4 Sequential Convex Restriction

In this section, we provide the analysis of the algorithm for solving the optimization
problem,

minimize fy(u), subject to f(z,u) =0, h(z,u) <0. (2.11)

e

Sequential convex restriction (SCRS) for nominal constraints belongs to the fam-
ily of Sequential Convex Optimization, which is a local search method that iteratively
solves convex approximations of the original problem. In particular, the related clas-
sical algorithms are the Sequential Quadratic Programming (SQP) and trust-region
methods [17, 32, 47, 74]. While these methods showed success in practice for solving a
large optimization with equality constraints, some of the possible shortcomings were
(i) the linearized constraints may be inconsistent, (ii) the solution may be infeasible,
and (iii) the iteration may diverge. These shortcomings could be overcome by using
extended methods such as Inexact SQP [33, 22, 21|. Sequential convex restriction

provides potentially a more elegant way to handle the shortcomings of SQP. An al-
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ternative view of SCRS is that the self-mapping set P(b) can be interpreted as a trust
region, and the lifted formulation allows us to co-optimize the decision variables and
the trust region cast as a single convex optimization problem.

The problem can be solved by iterating between (a) solving the optimization with
convex restriction, and (b) setting the solution as the new nominal point for construct-
ing the convex restriction. The algorithm described here is named sequential convex
restriction, and the procedure is described in Algorithm 1 with some termination

thresholds e, 9,63 > 0.

Algorithm 1 Sequential Convex Restriction

Initialization: v, 2 and k=0
while [[u*t1) —u® ||y > &1 or || fo(u® D) — fo(u®)|y > &5 do
K =[-1 I]"C(MAC)'M
u V) = arg M, e fo(u)
SO0+ _ ()
while || f(z*+1) u*+Ds)||, > 3 do
) = —(MAC) ' Mg(z*F+D) g k+1)
end while
k:=k+1
end while

There are three computationally notable steps, which are computing the inverse
of the Jacobian to compute K, solving the convex optimization problem with convex
restriction, and retrieving the nominal implicit variable. The retrieval of the implicit
variable leverages Remark 2 in the proposed algorithm, but this step can be replaced

by other procedures such as Newton’s method or the Gauss-Seidel method.

2.4.1 Analysis on the Subproblems

Sequential Convex Restriction in Algorithm 1 solves the following convex optimization

problem as the subproblems of the algorithm,

minimize fo(u)

u,b

subject to KT g%(u,b) + K gb(u,b) < b (2.12)

L% (u, b) + L™ (u, b) < 0.
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The key feature of the convex restriction is that the non-convex constraint can be
replaced by a convex approximation that guarantees a feasible solution. Moreover,
the containment of the nominal point from Lemma 5 ensures that the optimal value

is improved at every iteration.

k+1

Corollary 2. (Bounds on the Optimal Cost) Suppose that u**!) denotes the solution

of the problem in Equation (2.12):

u* ) = arg min fy(u). (2.13)

CVXTIS
uEI/{( P

The optimal value of the problem is bounded by

Fow™®) < fo(u®™) < fo(u®), (2.14)
where u°P* is the global optimal solution of the problem in Equation (2.1).

Proof. The lower bound comes from the definition of the global optimal value. From
Lemma 5, the convex restriction always contains the nominal point, u® € U%X(f).

Therefore, minueu%)((rks) folw) < folu®). 0

2.4.2 Analysis on the Outer-loop of the Algorithm

We show the convergence result for the algorithm, which states that the converged
point will satisfy the KKT condition. This is a necessary condition for optimality for

non-convex problems.

Corollary 3. (Convergence of SCRS) Suppose the explicit variable u* is the output
of Algorithm 1 such that

u* = lim argmin fy(u). (2.15)

k—o0 w(k+1) Eu%?((rks)

Then, there exists a corresponding implicit variable x* such that (z*,u*) is feasible

and
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o V. f(x*,u*) |z=y~ is singular, or

o (2%, u*) satisfies the KKT condition of the original problem in Equation (2.11).

Proof. The algorithm yields a sequence of explicit variables {u(*} that satisfies fo(u*+1)) <
fo(u(k)) from Corollary 2. Moreover, since the sequence is bounded below by the
global optimal solution f, the sequence converges to a finite value from the Mono-
tone Convergence Theorem. Suppose the converged solution is denoted by (z*,u*),

which satisfies

u* = argmin fy(u), (2.16)

ueUgvxrs
where U™ is the convex restriction with (z*, u*) as the nominal point. Without loss
of generality, b* = (ng*)T _(Cx*)T ' is always a feasible solution for S and is
an optimal solution for the above problem. Suppose V., f(z*, u*) |y=,+ is non-singular,
then MAC is invertible. Let I' = —C(MAC) ™' M, then the following KKT condition

is a necessary and sufficient condition for optimality of the problem Equation (2.16),

z",

F+g;é(u*, b*) + F_gfp(u*, b*)

IN

z*,

—I'gp(u™,b") — F+g§>(u*, b")

IN
|

LT (u, 0%) + L™ (u*, b*) <0,
A >0, A5 >0, A5 >0,
AT g8 (u, 0%) 4+ N T g (u, b%) = N y2h, i =1, ., q,

lzz 111 lz P

=Nz i=1,....q,

21 )

=N L7 g (u,b%) = A5 T gp(u”,07) =

)‘gzij%(U* b*) + /\;,iL;"MD(U*a b")

0, 1=1,...,s,
V fo(u*) + Z)\ {TF Vg (u*, b%) + Ty Vgp(u*, b°) — Vz;(2*) }
+ Z X {—T7 Vb (u®,b*) — T Vgh(u*, b) + Vzi(2*)}
B q
N LTV 6) + Ly VY (ut, b))} =0

i=1
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Since (z*,u*) is the nominal point and satisfies Condition 3,

gp(u*,0%) = g(=*,u*) = gip(u*, b"),
ngp(u*, b*) = Vg(u*,b*) = Vgp(u*,b").

Substitute the above equation and v; = »7_ (A5 ; — A7 ;)Cy; for i = 1,...,n to the
KKT condition of the problem in Equation (2.16), then

—(MAC) *Mg(x*,u*) = 2*, Lip(x*,u*) <0,
A3 >0, A3, Lip(z*,u*) =0, i =1,...,s,

V fo(u +Z A(MAC) Y, MVg(2*, u*) + Vay(x }+Z)\ LiVip(2Fut) =0

which is the KKT condition of the nominal problem in Equation (2.11) where the

equality constraint is replaced by its fixed point representation. O

Next, we show an example of a polynomial optimization problem that includes

nonlinear equality constraints.

Ezample 4. (Polynomial Optimization) In this example, a polynomial optimization

problem adapted from an example in [76] is considered,

minimize usg
U,
: 2 2, .2 _
subject to a7+ 25 +23—-1=0
up — 22 =0
U9 — T3 = 0

r1uy — 2$1U2 + X9 S us.

The robust optimization will be considered later in Example 6. Figure 2-5 shows
the convergence of the sequential convex restriction described in Algorithm 1 with
four different initial conditions. The triangular-shaped feasible region is created by
the solvability condition, and the convergence of the algorithm depends on the ini-

tialization. The global optimal point is achieved with the initial condition in (a) in
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this example. The initial conditions in (a) and (b) arrive at a local optimal point
satisfying the KKT conditions. The initial condition in (c) arrives at the boundary

of the constraints where V, f(x,u*) |,—.~ becomes singular.

(a) (b) (©)
0.5 0.5 0.5
g 0 g0 s 0
-0.5 -0.5 -0.5
0 0.5 1 0 0.5 1 0 0.5 1
Uy Uy uy

Figure 2-5: The blue region represents the feasible region and the contour line shows
the objective function where the darker contour lines have the lower objective value.
The initial condition for the explicit variable was set to u(*) = [0.25, 0, 2]. The initial
condition for the implicit variable was set to (a) [0.5, —0.866, 0], (b) [-0.5, —0.866, 0],
and (c) [0.5, 0, 0.866].

A larger example for solving the Optimal Power Flow problem using the sequential
convex restriction was considered in [63] as an extension of [61] for a power systems
application. Chapter 3 will discuss its applications in more detail.

While Corollary 3 gives some convergence guarantees, the sequential convex re-
striction is subject to the Maratos effect similar to SQP, and therefore the fast conver-
gence may not be guaranteed near the optimal point [74]. We see this effect in Figure
2-5 (c) as the nominal point progresses to the local optimal point at a slow rate.
Nevertheless, the main motivation for using SCRS is that the optimization problem
can include uncertain variables in the presence of nonlinear equality constraints. We

discuss its applications to robust optimization in the next chapter.

2.5 Concluding Remarks

In this chapter, we presented a convex sufficient condition for solving a system of non-
linear equations under parametric changes and propose a sequential convex optimiza-
tion method for solving robust optimization problems with nonlinear equality con-

straints. By bounding the nonlinearity with concave envelopes and using Brouwer’s
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fixed point theorem, the sufficient condition is expressed in terms of closed-form con-
vex inequality constraints. Using these conditions, a non-convex optimization prob-
lem can be solved as a sequence of convex optimization problems, with a feasibility

guarantee.
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Chapter 3

Robust Optimization with Equality

Constraints

3.1 Convex Restriction under Uncertainty

In this chapter, we extend the convex restriction to include uncertain variables that
are bounded by a given uncertainty set ¥ C R". The nominal optimization problem

is similar to Chapter 2, but it now includes uncertain variables:

minimize fo(u)
subject to  f(x,u,w) =0, (3.1)

hz,u,w) <0, YweW,

where f: (R",R™ R") - R" and h : (R",R™,R") — R® are vectors of continuous
nonlinear functions. The decision variables are divided into x € R", referred to as
implicit (decision) variables, and u € R™, referred to as explicit (decision) variables.
Explicit variables are a subset of decision variables that are independent of the un-
certain variables, and implicit variables are a subset of decision variables that adapt
to the uncertain variables according to the equality constraints. Note that the num-
ber of equality constraints and the number of implicit variables are the same, so the

implicit variables can be solved by the system of equations if explicit variables are
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appropriately chosen. Uncertain variables are denoted by w € R”™ and are restricted
to the uncertainty set, WW. This is a semi-infinite optimization problem, where the

constraints need to be satisfied for all realizations of the uncertainty set.

We will assume that there is some known nominal value of the uncertain variable,
which will be denoted by w(®. The set of robust feasible explicit variables is denoted
by

Uy ={u|YweW, Jz, f(z,u,w) =0, h(z,u,w) < 0}.

3.1.1 General Nonlinear Constraints

The idea remains the same as Chapter 2, and the only modification is that the concave
envelopes need to capture the uncertainty set. Similar to the previous section, the

nonlinear functions are expressed by a linear combination of basis functions,

flzyu,w) = My(z,u,w) (3.2a)
h(z,u,w) = Lp(z, u, w). (3.2b)

Equation (3.2a) can be written in the fixed point form,
v =—(MAC)™ Mg(z,u, w),

where ¢(z,u,w) = ¥(z,u,w) — Az. The matrix A is chosen in the same way as
Section 2.3.1, which is A = V_9(z,u® w®) |,_,« for differentiable f. Let the

nonlinear residual be bounded by
g{;\/,k(z? U) S gk('zau’ ’LU) S g%,k(zau% Vw € W> (33)

where gy, is a convex over-estimator and gfﬂv is a concave under-estimator of g over
the uncertainty set YW. Note that when we introduce uncertainty, we cannot satisfy
Condition 3 (ii) and (iii) for the basis functions that are dependent on the uncertain

variable. Then the bounds over P and W can be expressed as

50



Ipwr(t,0) > gy (z,u) Vz€{z]z € {2/, 2!}, Vi € T}
Ipwa(usb) < gy p(z,u) Vz € {z ]z € {2, '}, Vi € T},
where the subscript PW indicates that it is a valid bound over the self-mapping

polytope and the uncertainty set. Given these definitions, the following theorem

provides a robust feasibility condition.

Theorem 5. (Robust Feasibility under General Uncertainty) For a given explicit vari-
able u, there exists an implicit variable x that satisfies f(x,u,w) = 0 and h(z, u, w) <

0 for all w € W if there exists b € R?? such that

K" gy (u,0) + K~ gpyy(u,b) < b (3.4a)

L%, (u, b) 4+ L™ty (u, b) < 0. (3.4b)

Proof. The proof remains mostly similar to Theorem 4. The condition (3.4) ensures

that
S ax K < K" ma + K
wg)v xlélp(}lf) ig(x,u,w) J?p&f) g (z, ) m;?b) g, )
< K;rg%vv(% b) + Ki_gfaw(ua b) < b;.

From Lemma 3, there exists an implicit variable x € P(b) for all w € V. Similarly,

sup max Lih(x,u) < Lk, (u,b) + Ly oy, (u,0) <0, i=1,...,s,
wew z€P(b)

so for all x € P(b) and w € W, Li)(Cx,u, w) < 0. Therefore, there exists an implicit

variable satisfying f(x,u,w) = 0 and h(x,u,w) <0 for all w € W. O

The convex restriction under uncertainty will be denoted by Uﬁ\‘,”‘({)s) C Uy, where

ucvxrs — {U | E|b KJrg,PW(u, b) —+ ngfpw(% b) S ba

L (u, b) + L™ ¢py (u, b) < 0}
The subscript (0) again indicates that the nominal point is (2, % w(©).
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When the explicit variables are given and the uncertainties are introduced, there
will be generally a set of implicit variables defined through the realizations of the
uncertain variable and the nonlinear equality constraints. The following remark shows
the motivation and the role of the self-mapping polytope, which provides a bound on

the set of implicit variables.

Remark 3. Given u and b satisfying the condition (3.4), the self-mapping polytope,
P(b), is an outer-approximation of all possible solutions for implicit variables under

the uncertainty set W.

This gives an intuitive reason behind the convex restriction condition in the lifted
domain with the parameter b, representing the bound on the implicit variables. The

following is an example of the envelopes that capture the uncertain variables.
Ezample 5. (Nonlinear Network Flow Problem under Uncertainty) Consider a special
case of Example 1 where the nonlinear flow models are subject to uncertainty,

o(z; — z;) = wsin(x; — x;),

where the line parameter is subject to the uncertain variable w, bounded by W =
{w ] w € [w’, w*]}. Given that the basis functions are the same as Example 1, the
residual function is

gi(zi,w) = wsinz — w9 cos (Z(O))%

for2=1,...,p. The concave envelope under uncertainty is then

|
R

Gy (2, u) > wsin 29 4 cos 29 (2 — 2 + = (2

7

(0)

i

2| &

(z; — zfo))2 — w® cos (Z«(O))Zi,

95\;7,{(2, u) < wsinz; ’ + W cos ZZ-(O)(ZZ- — Zi(o)) — :

for @ € {w*, w'}. The convex restriction with the uncertain variable can be derived
by Theorem 5 using the envelope above.

Although this procedure is able to capture general nonlinearity and uncertainty

sets, finding the upper-convex lower-concave envelope in Equation (3.3) could be
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difficult for some of the applications. The next section discusses a special class of

constraints where the robustness can be incorporated systematically.

3.1.2 State-Uncertainty Separable Constraints

In this section, we study a special case where the basis functions can be expressed by
a sum of two nonlinear functions where implicit variables, x, and uncertain variables,

w, are separable. Consider

flz,u,w) = M[p(x,u) + a(u, w)]
h(z,u,w) = L{(x,u) + B(u, w)],

(3.5)

where o : (R™, R") — R? and 8 : (R™, R") — RP are vectors of continuous functions.
The functions «; are linear with respect to w, and L;3 are concave with respect to w
for all u € R™. The uncertainty set W is a given non-empty, convex and compact set.
The derivation here closely follows [10], which provides a systematic way to construct
the robust counterpart for nonlinear uncertain inequality constraints. Let us denote

the convex conjugate of some function ¢ as

p'(v) = sup {v'w—p(w)},
wedom(yp)

and the concave conjugate of ¢ as

() = inf {u"w - pw)}.
wedom(yp)
The indicator function of the set W is
0 ifweWw

S(w | W) =

oo otherwise.
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The support function of W is the conjugate of the indicator function,

§* (v | W) = sup {vTw — 6(w | W)} = sup v’ w. (3.6)

weR” weWw

When the implicit variables and the uncertain variables are separable, there is a
systematic way to derive the robust feasible condition using the support function and

the conjugate function.

Theorem 6. (Robust Feasibility for State-Uncertainty Separable Constraints) For a
given explicit variable u, there exists an implicit variable x that satisfies constraints
f(z,u,w) =0 and h(z,u,w) < 0 for all w € W if there exists b € R*, v € R", and

y € R" such that

K*gp(u,b) + K~ gp(u, b) + &(u,v) < b (3.72)

L (u, b) + L™ (u,0) + ((u, y) <0, (3.7b)
where £ : (R™,R") — R* and ( : (R™,R") — R* are given by

§i(u,v) = 0" (v [ W) = [Kial.(u, v)

Cj(uay) = 5*(y ’ W) - [LJB]*(U> y)

(3.8)

Proof. From the definition of indicator functions and using the Fenchel duality [13],

max K;o(u, w) = max { K;a(u,w) — §(w | W)}

= min {0 (v | W) — [Kia].(u,v)}.

veR”

Then using the expression above,

Ki C ) Kl ) < KZ C ) Kl )
g;%xglggg)[ 9(Cz, u) + Kia(u w)]_xglggg) 9(C,u) + max K;a(u, w)

< K gp(u,b) + K gp(u, b) + &i(v,u) < b;,
for some v € R". Therefore, the existence of v € R" guarantees the existence of an
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implicit variable under all realizations of w € W. Similarly, for j =1,... s,

sup mae [L;(Cor, ) + LyA(Cn,w)] < L () + Ly () + G luny) <O
weWw T

therefore, there exists an implicit variable satisfying f(z,u,w) = 0 and h(z,u,w) < 0

for all w € W. L

There is a table of closed-form expressions for £ and ¢ in Equation (3.8) depending
on the function and the uncertainty set. We refer readers to [10] for those cases, and

we will show only one special case where those functions are linear with respect to w.

3.1.3 Additive Uncertainty Constraints

We consider again a special case of state-uncertainty separable constraints in Equation

(3.5) where o and S are linear functions of w such that

fzu,w) = M[Yp(z,u) + Bw]
h(x,u,w) = L[(x,u) + Dw],

(3.9)

where B € R™" and D € R**" are constant matrices. In addition, the uncertainty
sets considered here are norm-bounded uncertainty sets,

WA(y) = {w| w—w®||, < 7} (3.10)

W) = {w] [w - w?w <7},

where 7 € R represents the margin. As v — 0, the uncertainty set vanishes, and
the analysis on the nominal constraints applies. Moreover, there is the following

manipulation to convert any general nonlinear uncertainty into additive uncertainty.

Remark 4. Any nonlinear constraint, f(z,u,w) = 0 and h(z,u,w) < 0, can be

replaced with the additive uncertainty representation, f(Z,u,w) = 0 and h(Z, u, w) <
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0. The functions f : (R**",R™ R") — R™" and h : (R*",R™, R") — R* are

.~ flzuze) | -
f(z,u,w) = , h(Z,u,w) = h(x,u,z,) (3.11)
Ty — W
T
where z,, € R" and = = [Q;T ;;;-5] . The replaced condition is equivalent to the

original constraint, and the uncertainty w enters the nonlinear equation as an additive

term.

When the system of nonlinear equations can be represented with the additive

uncertainty, the following theorem provides a sufficient condition for robust feasibility.

Corollary 4. (Robust Feasibility for Additive Uncertainty) Suppose that the uncer-
tainty set is given by a norm-bounded set, W(y) = {w | ||w|| < v}. For a given
explicit variable u, there exists an implicit variable = that satisfies f(z,u,w) = 0 and

h(z,u,w) <0 for all w € W(7) if there exists b € R*@ such that

K*gib(u,b) + K~ gp(u,b) + £(v) < b (3.12a)
L (u, b) + L™ (u, b) + ¢ () <0, (3.12b)

where for 7 = 1,...,nand j = 1,...,s, & and (; are given by the following table

depending on the type of uncertainty set.

Table 3.1: Required robustness margin for ellipsoidal and interval uncertainty sets
W(y) WP ()

&(7) | KiBw™® +4[|K; B3 | K;Bw'” + 4[| K; B«
G() | LiDw® + 4| L; Dz | L;Dw® +4|[L; Do

Proof. This is a special case of Theorem 6 with a(u, w) = Bw and f(u,w) = Bw, so
Equation (3.8) can be used to compute £ and (. Since a and /3 are linear functions with

respect to w, their concave conjugate functions are [K;al.(u,v) = 0 with v = (K;B)7,
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and [L;].(u,y) = 0 with y = (L; D). Substituting v and y to the support function,

&) =0 (0 | WOM)) lo=gmyr= K:iBw'® + || Ki B3

G(0) =0y | WO) ly=cz,pyr= L Dw'” + || L; D,
Similarly, the margins ¢ and ¢ can be derived for the uncertainty set WP (). ]

Here the size of the uncertainty set is parametrized by v where the larger the ~,
the more robust the system is against the uncertain variable. The robustness of a
solution (z(®,u®) is often defined as how much uncertainty a solution can tolerate
without violating the constraints. With convex restriction and additive uncertainty
constraints, the lower bound on the margin can be computed by solving a convex

optimization problem.

Corollary 5. (Robustness Margin) Suppose that v € R is given by solving the follow-

ing optimization problem,

maximize -y
7:b

subject to KT g4(u'®,b) + K~ gh(u®,b) +£(7) <b (3.13)
L (u®,b) + L™yp(u®,b) +¢(7) <0,
where £ and ( are linear functions of v given in Corollary 4. Then the explicit variable

1 has a corresponding implicit variable z satisfying f(z, u, w) = 0 and h(z, u, w) < 0
g ymg

for all realizations of the uncertainty set W(v) = {w | ||w — w©@| < ~}.

In addition to finding the robustness margin of a solution, the explicit variable 1)
can be iteratively updated to find the optimal solution given the nonlinear equality

and inequality constraints.

3.2 Robust Optimization

In this section, we extend the sequential convex restriction to solve the robust opti-

mization problems with nonlinear equality constraints in Equation (3.1).
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Many classes of robust optimization problems are known to have counterparts that
can be solved with a finite and explicit optimization problem, however, those results
are limited to nonlinear inequality constraints [9, 15, 12, 3, 11, 14, 16, 44]. The
equality constraints were mostly assumed to be linear and studied under a special
context [41, 23]. The equality constraint was considered in [93], but it relies on the
first-order approximation around its neighborhood and does not provide a rigorous

guarantee.

3.2.1 Sequential Convex Restriction for Robust Optimization

In this section, we develop the algorithm to solve the robust optimization in Equation

minimize fo(u)
u

subject to Yw e W, Jx € R", f(x,u,w) =0, h(z,u,w) <0

The non-convex constraints in this problem can be restricted to convex constraints
by the conditions provided in Theorem 4 for the nominal constraints and Theorem
5 for constraints including uncertainty. Special cases such as state-uncertainty sepa-
rable constraints or additive uncertainty constraints can use the convex restrictions
in Theorem 6 and Corollary 4, respectively. Similar to nominal optimization prob-
lem, we iterate between (a) solving the optimization with convex restriction, and (b)
setting the solution as the new nominal point for constructing the convex restriction.

Algorithm 2 provides the full algorithm with termination thresholds 1, 9,3 > 0.

3.2.2 Analysis on the Optimality Gap

On the other hand, sequential convex restriction described in Algorithm 2 gives a
guarantee for robustness against the given uncertainty set. Moreover, we discussed a
number of results for the convex restriction of the nominal constraints, and these re-
sults imply that SCRS for robust optimization problems will yield a good approximate

solution. One thing to note is that while SCRS guarantees robustness, optimality is
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Algorithm 2 Sequential Convex Restriction for Robust Optimization Problem
Initialization: v, 2 and k=0
while [[u*t1) —u® ||y > &1 or || fo(u® D) — fo(u®)|, > &5 do
K =[-I 1]"c(MAC)™!
u ) = arg min, e fo(u)
2D — (k)

while || f(x*+1) y*+D p©)]|; > 3 do
x(k—f—l) (MAC) lMg(QJ(k'H), u(k-&-l)’ w(O))
end while
k:=k+1
end while

not necessarily guaranteed. The following remark provides a practical way to quantify

the optimality gap.

Corollary 6. (Optimality Gap for Robust Optimization Problem) Suppose that u*
denotes the converged solution of Algorithm 2. The optimality gap can be bounded
by

Folu™) — fo(ur®PUtoPty < fo(u*) — fo(ynominakopt (3.14)

where u°Pust-oPt js the globally optimal solution for the robust optimization problem
in Equation (3.1), and u"™nakopt js the globally optimal solution of the nominal

problem in Equation (2.11).

Proof. Since the nominal uncertainty is a special case in the uncertainty set, w©® e W,
it follows that fo(urominalopt) < £ (yrobust-opt) = A gimple rearrangement leads to the

condition in Equation (3.14). O

Next, we show an example in polynomial optimization subject to additive uncer-

tainties.

Ezample 6. (Polynomial Optimization) Consider the robust optimization problem
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in Example 4 where the uncertainty set is W = {w | ||w|]2 < v} with v > 0:

minimize us
u,r

subject to af + a5+ 25 —1=0
ul—x%+w1:0
U2—$2$3—|—U}2:O

iU — 21711,62 + Zo S us, Yw € WQ(’Y)

In this example, the uncertainty is additive to the nonlinear equation, and the con-
dition from Corollary 4 was used to guarantee robustness. Figure 3-1 shows the il-
lustration of the results for various sizes of the uncertainty set and initial conditions.

() ©

0.5 0.5 05
+ 0 + 0 + 0f |-
) o o
g 3 Bl h

J
-05 -05 -0.5
0 0.5 1 0 0.5 1 0 05 1
up + wy uy + wy uy + wy

Figure 3-1: The convergence of sequential convex restriction with v = 0.05 (blue),
7= 0.1 (red), and v = 0.15 (yellow).

3.3 Concluding Remarks

In this chapter, we have developed the sequential convex restriction for solving a
robust optimization problem with nonlinear equality and inequality constraints. We
expand the convex restriction of nominal constraints and develop sufficient conditions
for robust feasibility against the given uncertainty set. The algorithm guarantees the
robust feasibility of the solution at every iteration by leveraging the conditions from

convex restriction.
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Chapter 4

Applications of Convex Restriction

In this chapter, we present several applications of convex restriction for systems with
equality constraints. These applications are some of the standard problems in various
fields of study. We first study Model Predictive Control (MPC) problem where the
system is governed by nonlinear dynamics. The second application solves the Optimal
Power Flow (OPF) problem to deal with nonlinear AC power flow equations in electric
power grids. The third application deals with neural network robustness verification
problems where nonlinear activation functions enter as nonlinear equality constraints.
The last application considers robot kinematics and shows a path planning algorithm

based on convex restriction.

4.1 Model Predictive Control (MPC)

Model Predictive Control (MPC) has remained a popular control strategy due to
its ability to incorporate complex dynamical systems and safety constraints. One
of MPC’s advantages is its elegant formulation for considering safety constraints in
safety-critical applications such as navigation, robotics, power systems, and chemical
plant regulation. Advances in sensing and computation provide new opportunities for
MPC formulation to tackle a broader range of systems, where mathematical models
can be readily estimated using data. However, uncertainties in models or sensors

can cause the system to deviate from the planned trajectory, and there is a need to
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Figure 4-1: Examples of a non-robust and a robust trajectory are shown. Two blocks,
B:1 and B, 2, are the obstacles that the agent needs to avoid. The non-robust trajec-
tory collides at the red circle while the robust trajectory is able to reach the target
point without collision.

consider robustness in safety-critical applications.

One of the natural ways to guarantee robustness is to construct a tube or a
funnel around a nominal trajectory that contains all possible realizations of the state
trajectory under disturbances [24, 55, 81, 7|. An example is shown in Figure 4-1,
where the grey tube around the robust trajectory represents the bound on possible
realizations of trajectories under uncertainty. If the performance specifications are
met within the tube, the controller is verified to be robust against a range of model

variations and noise.

4.1.1 Constrained Robust Model Predictive Control Problem

In this section, we provide an overview of the MPC problem with safety and robustness

constraints. We consider both the explicit and implicit time-discretization.

1. Explicit time-discretization (Forward Euler): The explicit scheme approximates

the differential equation by

Ty = Ty + h - f(fUt, Ug41, wt+1)> (4-1)
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where x;,1 can be computed explicitly given z;.

2. Implicit time-discretization (Backward Euler): The implicit scheme approxi-

mates the diffential equation by

Tir1 = ¢ + h - f(l"t+1, U1, wt-i—l)a (4~2)

where x;,1 can be obtained by solving a system of nonlinear equations given x;.
Implicit time-discretization schemes admit a more accurate solution compared
to the explicit scheme and may use a larger step size h to predict a longer

horizon.

The robust MPC problem solves the following optimization problem over a finite

horizon of N time steps:

minimize c¢(x,u)

subject to  Vwy € W, YWinit € Whnit,
Lo = Winit,
for t=0,...,N —1, (4.3)
Tiy1 € X1, up € Uy,
(if explicit) @1 =i+ h - (f(2, w) + wy),
(if implicit) xp =z + b (f (a1, ) + wy).
The objective function considers the worst-case cost under uncertainty, defined by

c(x,u) = max (i [cot(me) + cur(ug)] + cx,N(xN)) , (4.4)

wiEW,
W\ T

where ¢;; : R® =+ Rand ¢,; : R™ — R fort = 1,..., N are convex cost functions
for states and control actions, respectively. The implementation of MPC follows the
receding horizon fashion where the first control action of the solution from (4.3) is
applied to the plant, and the remaining computed control actions are discarded. This

process is repeated with the new system state set to the initial condition.
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Modeling Safety Constraints

The state of the system is constrained by safety constraints, which forms a general
nonconvex set denoted by X;. As an example, these constraints could include physical
obstacles that the navigating agent must avoid and safety limits that the system and
controller need to respect. We represent the safety constraints in the form of avoiding
s convex obstacles at time ¢. The state is declared feasible or safe if x; € X, or
equivalently,

Tt ¢Bt,(i); 7= ]_,...,S, (45)

where B; ;) € R", ¢ =1,...,s are convex sets representing the obstacles. The sub-
script t denotes that the obstacle may be time-dependent to represent moving obsta-
cles. The subscript (i) denotes the index of the obstacle. The safety constraint can

be represented as an intersection of the complement of convex obstacles such that

s c S
i=1 i=1

where Btc(i) denotes the complement of the set B, ;. The safety constraints are
assumed to be represented with a finite number of obstacles. This representation
includes the majority of practically relevant applications such as the ground vehicle

navigation problem.

Modeling Uncertainty Sets

We provide two types of uncertainty sets as examples:

WO(y) = {w | (w—w) TS w —w?) <%},

, 0 ' (4.7)
w (7):{w||wz—wz |§’%7 2217-"ar}a

where the superscripts () and I denote ellipsoidal and interval uncertainty sets, re-
spectively. The ellipsoidal uncertainty set, W?(v), has its center at the nominal
value, w® € R", with variance and radius of ¥ € R™*" and v € R, respectively. The

0)

interval uncertainty set, W!(v), is upper and lower bounded by wg +; and wl@) — %
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for each element of w;.

4.1.2 Dynamics as a System of Nonlinear Equations

We consider the system trajectories as a collection of system variables over the pre-
diction horizon N. The state, control and uncertainty trajectories will be denoted by

x € RNy e R™N, and w € RN where

Winit
Zo Uy
wq
X = , u= , W=
TN Un
WN

The uncertain variable, w, includes both the uncertain initial condition, wj,;;, and the
uncertain dynamics wy, ..., wy_;. We will write that w € W(7) if winix € Winie(7)
and w; € Wy(y) for t = 1,..., N. The cardinality of x will be denoted by |x| so that

x € RX.

The dynamic equations of N time steps can be cast as a system of nonlinear
equations by concatenating the equality constraints in (4.3). This formulation con-
verts the dynamic equation in (5.1) to finding a zero of a set of algebraic equa-
tions F(x,u,w) = 0 where F' : (RX R R™) — R defines the dynamics
of the system. For example, the dynamic equation in (4.1) can be rearranged to
xy+ h- f(xy, w1, wisr) — 401 = 0, and the initial can be written as wi,;, — 2o = 0.

Then, the set of equations for explicit time-discretization scheme is given by

Fexplicit (Xa u, W) =
Winit — L0

xo+ h - f(xo,ur,wy) — 21 (4.8)

s h- f(xn_1,un,wn) — TN
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and the equations for implicit scheme is given by

Flmplicit (X7 u, W) =

Winit — To

ZL’O—f-h'f(ZL’l,Ul,wl) — T (49)

TNt D fxn, un, wy) — Ty |

The number of equations in F'(x,u,w) is the same as the number of unknown

variables in x, which is the state trajectory given the control and uncertain variables.

Fixed-Point Analysis of Discrete-time Dynamical Systems

Consider the nonlinear equation F'(x,u, w) = 0 defined in (4.8) or (4.9) depending on

__ OF

{(0)_ x |x=x(0) u=u® w=w(©) denote

the choice of time-discretization scheme. Let ?9_1;
the Jacobian of F' with respect to x evaluated at the nominal system trajectory. Note
that the variables x(©, u(® and w(® denote the nominal trajectories. The dynamic

equation, F'(x,u,w) = 0, can be written as the following fixed-point equation:

OF ‘1> (8F >
x=—|— gx,u,w)— [ — w, (4.10)
(8){ ox )

(0)
where g : (RX RM R — RX is the residual function:

> X — (g—F > w. (4.11)
(0) W o)

Closed-form expressions for the Jacobian and the residual function are provided in

Appendix A.3.1 and A.3.2.

" or
ow

(0)

gl w) = Flx,mw) - (g—F
X

Lemma 6. The inverse of the Jacobian, 8—5 ‘(70;, exists for both explicit and implicit
time-discretization schemes if the step size, h, is sufficiently small. Then, the set of

dynamic equations, F'(x,u,w) = 0, is satisfied if and only if (4.10) is satisfied.

Proof. A closed-form representation of the Jacobian inverse is provided in Lemma 15
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and 16 in Appendix A.3.1. Substituting the residual function in Equation (4.11) to
(4.10),0 = -2 ‘;0; F(x,u,w). Since the Jacobian is invertible, F'(x,u,w) =0. O

Convex Restriction of Control Actions

Using envelopes and the fixed-point equation, we present the convex sufficient condi-
tion that guarantees that the self-mapping polytope is indeed the outer approximation
of possible state trajectories. Let the matrices K € R**X and R € R**IWI be de-

fined by
" or
ow

oF | OF

K= _-— _ _ -
ox i ox

(4.12)

(0)’ (0) (0) .
Let the constant matrices K, K~ € RX*X denote K} = max{K;;,0} and K,; =
min{ K;;,0} for each element of K. The following theorem provides a convex inner-
approximation of the control action and an interval outer-approximation of the state

trajectory against the uncertainty with a given robustness margin .

Theorem 7. Suppose that for a control trajectory u, there exist variables x*, x‘ € RX

and g%, g5 € R that satisfies convex inequality constraints in (2.7) and

K*gh+ K gp +&"(7) < xY,

(4.13)
K*gp+ K gp+¢'(7) > X,
and fori =1,..., x|,
£'(v) = max R;w,
W) (4.14)
e .
» = min R;w.
& () i

Then, for every w € W(), there exists a state trajectory x such that x € P(x%, x*).

Convex Restriction of Safety Constraints

In this section, we propose a procedure for deriving the convex restriction of the
safety constraints. The objective is to find a convex subset of X; around xgo) for

t=1,...,N. The restricted convex set will be used to certify that the trajectories lie
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inside the safety constraints. The procedure relies on the projection of nominal state

to obstacles at each time step,

Py, "] = argmin||e — 2”3, (4.15)
CISEBt,i
where B;;, © = 1,...,s are obstacles. The following lemma provides the convex

restriction of the safety constraints using the projections.

Lemma 7. The state at time step t satisfies the safety constraints, z; € A}, if x;
satisfies

tht + dt < O, (416)

where the constants L; € R**" and d; € R® are

0 0 0
(Pg, [ — 2)T Pg, ,[2\”]

0 0 0
(Pg,.,["] — )T Pg, ,[2")]

A formal proof is presented in Appendix A.3.3, and Figure 4-2 illustrates the
underlying idea. Since the obstacles B, are assumed to be convex, the supporting
hyperplane at the projection provides a half-space where an obstacle cannot exist. By
intersecting these half-spaces, we can derive a convex restriction of safety constraints
at each state at time t. Next, we provide a sufficient condition for the robust feasible
control action by ensuring that the self-mapping tube P(x%,x*) lies inside the convex

restriction of safety constraints.

Theorem 8. The control trajectory u is a robust feasible control action if there exist
variables x*, x¢, g%, g% € Rl that satisfies convex inequality constraints in (2.7),
(4.13), and

Lixt 4+ Lial+d, <0, Vt=1,...,N. (4.17)

Proof. Conditions (2.7) and (4.13) ensure that there exists a state trajectory x € P(z)
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Figure 4-2: Tllustration of convex restriction of safety constraints. The blue dot
shows the current nominal state xﬁo), and the red dots show their projection to the
obstacles. The supporting hyperplanes at the projected point provide half-spaces that
are guaranteed to avoid obstacles. By finding the intersection of half-spaces, convex
restrictions of safety constraints are shown in the green region.

from Theorem 7. Inequality condition in (4.17) ensures that
Ltl't—f—dt SL:I};—FLt_If—’—dt <0,

fort =1,...,N. From Lemma 7, for all x € P(x*,x%), z; € X}, and thus there exists

state trajectories satisfying the safety constraints for all w € W. O

4.1.3 Numerical Results

This section presents a numerical example that is illustrated on a ground vehicle
navigation model. This example contains nonconvex safety constraints, which are
obstacles in the context of navigation problems. The numerical experiments were
done on 3.3 GHz Intel Core i7 with 16 GB Memory, and the convex optimization
problems were implemented with Python with CVXPY with ECOS as the solver
[39]. The MOSEK solver was used to solve the convex Quadratically Constrained

Quadratic Programming problems generated by convex restriction.
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Ground Vehicle Model

The dynamics of the ground vehicle is given by

T vcosf + w,
d |z vsinf +w
L ] ? (4.18)
dt v Uy + ws

0 vtan us + wy

where (z1,72) € R? and 6 are the vehicle’s position and direction. The variable v
is the speed, and u; and wuy are acceleration and steering velocity. Euler’s forward
method was used for time discretization with the step size h = 0.05. The degree of
sparsity in this system is |Z|=2 since the terms v cos § and v sin § involve v and 6 as the
dependent variables. The safety constraints considered two time-invariant obstacles,
which are expressed by a polytope of the form B(;), i = 1,2. These obstacles are shown
in blue in Figure 4-4. The control actions were subject to the limits, u;; € [—1, 1]
and u; o € [—0.785, 0.785], and the vehicle speed is limited by x;3 € [-5.55, 15.28].
The uncertainty in initial condition is set to Winit (Yinit) = { (21, 22,0, 0) | 23 +23 <
Yoite |01 < Vit 0] < Yinito} Where Yiniee = 0.05, Yinit,, = 0.05, and Yinit,o = 0.005.
The uncertainty set in dynamics is set to Wi(yayn) = {w | w? + w5 < 43, ., [ws| <
Yaynws |Wa| < Yayne} where Yagne = 0.05, Yayn, = 0.005, and v4yne = 0.005.
The cost function for the robust MPC problem was set to c,:(u;) = 0.01u1%,1 +
0001“32 and ¢, (7)) = (T — Tiarget) . Q(T — Tiarget) Where Tiarger = (3,5,0,0) and

Q = diag([1,1,0.5,0.0001)).

Constrained Robust Model Predictive Control

The constrained robust MPC was solved using sequential convex restriction. The
subproblems were solved with SCR described in Algorithm 1.

Figure 4-3 shows the convergence plot for both nominal and worst-case costs.
The average solver time per iteration was 0.733 seconds, and it took five iterations to

converge. The figure provides some insight into the conservatism of our approach. The
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Figure 4-3: The convergence of sequential convex restriction is shown. The blue plot
shows the nominal cost as a function of number of iterations, and the orange plot
shows the bound on worst-case cost.

worst-case cost provides the upper bound, and the nominal cost provides the lower
bound on the control cost for all realizations of the uncertainty set. This corresponds
to an uncertainty of 8.44 % with respect to the worst-case cost.

The following experiments show the result where the initial trajectory was pro-
vided by path-following feedback control. The trajectory was optimized again using
SCR with N = 50.

Figure 4-4 shows the nominal state trajectories of the solution to the algorithm as
well as the set of possible state trajectories under uncertainty and the self-mapping
tube. The set of possible state trajectories under uncertainty grows with time due
to the propagation of uncertain variables in dynamics. The self-mapping tube is
guaranteed to contain the possible state trajectory and satisfies the safety constraints.
The circles represent the inner approximation of possible state realization. Any point
inside the circle can be realized by some uncertainty trajectory within the specified
uncertainty set.

Figure 4-5 shows the state and control trajectories of the solution from sequential
convex restriction. The position of the vehicle safely arrives at the target point. The
trajectories of the vehicle’s velocity and angle are tight to the self-mapping tube since

the associated dynamics are linear and are not affected by the uncertain variables.
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Figure 4-4: The nominal state trajectory obtained by the sequential convex restriction
is shown in the blue line. The obstacles are shown in two blue regions, and the
uncertainty set is shown with black circles. The grey rectangular boxes show the
solution for the self-mapping tube P(z), which provides the outer approximation of
the possible state trajectories.
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Figure 4-5: The state trajectories for the obtained control action is shown with the
self-mapping tube obtained by the convex restriction. The control action obtained by
the convex restriction is shown. The limits of the control inputs are u; € [—100, 20]
and uy € [—1.5,1.5].

One unconventional feature in convex restriction that distinguishes itself from con-
ventional approaches is that it does not rely on propagating the uncertainty set in the
time domain. The outer approximation in Figure 4-4 is verified via the fixed-point
theorem, and the tube does not become overly conservative over time. The outer ap-
proximation’s tightness is enforced only on the bottom and left faces of the rectangles
where the worst-case cost occurs since it is the furthest point away from the target
point. This feature allows us to obtain the tube that satisfies the safety constraint

while not overly approximating the worst-case realization of the state trajectories.

4.2 Optimal Power Flow (OPF)

The operation of the power grid requires the system operator to determine a dispatch
point to the generators such that the grid supplies electricity to consumers securely
and reliably. In order to determine the dispatch point with minimum generation cost,
the optimal power flow (OPF) problems are solved with the physical models of the
grid, such as the AC power flow equation, and operational constraints such as voltage

magnitude, line flow, and generator limits.
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Notation

The scalars ny,, ng, Npy, Npq, ™, and ng denote the number of buses, generators,
PV, PQ buses, lines, and loads, respectively. The variables p, € R"s and ¢, € R"™
represent the generators’ active and reactive power outputs. Uncontrollable active
and reactive power injections are denoted by pq € R™ and qq4 € R" where positive
values indicate stochastic loads and negative values indicate uncertain generation such
as renewables. The voltage magnitudes and phase angles are v € R™ and # € R".
The from and to buses for the lines are denoted by “f” and “t”. The non-reference,
PV, and PQ elements of a vector are denoted with subscripts “ns”, “pv”, and “pq”. Let
E € R™*™ be the incidence matrix of the grid. The connection matrices for generator
buses and load buses are denoted by C, € R™*™ and Cq € R™*", respectively. The
matrices [ and 0 denote identity and zero matrices of appropriate size. The vertical

concatenation of vectors a and b is denoted by (a, b).

AC Optimal Power Flow Problem Formulation

For notational convenience, we denote the angle differences between the terminals of

the transmission lines as ¢:
o = 0F — 6, l=1,...,n, (4.19)

where 0! and 6! are the phase angles of the from bus and to bus of line [. The AC OPF

problem is:
ng
m;rlltlglgltze c(pg) = Z ¢i(Pgi) (4.20)
S i=1
subject to: for k=1,...,ny,
ny
p}fj = Z vivf (GS, cos @ + B sin ;) + GLu7, (4.21a)
I=1
g = i vivl (G5, sin @ — B, cos ;) — BE w2, (4.21D)
1=1
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Pai™ <pgi < PEE, i=1,... ng, (4.22a)
g <qgi < @i, i=1,... n,, (4.22b)
vt <y < pex i=1,...,mp (4.22¢)
o <pp < @, [=1,...,m, (4.22d)
(s )2+ (sh))? < (572, I=1,...,m, (4.22¢)
(s51) 2+ (s00)% < (57 [=1,....n. (4.22f)

where the matrices G¢, G®, B¢, B> € R™*™ and G4, BY € R™*™ are transformed
admittance matrices for the respective conductance and susceptance terms. The
exact definitions of the transformed matrices are available in [63]. The objective
¢ : R"™ — R is a monotonically increasing function of the active power generation.
The active and reactive power injections are p™ = Cyp, —Cqpq and ¢™ = Cyqy —Caqa.
Superscripts max and min denote the maximum and minimum limits of the associated
quantity. Constraints (4.22a) and (4.22b) impose the generators’ active and reactive
power output limits. Constraints (4.22c¢) and (4.22d) limit the voltage magnitudes

and the angle differences. Constraints (4.22¢) and (4.22f) impose line flow limits
f/

pj and sfl/ ; are the active and reactive power flowing into the line [ at the from

where s

and to buses, respectively.

Power Injection Uncertainty Modelling

The variable w = (pg, qz) € R?" consists of uncertain active and reactive power
injections pg € R™ and ¢q4 € R™. The nominal value of the uncertain variable is
w©®. We consider a bounded uncertainty set YV modeled with a confidence ellipsoid
containing all power injections within a ball of radius v centered on the nominal power
injections:

W) = {w | (w—w) S (w—w?) <%, (4.23)

The power injection covariance matrix ¥ € R*%*?" and the radius v € R determine

the shape and size, respectively, of the uncertainty set. The covariance matrix X
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captures the correlations between power injections. By choosing an appropriate value
for 7, the confidence ellipsoid can be designed such that the probability of containing
the uncertainty realization is greater than the desired threshold. For example, if the
uncertainty is drawn from a univariate normal distribution, we can ensure that 95%
of the uncertainty realizations are within the confidence ellipsoid by setting v to be

twice the variance.

Basis Function Formulation of the Power Flow Equations

In this section, we rewrite the AC power flow equations in terms of basis functions
that serve as building blocks for the power flow nonlinearities. The vector of nonlinear

functions, ¢ : (R™*"a R2"e) — RM=T2m+m  denotes the basis function, 1 (z,u) =

(¢p7 wcos’ wsin7 wquad)) where

U7 (2,1) = Pyreri + i, i=1,...,ng, (4.24a)
o8 (2, u) = vivf cos (p1), l=1,...,n, (4.24b)
P, w) = vjvg sin (), I=1,...,n, (4.24¢)
2@, u) = o, k=1,...,m (4.24)

The AC power flow equations in (4.21) can be written in terms of the basis func-

tions and the uncertain variables as
Miy(z,u) + Rw =0, (4.25)

where M € R tnmpa)x(ngt2m+n) g R € R(M™+mpa)X2nd gre constant matrices defined

as

C'g —-G¢ —Bs —-@G1 Cyq 0
M = , R=— . (4.26)
0 ng _G;q ng 0 Cdpq

The matrix By, € R"™*™ is a submatrix of B¢ € R"™*™ containing the rows

corresponding to the PQ buses. Matrices G% _, B4

vqr Bpgr Cepqy and Cqpq are defined
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similarly.

Convex Restriction of OPF constraints

Direct application of Theorem 6 provides the following result for robust feasibility of

AC OPF constraints.

Theorem 9. (Robust Feasibility Condition for AC Optimal Power Flow) The dispatch

point u = (pgref, Vg) is robustly feasible with respect to the uncertainty set W(y) if
: : u U U u { __ ‘0 l u ol

there exist bounds on the internal states 2* = (¢*, vy, AY), 2" = (¥, v, A), g5, 9p,

Y%, and 5 that satisfy (2.7), (2.8), and the following set of operational constraints:

pgfgin Spg,ref,i + OéAéa L= 1? s Mg, (427&)
Panei + QA" < pi, =T, (4.270)
min 0 U max .
q&@' ng,i) qg,i S qg,l' ’ L= 1’ e 7ng7 (427C>
min V4 u max .
Upq.i gqu,i, Upqi < Upq.i » t=1,...,npq (4'27d)
v Svgs < O, i=1,...,m (4.27¢)
AT Sel, el S [=1....m, (4.271)
(sp)2+(sE) < (s, [=1,....m, (4.27g)
(5p)*+(551)* < (5777, i=1...,m. (4.27h)
The reactive power generation bounds qé and ¢y satisfy
LEyp + Lty +¢"(7) < Cypv gy,
a P e TP BPv (4.28)
Lop + Litp + (1) 2 Capy d
Czu(’)/) = C(d, V,izl/Qw(O) + 7 C(d, V,i21/2 )
peiTa [CammiZa™ (4.29)

Cf(7) = Cd,pv,izcllﬂw(()) -7 Hcdzp"vizcllﬂ‘

2 Y
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and the line flow bounds st*, sb

t,u :
oy 8", and s satisfy

K+ u k— ¢ K
Liine¥p + Litinep < 8i7

(4.30)
—Lineth — Limetp < 57"

j,line j,line

for k € {f,t} and j € {p,q}. The decision variables 1% and %5 are the basis function

bounds over P(z%, z¢), and they are constrained by (2.7) by replacing the function g
by .

4.2.1 Illustrative Example using a 9-Bus System

We begin by considering the 9-bus system from [28| with uncertain loads at buses 5
and 7. This 9-bus system is operating in a normal condition with positive active and
reactive power load demands. The participation factors are set to 1 for the generator
at bus 1 and 0 for the other generators, which corresponds to the single slack bus

formulation.

Comparison of nominal and robust solution

We first consider normally distributed loads with a mean equal to the nominal
load w©® and standard deviation equal to 10% of w(® without correlation between
loads. For our robust AC OPF algorithm, we use an uncertainty set W(7,eq) that
encloses two standard deviations of the considered load uncertainty by setting > =
diag(p3) and yeq = 0.2. To assess the quality of our solutions from the probabilistic
aspect, we compute the probability of constraint violations using 10,000 samples of
the random loads.

Fig. 4-6 shows the uncertainty set and the convex restriction for the loads at
buses 5 and 7. The nominal loads and the confidence ellipsoid are intrinsic to the
uncertainty model and do not change with the dispatch point. Changes in the dispatch
point adjust the set of feasible demands, and thus the feasible sets are shown in
Figs. 4-6(a) and (b) are different while the nominal load stays at the same location.

Specifically, the robust dispatch solution changes the feasible set of loading conditions
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Figure 4-6: Figure (a) shows the vulnerability of non-robust optimal solution for
electric gird where more than half of the operating point fails to meet the operational
constraints. Figure (b) and (c) shows a robust optimal solution obtained by convex
restriction.

such that it inscribes the confidence ellipsoid. The quality of our solution is evident
by examining the distance between the boundaries of the feasible region, convex
restriction, and uncertainty set. For the nominal (non-robust) OPF solution in Fig. 4-
6(a), the operational cost is 5296.69 $/hr and constraint violations occur in 55.18%
of the samples. The most common violations are the maximum voltage magnitude
limits at buses 6 and 8. For the robust OPF solution in Fig. 4-6(b), we observe
that all uncertainty realizations within the considered uncertainty set (red circle) are
feasible, as guaranteed by our algorithm. The generation cost for the robust dispatch
point (5342.99 $/hr) is 0.87% greater than the cost for the nominal dispatch point,

but only 0.13% of the samples result in constraint violations.

Robustness Margin Maximization

We next examine a scenario where the system operators want to determine the op-
erating point with the largest robustness margin. First, we let the dispatch point u
be a decision variable and maximize the robustness margin. The resulting robustness
margin v was 0.380, which is 90% greater than what was required (7yeq = 0.2) in the
robust OPF solution above. This achieves robustness against +38% fluctuations in
loads at every bus while the generation cost (5383.96 $/hr) only increased by 0.77%
relative to the robust OPF solution.

Second, we examine a scenario where the dispatch point is given by u = u(? and
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() as the solution

introduce correlation between loads. We define the dispatch point u
in Fig. 4-6(b), and maximize the robustness margin with the additional constraint
u = u®. We solve this problem several times for different correlation matrices X. The
legend of Fig. 4-6(c) gives the robustness margins - obtained for different correlation

matrices X, with the corresponding uncertainty sets shown by the ellipses.

Computation Time

Since the robustness condition is convex, these problems can be solved efficiently. For
the 9-bus system, the robust AC OPF algorithm converged in two iterations, each
taking an average of 0.0497 seconds to compute. The number of iterations indicates
how many times the sub-optimization problem was solved. The average computation

time for obtaining the robustness margins is 0.0585 seconds.

4.2.2 Robustness vs. Cost Trade-Off for the IEEE 118-Bus

System

We next study the trade-off between operating cost and the probability of constraint
violations by solving the robust AC OPF problem for the IEEE 118-bus system [50].
Load uncertainty is modeled via a Gaussian distribution with variance equal to 1%
of the nominal load. The results are plotted in Fig. 4-7 with the enforced robustness
margin e, on the x-axis. The left y-axis (in blue) shows the empirically determined
join violation probability, i.e., the probability that a sample from the considered
uncertainty distribution violates one or more constraints. The right y-axis (in orange)
shows both the nominal (¢(?)) and worst-case (c*) generation costs.

We observe that increasing the robustness margin results in lower violation proba-
bility and higher generation cost. By examining this trade-off, operators can balance
generation cost and robustness based on the assessed level of power injection uncer-
tainty. For example, we can avoid constraint violations with 99% probability against
random samples from the Gaussian distribution by setting y;eq = 0.03, which increases

the cost relative to the nominal solution by 0.24%.
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Figure 4-7: The trade-off between generation cost and robustness for the IEEE 118-
bus system. The x-axis shows the required robustness margin, vyeq. The solid and
dashed red lines show the nominal and worst-case generation costs, ¢(® and ¢, re-
spectively. The blue lines show the joint probability of constraint violations with
stochastic uncertainty.

4.2.3 Numerical Studies using the PGLib Test Cases

Finally, we show the effectiveness of our robust AC OPF algorithm using the PGLib
test cases [50| with sizes up to 179 buses. Each generator’s participation factor is pro-
portional to the generator’s capacity, i.e., a; = (ppe* —pii®)/ doi2y (Ppe* — piy). The
uncertainty set for the robust OPF problem was modeled by 1% demand fluctuations
at every load bus (i.e., ¥ = diag(p3) and 7,eq = 0.01).

Table 4.1 compares the generation cost of the nominal (non-robust) solution ob-
tained using PowerModels.jl [31] with our robust dispatch point in the second and
fiftth columns, respectively. The bound on the optimality gap in Corollary 6 is shown
in the tenth column, which is computed by taking the difference in generation costs
between the nominal and robust OPF solution. The optimality gap is approximately
less than 1%, indicating that only a marginal trade-off in generation cost is necessary
to achieve this level of robustness. The robustness against stochastic uncertainty was
evaluated by checking the feasibility of 10,000 samples from Gaussian and uniform
distributions. Columns 3 and 6 in Table 4.1 used samples from a uniform distribu-

tion within the uncertainty set. Since our robust OPF solution guarantees robust
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Table 4.1: Violation Probability and Cost Comparison for Selected PGLib Test Cases

Nominal OPF Solution Robust OPF Solution Optimality
Violation Prob. (%) Violation Prob. (%) Solve Num. | Gap (%)
Test Case Cost ($/h) | (Uniform) | (Gaussian) | Cost ($/h) | (Unif.) | (Gauss.) | time (sec) | iter. Local
Typical Operating Conditions (TYP)

cased lmbd 5812.64 49.88 49.47 5829.93 0 0.20 0.04 4 0.30
cased_pjm 17551.89 100.00 100.00 17631.82 0 5.18 0.07 3 0.46
caseld ieee 2178.08 91.30 91.44 2180.96 0 2.10 0.12 2 0.13
case24 ieee rts 63352.20 99.40 99.66 63566.97 0 5.62 0.71 3 0.34
case30 as 803.13 49.07 50.10 803.13 0 1.94 0.26 2 0.00
case30 fsr D7d.7T7 69.12 71.99 580.01 0 0.03 0.38 2 0.74
case30 ieee 8208.52 68.74 80.84 8232.81 0 2.70 0.38 3 0.30
case39 epri 138415.56 99.96 99.94 138643.93 0 5.60 0.51 4 0.16
cased7 leee 37589.34 96.91 98.04 37602.58 0 5.34 0.95 3 0.04
case73 ieee rts | 189764.08 100.00 100.00 190139.37 0 9.86 1.74 3 0.20
casell8 ieee 97213.61 100.00 100.00 97261.57 0 12.89 6.32 3 0.05
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feasibility, there was no violated case for uniform distribution. Columns 4 and 7 used
a Gaussian distribution with its mean set to the nominal loads and variance set to
0.5% of the nominal loads. The results show that while the nominal OPF solution
is very sensitive to fluctuation, the robust solution makes the grid significantly more
robust against stochastic uncertainty. Columns 8 and 9 show the solver time and the
number of iterations, respectively. All of the studied test cases required fewer than
five iterations. Columns 10 and 11 show bounds on the optimality gaps computed
by the right-hand side of (3.14) in Corollary 6. The optimality gap in column 10
is calculated using the generation cost from a local search method (IPOPT [90]),
and column 11 uses the lower bound on the generation cost from the quadratic con-
vex (QC) relaxation [30]. We note that the optimality gap from the QC relaxation
in column 11 includes both the relaxation gap and the gap from the robust convex

restriction.

4.3 Analysis of Neural Networks

Neural networks are increasingly integrated as a critical component in safety-critical
systems by learning underlying models from data and making predictions and de-
cisions. While the multi-layer, nonlinear structure of the neural network gives the
ability to represent functions with high complexity, making decisions and analyzing
predictions is difficult due to its non-convex and nonlinear nature. The problems
in decision and prediction are often cast as an optimization where a trained neural
network approximates the objective function or constraints.

For example, trained neural networks are embedded to learn and estimate the
model [80, 6, 73, 29] or the cost-to-go function in reinforcement learning [71, 82|
such that the decisions are made by optimizing over the trained models. Analyzing
a trained neural network also involves an optimization problem. The robustness
verification problem can be cast as a feasibility problem where the output label does
not change within the permissible perturbation [40, 42, 56, 84, 85, 88, 92|. Another

example is finding an adversarial example, which searches for a minimum distortion
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(a) ReLU (Circles) (b) ReLU (Moons) (c) ReLU (Varied) (d) ReLU (Aniso) (e) ReLU (Blobs)

(f) Sigmoid (Circles)

Figure 4-8: Convex restriction of neural networks trained for two-dimensional classi-
fication problems. The convex restriction (green region) provides an inner approxi-
mation of a class identified by the neural network (blue region). The scattered dots
are data used to train the neural network, and the red dot is the nominal input data
where the convex restriction is constructed around.

to an image that causes incorrect prediction of a neural network [46, 57, 72, 25, 45].

In this section, we propose a convex sufficient condition over the input to the
neural network such that the output satisfies upper and lower bound constraints. An
example is shown in Figure 4-8 where a neural network was trained for a classification

task, and the decision margins are plotted with different colors for each class.

4.3.1 Problem Formulation

We consider a trained L-layer feedforward neural network with nonlinear activation
functions. The input dimension is denoted by dgy, and the number of hidden units at
layer k is denoted by dj. Let 2 € R% be the input data to the neural network, and
2, € R% be the output variable at layer k. The weights between layers k — 1 and
k are denoted by W), € R%>%-1 and the bias at layer k is denoted by b, € R% for

k=1,..., L. The neural network can be written as the algebraic equations,

20 = T,
(4.31)
Zk:Uk(Wka_l—f-bk), k}:l,...7L7
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where o}, : R%* — R% is a vector of activation functions at k-th layer. The activation
functions are arbitrary nonlinear functions that are continuous, including ReLLU, sig-
moid, pooling functions, and the convolutional layer. The analysis is carried out on a
trained neural network where the weights are fixed. Both classification and regression
problems are considered with the following setup.

Classification problems label each data point to a class k € {1,...,d.}, where the
input data is predicted by k = argmax; z1;. The constraint for fixing the label in
classification can be set by 27, > 2z, for i = 1,...,d;, where k is the desired output
class. Regression problems have a predictor y € R% given by the output layer of
the neural network, y = 2. Constraints on the output of the neural network can be

directly imposed on zy.

Neural Constrained Optimization Problems

We consider the following canonical optimization problem involving a neural network,

minimize ¢(z, ) subject to f(z,z) =0, h(z, z)<0. (4.32)
T
where z = [zg . z{] € R" withn = Zi:o dy, and f: (R",R%) — R" is defined
as _ -
T — 2o

f(z2) = UI(WIZOTLbI)_Zl . (4.33)

_UL(WLZL,l +by) — zL |
The equality constraint can be viewed as a square system with n unknown variables
(z € R") and n equations parametrized by z € R%. The choice of the cost function
c: (R",R%) — R and inequality constraints h : (R",R%) — R™ depend on the
problem formulation. If the neural network outputs a scalar that represents the
objective function, then it can be simply set to ¢(z,z) = zy. If the neural network

models the constraint, then it can be added as a constraint h(z,z) = zy —b < 0

where b is some constant. For classification problems, the inequality constraint can
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be set to h;(z,x) = z1,; — 2, < 0 for i =1,...,d;, where k is the target label.

Robustness Margin of Neural Networks: The robustness margin for the
neural network can be defined as how much norm-bounded perturbation can be added
to the input data without changing the output label. Such a problem can be cast as
an optimization problem in (3.1).

Adversarial Example: Finding an adversarial example is minimizing some dis-
tance metric subject to the neural network in (4.31). This problem can be also cast
as an optimization problem in (3.1).

Optimization over Neural Networks In general, convex restriction provides a
way to optimize with the neural network as a constraint. For example, we may want
to minimize the input data with respect to some objective function. This problem
could be solved by a sequence of convex optimization by replacing the neural network

with convex restriction.

Convex restriction of neural networks

In this section, we present the convex sufficient condition for the equality and in-
equality constraints imposed by the neural network in (4.32). By applying envelopes
for activation functions to the fixed-point representation of the neural network, the

following theorem states our main result.

Theorem 10. (Convex Restriction of Neural Networks) Given the input data z € R%
with some perturbation within a ball B, (z(?)), the output of the neural network in
(4.31) is bounded by z¢ < z < 2" if there exists 2%, 2/ € R and g%, g5 € R" such

that

Ktgh+ K™ gh+¢=2"

K gp+K*gp— &= 2",

§i=MKipalle, i=1,...,n (4.34)
Gho >, Ghr > gb(H 1), Gpg > gi(z), k=1,... L,

9%,0 S Z, gg?,k S gle;(z;:—l)’ g%k S glf:(%f:—l)? k = 17 . "L’

5
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where K 1.4, € R is a row vector that corresponds to the i-th row and 1-st to

do-th columns of the matrix K.

4.3.2 Experiments

We demonstrate our condition using optimization test functions [51] and MNIST
dataset of hand-written digits [59]. We note that the focus of this paper is on the
analysis of trained neural networks, and our results hold regardless of the training data
and training procedure. Pytorch was used to construct and train a neural network
[77], and CVXPY [35] with Gurobi [48] as the solvers were used to solve convex
optimization problems. The problems were solved on a laptop with 3.3 GHz Intel
Core i7 and 16 GB memory. More illustrations and our code are available in the

supplement.

Solving an optimization problem with an unknown objective function and

constraints

For solving optimization problems with trained neural networks, we sample data from
standard optimization test functions and train neural networks to fit the data. We
evaluate our approach on a neural network trained to learn an optimization test
function. We generated 50000 random points from a uniform distribution and eval-
uated it using the Rosenbrock function, v(z) = %7 [100(zs41 — 22)% + (1 — 2;)?]
where dy is 1000. We trained a neural network with three hidden layers and 1000
total hidden nodes. Figure 4-9 shows an illustration for dy = 2 where the scattered
data are training data, and the surface plot is the learned function using the neural
network. We solve an optimization problem where the objective is to minimize the
learned function o(z). We compare the performance of sequential convex restriction
with subgradient descent [77] and trust-region method [89]. Figure 4-9 (b) shows the
comparisons where mixed-integer linear programming provides a global minimum so-
lution, and convex relaxation provides a lower bound on the objective function. The

performance of sequential convex restriction is usually comparable to the trust-region
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method.

(a) Rosenbrock function (b) Minimizing learned function (¢) Minimizing constrained function

-z — —e— Sequential Convex Restriction
0.25 . 1 -+ Gradient Descent
- \ ~- Trust Region Method

—e— Sequential Convex Restriction
vvvvv Gradient Descent
<~ Trust Region Method

Objective
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Figure 4-9: Figure (a) shows the trained test optimization function. Figure (b) and
(c) show comparisons with other methods.

Finding an adversarial morphing

We consider morphing from an initial input data to a target data without changing
the neural network’s prediction. We train a 5-layer neural network where the first
two layers are convolutional layers with ReLLU activation functions, and the next two
layers are ReLLU layers. There are a total of 9154 hidden nodes in the neural network.
Figure 4-10 shows the solutions from sequential convex restriction, which took 36.88
seconds per iteration on average. Since every consecutive solution from sequential
convex restriction belongs to a convex set, it follows from the definition of the convex
set that
Vael0,1], a-z® 4+ 1 —a) % ey cy

for every iteration k. Therefore, a piece-wise linear transition from the initial input

data produces a target label while satisfying the neural network out constraints.

Initial data Iteration 1 Iteration 2 Iteration 3 Iteration 4 Target data

Figure 4-10: Numerical experiment for finding a targeted adversarial example.

88



4.4 Collision-free Motion Planning in Robotics

In this section, we consider robotic motion planning to generate collision-free trajec-
tories. The problem considers both the nonlinear kinematics of the robot and the
nonconvex obstacles, which can be represented as equality and inequality constraints.
We search for the configuration of the robot such that it is closest to the targeting end-
effector position and provide a collision-free path to go from the initial configuration

to the solved configuration.

4.4.1 Problem Formulation

We assume the robot is position controlled with the kinematic equation given by

u=f(q) (4.35)

where u € R™ and ¢ € R" are the end-effector coordinates and the configuration
of the robot. Moreover, we add obstacles that the end-effector must avoid. If the
end-effector does not collide with the obstacle and has a corresponding configuration,
then we declare that the end-effector is safe or feasible. A feasible end-effector is

denoted by u € U.

Problem Statement: Our objective is to find a path such that convex restriction
provides a convex sufficient condition that ensures both the satisfaction of kinematic
constraints in (4.35) and the safety constraints u € U.

In particular, we will use a piece-wise linear path in the end-effector space such
that the sequence u(®, u ... u™) has the property that a linear transition from a
consecutive end-effector will be always feasible (i.e., au® + (1 — a)ul® for a € [0,1]
is feasible). Finding the configuration such that the end-effector is at the desired

position can be cast as the following optimization problem,

minimize  fo(u, uer) subject to u= f(q), u €U, (4.36)

u7q
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where fo(u, uef) denotes the distance metric between the target and planned end-

effector, and U denotes the safety constraints of the robot.

2 a4k B
»

| R
n
-1

3 2 -1 0 1 2 3
Figure 4-11: An illustration of the problem set up with three-armed robot.

We use a simple 3-armed robot illustrated in Figure 4-11. The end-effector of the
system was defined as

u = [.ZU, Y, q1]Ta

where x and y are the positions of the end of the arm in cartesian coordinates, and
q1 is one of the joint angles. Since the degree of freedom of the robot arm is 3, we
can specify the position of the end-effector as well as the orientation. The kinematic

equation of the system is

Ly cos(q1) + Lacos(qr + q2) + Lz cos(qr + q2 + g3)
f(q) = | Lysin(qy) + Lasin(qy + q2) + Lasin(q1 + g2 + g3) | » (4.37)

q1

where Ly = 1, Ly = 2, and L3 = 0.5. Due to the Kinematic constraints, there is
an inherent limitation to the end-effector position. For this particular system, the
constraints are such that the position of the end-effector should be within some range
from the origin (i.e. /22 +y2 € [Ly — Ly — L3, Ly + Ly + Ls]). An illustration of
the experiment is shown in Figure 4-11. The figure shows the robot with black lines
showing links and red dots showing joints. The orange squares represent obstacles
that the robot needs to avoid. We impose the collision constraints only on the end-

effector (the end of the robot arm) and have not considered the collision of any other
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parts of the robot. Extensions to consider the entire body of the robot will be a
future work of this project. The blue region shows the kinematic constraints that
were described. Only the empty space of Figure 4-11 is reachable or manipulable
by the robot. The desired end-effector position is marked by the red x mark. An
example of a feasible path is shown with a black line.

Using the kinematic equations, the sequential convex restriction was applied with
illustration in Figure 4-12. The green contour line shows the convex restriction around
the given robot configuration. This case shows a successful case where the robot is
able to reach the target position. We note that the collision constraints are applied

only at the end-effector, and the body collisions were not considered.

Iteration 1 Iteration 2 Iteration 3 Iteration 4 Iteration 5
3 x
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Figure 4-12: The convex restriction is drawn with a green contour line, which repre-
sents end-effector positions that the robot arm can maneuver. Convex optimization
problems can be solved sequentially to move the robot arm from some initial condition
to the desired position.

4.4.2 Simulation Results

In this section, we show some of the successful test cases where the sequential convex
restriction. Figures (a), (b), and (d) show the trajectory where the robot avoids the
obstacles that are between the initial and desired points. Figures (b) and (e) demon-
strate cases where sequential convex restriction can go through a narrow passage.

In addition, we conduct additional experiments by randomly sampling the obsta-
cles with various locations and sizes, the initial configuration of the robot, and the
target point. These were drawn from a uniform distribution. The success rate of
reaching the target point was about 63 percent with an average computation time

per iteration of 0.0488 seconds. The number of samples for this experiment was 1000.
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Figure 4-13: Successful test cases of Sequential Convex Restriction.
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Figure 4-14: Failed test cases of Sequential Convex Restriction.

While the previous section showed cases where the end-effector arrived at the
desired solution, there were cases where the algorithm failed due to the kinematic

constraints. There are two main failure modes to the algorithm.

1. Since we specify the end-effector position of the robot, the manipulation be-
comes prohibitive when the robot is at a configuration where the Kinematic
Jacobian is singular (e.g., the robot arm is at a straight-up position where
¢1 = g2 = g3 = 0). Figure 4-14 (a) and (b) show the algorithm being stuck at

the end-effector where the kinematic Jacobian becomes singular.

2. Similar to the potential fields method and TrajOpt [83], the sequential convex
restriction is a local search method and may experience local solutions for the
end-effector that is not the desired end-effector. Figure 4-14 (c¢) and (d) show

the cases where the robot is stuck at a local solution.
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4.5 Concluding Remarks

This chapter presented a number of applications for sequential convex restriction.
The problems considered in this chapter were considered challenging due to the non-
linearity introduced by the system model. Convex restriction enables the use of rich
theory and efficient algorithms for convex optimization, which provides a potential for
tractable analysis of its applications. We showed that the coefficient involved in the
MPC problem and neural network verification problem can be computed efficiently
by exploiting their sequential structure. We showed extensive numerical studies for

the OPF problem to demonstrate the effectiveness of the proposed approach.

93



94



Chapter 5

Reachability Analysis with

Contraction Metric

5.1 Introduction

Safety and reliability became one of the most important questions in recent control
applications such as autonomous driving and renewable integration in electrical power
grids. There is a growing need for a set of tools that can measure reliability in
safety-critical applications. These applications have various sets of safety constraints
that need to be satisfied. The problem becomes challenging for nonlinear dynamical
systems subject to uncertainty.

In this section, we develop a theory and algorithm for reachability analysis and
combine the results with contraction analysis in order to bring a powerful set of
tools for verification problems in control. Reachability analysis provides a verification
procedure for nonlinear dynamical systems such that the agent avoids any obstacles
and remains in a safe set.

One of the precedent work regarding the idea of bounding trajectory started with
interval analysis, which was developed for bounding rounding and measurement errors
[52]. More recently, the generalization of intervals to other shapes such as polytopes or
ellipsoids showed more promising results for studying dynamical systems [8, 34, 58|.

This approach provides a rigorous enclosure of trajectories to model equations by
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building a "funnel" of possible outcomes and had success in applications such as

robotics and motion planning [86] and power systems |78, 27].

More recently, a similar type of analysis based on polytope with the assistance of
optimization has been proposed in |8, 34| for polynomial systems. The algorithm in
the paper is scalable only to relatively low-order polynomial systems, and it needs to
be scalable to larger systems. Existing methods based on linear sensitivity analysis
or approximated order estimates are not rigorous and do not guarantee stability. On
the other hand, the interval analysis approach gives a rigorous bound on the possible

trajectories and determines the effect of uncertainties.

However, the convergence of the bounded states in interval analysis has not been
possible because it is usually conservative. The intervals form a box that typically
does not converge in under-damped systems. To alleviate this major limitation, we
introduce a novel approach that constructs the bounding template using a polytope,

which incorporates the geometrical characterization of system dynamics.

5.2 Preliminaries

5.2.1 System Model
We consider an autonomous nonlinaer system of the form,

i1 = fi(zg, wy), w0 € Xp (5.1)

where z € R™ is the state, w € R” is the uncertain parameters and f;(z,w) :
(R™",R") — R" is a vector of nonlinear functions at time ¢. The system in (5.1) in-
cludes feedback controlled system x; 1 = ft(xt, ug, wy) with control policy u, = my(x).
Defining f(x, wy) := fi(xy, m(xy), wy), Equation (5.1) can model feedback systems

without the loss of generality.

96



5.2.2 Reachability Analysis

Finite-time forward reachability analysis is widely used for applications in safety and
robustness verification. Reachability analysis aims to find a set P; for some ¢ > 0
such that

To€EXy = x4 € P (5.2)

The forward reachability analysis aims to find the smallest region P; such that (5.2)
is satisfied. We consider the following applications for reachability analysis for safety

verification.

Finite-time Reach Verification

The nonlinear system in Equation (5.1) is said to achieve finite-time arrival with
respect to (Xp, S) if
xr € XO = rT € Q, (53)

where Xj is a set of initial conditions and & C R"™ is a set of acceptable target states.
The finite-time arrival can be directly implied from the definition of reachability
analysis. By ensuring that the result of the reachability analysis satisfies Pr C G,
the finite stability can be verified for the given nonlinear system. In contrast to
Lyapunov stability, the definition in (5.3) uses pre-specified initial state-bound Xj
and the target state bounds G and is not concerned with intermediate time steps.
Finite-time stability can be useful for guaranteeing that for any initial condition
starting within the set A}, the system is able to achieve the target state at the final

time step.

Finite-time Avoid Verification

The nonlinear system in Equation (5.1) is said to achieve reach-avoidance if

S XO = T ¢ Bt, (54)

where A} is a set of initial conditions and B; C R" is a set of unsafe states at time t.
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5.2.3 Contraction Analysis

Contraction theory studies the differential analysis of neighboring trajectories [67].
Consider a discrete-time autonomous system z;1 = f(x;). Consider an infinitesimal
displacement between two neighboring trajectories denoted by dx. We denote the
change in coordinate with

dz = O(x)dz, (5.5)

where ©(z,t) is a square matrix, which transforms the state, and its corresponding
virtual dynamics:

0
(Sl't+1 = 8—£($t)(sl't (56)

5.3 Reachability Analysis with Convex Relaxation

In this section, we consider the reachable set represented by polytopes and present

an optimization-based method for computing those sets.

Computing Reachable Set with Polytopes

We consider the following poloytope as a candidate for reachability verifications,

Pulzt' z) =z | 2 < Ay < 27}, (5.7)

where 2!, 2 € RP are parameters that defines the set, and A, € RP*" is a matrix

with ker(A4;) = 0. We assume that the polytope is represented as an intersection of
half-spaces (H-polytope) where the number of hyper planes is finite. The reachability
analysis can be performed by computing the reachable set in the consecutive the

consecutive time step (i.e., 7y € Pi(2, 2) = 111 € Pra(28 2).)

Lemma 8. Suppose that the variables z* € R™ and z‘ € R™ are given by
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u _
Zppr1 = MaX  Ap T
’ Tt,Tt41,Wt

subject to x4 = f(xy) (5.8)
zr € Pulz!, 7)),
Then, for every x; € Pi(2%, 2{), the next state satisfies x411 € Pri1 (2041, 2641)-

Proof. By definition, sz < A < 244, and therefore, 1) ¢ P O

The problem in (5.8) are non-convex problems, and is NP-hard to solve in general.

Convex Relaxation

Given knowledge about nonlinearity, we can use known upper-concave lower-convex

envelopes to relax the nonlinear equality constraints.

Corollary 7. (Upper-Concave Lower-Convex Envelopes) Suppose that the function fj

is known to be bounded by some analytical functions f{ and f; such that

fio(@) < fulz) < fiip(x), = €D, (5.9)

where f{ ,, is concave and f{,, is convex function of z in the domain D.

The subscript D in the envelope denotes that the domain for the envelope is D.

Having smaller D allows more accurate estimators.

Lemma 9. (Convex Relaxation) Suppose that function f* and f* Suppose that the

variables z* and 2’ are given by

Zhpr1 = max Ak 141
subject to  f(zy) < w1 < F ) (5.10)
Ty € Pt(Zf, Zf),

Then, for every @41 € Pira (2841, 2641)-
Algorithm for computing reachable sets
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Algorithm 3 Reachability Analysis

1: Initialize: Compute nominal trajectory
2: fort=1,...,T do
33 fork=1,...,ndo
4: Update 2* and 2* in Equation (5.10):
Z};t+1 = mzax Ak,t+19€t+1
subject to  f“(2) < w1 < f*(w0) (5.11)
z € Pi(2f, 2),
5: end for
6: end for
7: return P(z¥, 2%).

5.4 Obtaining Reachable Set Templates via Contrac-
tion Analysis

In this section, we provide a numerical method for computing contraction metrics in

discrete-time dynamical systems.

5.4.1 Global Contraction metric

Lemma 10. Suppose that there exists a contraction metric © such that for every

r €D,

of
O (f(z)) 5 () = VBO(z). (5.12)
Then, the system is semi-contracting with metric M = ©76 in the domain D.
Proof. Consider the virtual displacement 0z, ,0z:1. Equation 5.12 implies that

T T AT
02410241 = 021,10, 10110714

T
;g—i @?+1@t+18—f5$t = ﬁéﬁ?@?@tél’t == ﬁaZ;T(SZt.

=iz 5

]

Corollary 8. Suppose that the condition in Equation 5.12 holds. Then, FIF; = 81

where F; is the generalized Jacobian.
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Proof. Given that the generalized Jacobian is defined as F; = @t+1%®t_ L.

1 af of
Oz ox

(©f) " (867er) o7 = BI.

F'F,=(0f)" 0/11011--0;"

5.4.2 Contraction metric for a nominal trajectory
Consider a nominal trajectory xq,...,xy that satisfies xy11 = f(x).

Lemma 11. Suppose that the metric is computed recursively by solving the equation,

@(xt+1 = /BO(z,) (5.13)
Then the metric M (z) = O(z)7O(z;) is a valid contraction metric for the dynamical
system, Ty = f(x¢).

This metric can be computed by solving a system of linear equation ©(zyy,) =

(af (z¢)) ' O(z;), or more efficiently by propagating the metric backwards in time by
O(z:) = @($t+1)%(1’t)-

5.4.3 Contraction in Invariant Set

Corollary 9. If the system is linear (i.e., f(x) = Ax), then the condition in Lemma 9

is a necessary and sufficient condition.

Lemma 12. Suppose that for every x € Py(2¥, 2f),

of
Oz

of

( )TMt—l-l a

() < M, (5.14)

then the trajectories in Py(2Y, zf) is contracting and converges exponentially to each

other.
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5.5 Numerical Studies

A transmission line or generator contingency on power systems is a common cause
of loss of synchronism. The existence of a feasible solution is insufficient, and the
dynamic stability of the system should be studied as well in order to ensure the
security of the grid. In this paper, we consider the second-order swing equation with

Kron reduction, which is widely used:

midx + didy, + Z ay; Sin(8 — 05) = Pk (5.15)
JENK

where my, d, and P, are the inertia, damping and mechanical power injection at
bus k, respectively. ay; = By;ViV; is the constant as we assume that the voltage
is strictly regulated to 1 p.u. We can rewrite the swing equation with the following
compact vector notation,

d=w

(5.16)

W=M"Y~Dw— E"X'sin(ES) + Py,;).
where M, D and X are diagonal matrix with diagonal entries being the inertia and
damping of generators and line impedance respectively. Pj,; is a vector of power

injection.

2 bus system

In this section, we present the result on a 2 bus system for illustration of our ap-
proach. Figure 5-1 shows the phase portrait of the system as well as the polytope
computed at every time step. In this case, every trajectory from the initial operating
point set is stabilized to the equilibrium. We note that this approach can survive
near the unstable equilibrium point where the system becomes highly nonlinear in
2-dimensional analysis. Figure 5-2 shows the Monte-Carlo simulation as well as the
bound computed using the reachability approach. The bound is shown to be very

tight to the Monte-Carlo simulation and converges to the equilibrium.
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Figure 5-3 shows a case where the initial polytope goes through the unstable
equilibrium. While some of the solutions are able to reach back to the equilibrium, the

polytope grows due to the trajectories that do not converge to the desired equilibrium.

w (rad/s)

¢ (rad)

Figure 5-1: The phase portrait of the dynamics as well as the polytopes computed
with the reachability analysis is shown for a 2 bus system. In this case all the initial
conditions converged to the equilibrium.

o W

—_

delta (rad)

omega (rad/s)

t (second)

Figure 5-2: The time domain simulation of the system based on the Monte-carlo sim-
ulation is shown. The red dashed lines are the bound from the reachability analysis.

On the bottom, the distance of each planes from the equilibrium is shown, which
converged to zero.
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Figure 5-3: Case study for an unstable case in 2 bus system is shown in this figure.

39 bus system

In Figure 5-4, the contraction of the polytope is also shown. It also demonstrates an

exponential convergence towards the equilibrium.

0.3

time (second)

Figure 5-4: Contraction of polytope size on a 39 bus system.

5.6 Concluding Remarks

We present the reachability analysis approach for discrete-time nonlinear systems.
We presented an algorithm based on convex relaxation to compute reachable sets.
The states are bounded using polytope that is adapted to the natural modal shape of

the system dynamics in the neighborhoods of the equilibrium. We demonstrate our
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method on IEEE test cases to certify the stability and bound the state trajectories.
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Chapter 6

Constrained-Input

Constrained-Output Analysis

6.1 Introduction

In the presence of external disturbances to a dynamical system, the behavior of state
variables changes constantly. One way to characterize the system is determining the
relationship between the input signal and the output signal. Consider a dynamical

system with input v and output vy,

T = f(x,u),
y = h(z,u).

The input signal u : [0,00) — R", the state = : [0,00) — R?®, and output signal y :
[0,00) — R™ maps the time interval [0, c0) into Euclidean space, and f : (R*,R") —
R™ and h: (R*, R") — R™ are vectors of continuous function. We assume that there
is a known nominal equilibrium ze, and ueq such that f(Zeq, teq) = 0, and the initial
condition starts at that equilibrium (i.e., 2(0) = z¢q and u(0) = ueq). This chapter
focuses on finding the relationship between the bound on the peak magnitude of input
signal and output signal. Input to output analysis in this chapter aims to follow the

following condition:
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; . < 7. i , < i
Vi, max|u(t) <@ = V), max|y;(t)] <7, (6.1)

for some bounds © € R™ and y € R™. We want to find the least conservative estimate
of g; while guaranteeing condition (6.1) since a trivial bound g; would be infinite.
For engineering applications, we are sometimes interested in computing maximum
tolerable input disturbance given output constraints (i.e., given g, compute maximum
u that satisfies condition (6.1).) Alternatively, computing the worst-case damage to
the system when the input disturbance is known can be useful to assess potential

damage to the system.

One of the applications of the input-output relationship problems has been the
transient stability of power systems under operational (e.g., frequency) constraints.
These studies can be divided into three main groups. The first group proposes nu-
merical simulations under stochastic disturbances, where the output trajectory is
computed for a given realization of the disturbance [37, 69, 75|. Time-domain sim-
ulations yield high fidelity assessments when the disturbance and the operating con-
ditions are known exactly. However, when there is limited information about the
disturbance, the assessment may require a large number of simulations. The second
group is based on reachability analysis, where the output trajectories are bounded
inside the reachable set [26, 27, 62, 1, 94|. While some of these formulations allow
differential-algebraic equations to model the power grid dynamics, they rely on the
approximation of the dynamics via linearization or Taylor-series expansion [26, 27].
The works in |27, 62| give tight time-dependent bounds on the output, but they re-
quire solving an optimization problem at every time step. The third and final group
is based on Input-to-State Stability (ISS) [2, 91] analysis. ISS provides a powerful
rigorous approach to tackle such a problem, however finding a Lyapunov function

that renders this approach non-conservative is in general very difficult.
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6.2 Background

6.2.1 Lur’e System Representation

Lur’e system represents a system as an interconnection of a linear dynamical system
with a nonlinear static state feedback. The Lur’e system, together with the efficient
bounding of the nonlinearity between linear functions, heavily simplifies the analysis

of the nonlinear systems. The nominal form of the dynamical systems is given by

& = Az + Byv + Byu (6.2a)
v =1(z) (6.2b)
y = Cyz + Dyu (6.2¢)
z=C,ux, (6.2d)

where z(t) € R?, u(t) € R", and y(t) € R™ are system state, input signal, and output
signal, respectively. Variables z(t) € R’ and v(t) € R? are transformed system state,
and A € R**, B, € R**Y, B, € R, C, € R™**, D, € R™", and C, € R™* are
constant matrices defined in the system. The function ¥ : R — R’ is a vector of

function, and we assume that it is decentralized, i.e., v; = ¥;(2;) Vi € {1,...,(}.

Transfer Function Matrix

Let the transfer function matrix G(s) represent the linear dynamics in Laplace domain
where the linear system is defined by Equations (6.2a), (6.2c), and (6.2d). Then the
Lur’e system (6.2) can be graphically represented as in Figure 6-1. Following this
representation of the system, the transfer function matrix G can be divided into four

blocks:

Gyu(s) Gyu(s
G(s) = wa(8) (s) (6.3)
G.u(s) G.u(s)

)

where each block of transfer matrix can be computed by G, ;(s) = Ci(sI — A)~'B;,
with ¢ € {y,z} and j € {u,v}. This representation of the system implies that the

initial condition of the system is at the equilibrium (i.e. o = 0). Given the system
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model described in this section, the problem can be formulated as follows.

U —» G(S) —> Y

v <z

()

Figure 6-1: Lur’e system representation of the power system dynamics in G(s) and
the nonlinear components in ¥(-).

6.2.2 Problem Formulation

Consider the system model (6.2), containing the additive magnitude-bounded distur-
bance u. This chapter concentrates on finding the maximum bound on the magnitude
of the disturbance such that the output signal satisfies safety constraints. In order to
quantify the magnitude of the disturbance u, we propose the following element-wise

infinity norm.

Definition 2. Let u(t) € R™. Its element-wise L-infinity norm, which we denote by
lu|zn € R, is defined as

[fulez.]; = sup fui(?)] (6.4)

where [|u|zn L and wu; are the i-th entries of |u|zn and w, respectively.

Remark 5. The element-wise L-infinity generalizes the standard L., norm of u, de-
fined as |lu||z., = max;(sup;sg |ui(t)|). The proposed element-wise norm allows us to
represent different magnitudes at each component of the vector, rather than bound-
ing them uniformly. This fact will be exploited later, where an optimization problem
will be formulated to compute the maximum magnitude of the admissible distur-

bance. To avoid any confusion, we denoted the element-wise L-infinity norm of an

n
[oop)

n-dimensional signal by L7 , where the superscript n should remind the reader that

|-|zn. is an n-dimensional vector.
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Problem Formulation

Consider the system written in the Lur’e form (6.2), with initial condition 2o = 0. The
objective of our problem is to find the maximum bound u € R" on the disturbance

such that if |u|zn < @, then |y|zm < 7.

6.2.3 Preliminaries

Definition 3. A mapping H : L — L4 is L stable if there exists a class K function

Let y = Hu define an input-output relation, where H is an operator that specifies
the output y in terms of the input u. In the following we will introduce three types
of input-output relations for the operator H with respect to the element-wise infinity
norm |-|z._. The first type is the Bounded Input Bounded Output stability, which is
defined as follows.

Definition 4 (Bounded Input Bounded Output). The operator H is BIBO stable
if for every input constraint @, if |u|zn < @, then the output |y|zm is bounded.

Notice that it is not always possible to meet such a condition, especially for non-
linear systems. We now define the second type of input-output stability, namely the
Constrained Input Bounded Output (CIBO) stability.

Definition 5. (Constrained Input Bounded Output) The operator H is CIBO
stable if there exists an input constraint @, such that for every input v with |u|z. < 4,
the output |y|zm is bounded.

Recall from Section 6.2.2 that we want to find the maximum bound on the mag-
nitude of the disturbance such that the output signal satisfies safety constraints. We
formalize this concept into the third and last type of input-output stability, Con-
strained Input Constrained Output (CICO) stability.

Definition 6. (Constrained Input Constrained Output) The operator H is
CICO stable if given an output constraint g, there exists an input constraint u, such
that for every input with u with |u|zs < @, the output satisfies |y|zm < 7.

In Section 6.3 we will propose conditions under which the system (6.2) is BIBO,
CIBO, and CICO stable.
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System Gain

Let y = Hu be a BIBO stable system. If there exists a non-negative constant matrix
vg € R™*" such that

Ylem < vmlulcn, (6.5)

then we refer to vy as the gain matrix of the system.
When the input is bounded, i.e., |u|zn < @, we denote the gain matrix by vy ()
to remind that it is a function of the domain parametrized by u.

For a BIBO stable linear system, where the operator H corresponds to the trans-
fer function G(s) in equation (6.3), the gain matrix 75 can be computed using the

following lemma.

Lemma 13. Given a BIBO stable linear system with transfer function G(s), the ij

element of the gain matrix y4 can be computed as

Ya,ij = [1Gijllc, (6.6)

with |Gislle, = [T |hij(7)|dT, where h;; is the impulse response of Gj;.

—00

Proof. For the i-th element of the output vector,

w01 < Y [ h(nldr = 3Glesi
j 0o j

]
The matrix vg, can be divided, according to (6.3), into
’YG = fyy’u f)/yﬂj 5 (67)
Yz Vzo

where 7v,, € R™*", 7, € R Vou € R and 7., € R are the gain matrices

computed as shown in Lemma 13.
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The gain of the nonlinear component, 7, can be computed by

(%

. (6.8)

Vo,ij = SUP

Zj J

For number of applications, the expression for Equation (6.8) have a closed-form

solution. We will present a power grid example later in the simulation section.

6.3 Input-Output Stability Analysis

In this section, we establish the mathematical framework for the analysis and as-
sessment of the system under the additive disturbance u. The proposed framework
combines the input-output stability approach with the sector bounds on the non-
linearity v in the Lur’e system to propose a novel small-gain theorem based on the
element-wise L-infinity norm |-|._.

Given the computed gain matrices of the system, the following inequalities hold:

ylen < walules, +volvley, (6.92)
2], < Valtlen, 4+ Ywolv]ce, (6.9b)
vlee, < vpllee, (6.9¢)

The gain matrices are non-negative, i.e., v; ; > 0, V ¢, j. Using this property, we state
the following lemma, which will be important in the proof of the subsequent results

of this section.

Lemma 14. Given the positive matrices v, , and 7, the following three conditions

are equivalent:

(D) p(rz0ve) <1
(11) (I - ’Vz,v’%b)_l Z 0

(iii) There exists z > 0 such that (I —7,,7y)z >0
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Proof. The proof is based on the properties of Z and M-matrices. A matrix is a
Z-matrix if its off-diagonal elements are non-positive, and it is an M-matrix if it
is a Z-matrix and its eigenvalues have non-negative real parts. First the matrix
I — 7.,y 1s a Z-matrix since the gain matrices are non-negative. Now notice that
p(V207w) < 1if and only if the eigenvalues of I —+, ,v, have positive real parts, which
is the definition of a nonsingular M-matrix. Given that I — v, ,7v, is a nonsingular

M-matrix, condition (i), (ii), and (iii) are equivalent [79]. O

Remark 6. Since the matrix 7, ,7, is nonnegative, it has a real eigenvalue equal to

its spectral radius p(7..,7,) [20].

In the next theorem, we present the condition under which the system is BIBO

stable.

Theorem 11 (Small-Gain Theorem). The system (6.2) is BIBO stable if the gain

matrices y¢ and 7y, are finite, and p(7,.,7y) < 1.

Proof. By substituting Equation (6.9b) into Equation (6.9¢c) and rearranging, we have

([ - PYZ,UIYTP”Z’C‘;O < Wz7u‘u|ﬁgo-

Since p(7,.,7y) < 1, Lemma 14 guarantees that (I —,,7,)"" > 0. As such,

|Z|E{;o < (I - ’Yz,v’yw)_lﬂyz,u|u‘£go'
The output can be bounded by

|y|£gé < 7y,u|u|£go + ’7y,v|vlﬁﬁo
< Waululen, + Yyovpl2lee,

S [’Vy,u + ’Yy,v%l)([ - 'Vz,vf)/w)il’Yz,u} |u’£go
Therefore, the system is BIBO stable. O

Remark 7. Theorem 11 ensures more than just BIBO stability. The last inequality

in the proof implies that there exists a non-negative constant gain matrix vy =
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Sector Bound

Nonlinear output (v)
o

-5 0 5

Transformed state (z)

Figure 6-2: Sector bound for v = 9(z) = sin(z + ¢*) — cos(*)z.
[’Yy,u + fYy,'Ufde(I - f)/z,v’yw)_lfyz,u] such that
Ylem < ymlulen, (6.10)

and therefore the system is finite gain £, stable [54].

Theorem 11 presents a novel small-gain theorem, defined for the element-wise
L-infinity norm |-|z._. The small-gain condition ensures BIBO stability, which guar-
antees that the output is bounded for any bounded input. For general nonlinear
systems, the boundedness of the output cannot be guaranteed for every bounded in-
put. However, if the magnitude of the disturbance is constrained by some appropriate
u, the output could be bounded.

The condition in Theorem 11 is not satisfied for an arbitrary nonlinear gain matrix
Yy Indeed, since p(7,,,7p) < 1, it results that for fixed linear gain matrix -, ,, there
exists a limit on the magnitude of v, such that our system is BIBO stable. This can
be deduced from the fact that 7, is a non-negative diagonal matrix, and therefore
the spectral radius p(7,,,7y) is a strictly increasing function in 7,. Let Z be some
magnitude bound on z, i.e., |z|z < Z. Now 7y is function of Z, i.e., 7y = 74(2), and
that larger Z results in larger v, (%) (see Figure 6-2). As a consequence, the condition
in Theorem 11 could be satisfied for some Z.

This observation is exploited in the following theorem, where a sufficient condition
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for the CIBO stability of our system is presented.

Theorem 12. Let @ be a bound on the magnitude of the input, i.e., |u|zn < u. If v¢

and -, are finite, and if there exist @ and z satisfying

Yeull < (I —7207(2))Z (6.11)
then the system (6.2) is CIBO stable and ||z < 2.

Proof. Since the gain matrix is a positive matrix and @ > 0, (I —7,,,74(2))Z > V20t >
0 with Z > 0. From Lemma 14, p(7.,7s) < 1, and by using Theorem 11, the system
is BIBO stable for |u|zn < @. Substituting condition (6.11) and Equation (6.9¢) into

Equation (6.9a), we have

|Z|£éo < VZ,H‘MEQO + 7z7v|v‘£{§0

< (L= 72070(2))Z + V20(2) 2] e,

By rearranging,

(I = V20w (D)2lee, < (= 2070(2))2.

Now, I —7..,7y(Z) is inverse-positive from Lemma 14, so |z|ze < Z. O

Remark 8. Theorem 12 provides a local small-gain condition over the domain ||z <
z. If the condition (6.11) is satisfied for all z, then it is equivalent to the small-gain

condition from Theorem 11, and the system is BIBO stable.

This remark can be directly observed from Lemma 14. This inequality condition
is a different representation of the small-gain condition, but further exploits the fact
that ~, can be a function of Z. There is a natural trade-off based on the value of z.
The nonlinear gain v, increases as z increases, which makes it difficult to meet the
small-gain condition. On the other hand, small Z imposes a stricter bound on the
phase difference on the transmission lines. This trade-off is represented as the product
of I —,,7(Z) and Z, which are monotonically decreasing and linearly increasing

functions of z, respectively.
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Now, in order to enforce output constraints, we need to impose an additional con-

dition that will guarantee CICO stability. This is presented in the following theorem.

Theorem 13. Let @ be a bound on the magnitude of the input, i.e., |u|zn < a. If v¢

and v, are finite, and if there exist « and z such that

Veult < (I = Yz (E))E
v (6.12)

Vy,ua + 7y,v7¢(2>2 S Z?

then the system (6.2) is CICO stable. Moreover, we have |z|z < Z and [y|zmn < 7.

Proof. From Theorem 12, the first condition in (6.12) ensures |z|z < z. Moreover,
the substitution of the condition in this theorem and Equation (6.9¢) into Equation

(6.9a) results in

‘y’[l& < ’Yy,u‘“’l:go + ’Yy,v%b‘zhl‘go < Vyull + Yy Y2 < Y-
O

The inequalities proposed in Theorem 13 provide a sufficient condition for CICO
stability. Condition (6.12) will be used in the next section as a constraint in an opti-

mization problem that computes the maximum admissible disturbance magnitude.

6.4 Computation of the Disturbance Bound

In the following, an optimization problem is formulated to find the bound @ on the
disturbance such that the frequencies of the generators remain inside the operational
limits. Given a potential disturbance u, the system operator only needs to check that
lulzn < @ is satisfied to ensure that the safety constraints are not violated. The
input-output stability framework developed in Theorem 13 will be used to solve this
problem.

The maximum bound on the magnitude of the admissible disturbance can be
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computed with the following optimization problem:
maximize [
z20, u=>0, p

subject to Y.ull < (I — 7.07(2))% (6.13)

Vyulh + 'Vy,v%lf(?)z <y

,uScTﬂ

where 3 is the output peak magnitude limit provided by the system operators. The
vector ¢ € R™ is used to fix the ratio of the disturbance entering at each component
of the vector. This procedure allows us to find the maximum disturbance magnitude
at a particular index, or alternatively, at a combination of indices.

The term v,(2))z in Equation (6.13) introduce nonlinearity to the system, and
the constraint could be non-convex as a result. In the next section, we present an

example where there is an analytical expression for the nonlinear term.

6.4.1 Analytical derivation of nonlinear gain

Consider the following nonlinear function as an example for v = ¥(z2):

P(z) = sin(¢* + 2) — sin " — diag(cos ¢*)z

We derive an explicit expression for the gain of nonlinear component ~,. Recall that

Yy is function of Z:

_ sin(z; + ;) — sin(p; .
o) = sup DAL T o (6.14)

|2:| <2 Zi

where ©* = ET§*
In the following corollary, we derive an analytical expression for the gain of the
nonlinear components 7, (%), for angle deviation constraints that are of practical

interest.
Corollary 10. Let z be a bound on the angle difference between generators and ¢* =
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ET6* be such that |} + z < 7, |¢f| < T Vi. Then,

sin(|pf] + 2;) — sin ||
zZ; '

(6.15)

Yo,ii(Zi) < cos |@;| —

Proof. From Equation (6.14) and given |¢;| < 7, we have

sin(z; + ¢f) — sin(¢})
Zi

Vyii(Zi) = sup — cos(;)

|2:|<2;

sin z; — z; ., cosz—1 .
——CoOsy;, + —— sy,
< <

= sup
|2:| <25

— cos |z

|Zz'|

|z;| — sin|z]

1 )
< sup cos 7| + sin | 7]

|2i|<Z%; |ZZ|
Moreover, the function inside the supremum is increasing monotonically with respect

to z; for |¢f| + z; < w. Therefore, the inequality (6.15) holds true. O

Propostion 1. The optimization problem (6.13) is convex within the region defined

by the angle deviation constraints |¢}| + z; < 7, |¢;| < § Vi.

Proof. Using the explicit expression for 7, (Z) in the constraint v, ,u < (I—7,.,7(%2))Z,

we obtain the following constraint:

Veull < (I — 7, diag(cos ¢*))Zz
(6.16)

— Yo Sin || + 7, sin(|p*| + Z).

The sinusoidal term is concave within the region defined by the bound 0 <
lof| + z; < m, and therefore the constraint in equation (6.16) forms a convex re-
gion. Similarly, the constrained output condition is similarly bounded to a convex
region of a sinusoidal function. Therefore, the constraints are convex, and we can

conclude that the optimization problem (6.13) is convex. O]
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6.5 Numerical Simulations

In this section, we numerically validate the theoretical and computational results
presented in this paper. For illustration purposes, we first consider a single machine
infinite bus system, on which we test and interpret the proposed results. Then, some
practically important disturbance scenarios (e.g., simultaneous tripping of generators
and loads, as well as the uncertainty from wind generation) will be tested on the

standard IEEE 9-bus and 39-bus test cases.

Power Grid

We first discuss the model used in this experiment. Consider the following second-

order swing equation for modeling the power system dynamics:

Még + Dgdg + Eq®sin(ET6) = p
Do + Ep®sin(ET6) = P, 4 uy, (6.17)

Tp+p+R_15G:P0+Ug.

T
where © = [ug u:g] is the disturbance vector. This simple formulation of the
disturbance could incorporate a rich variety of uncertainty scenarios, such as load
shedding, generation tripping, and stochastic fluctuations in the power output from

wind turbines.

For u;, = 0 and ug = 0, let 6* and & = 0 represent the equilibrium point of
(6.17), with generator power injection p*. Then, we define the state of the system as
r= g7 2T af x4T]T, with z = 0g — 0%, 3 = 0, T3 = 0, — 0%, and 4 = p — p*.

Now let z = ET6 — ET5* be the phase difference on each transmission line sub-
tracted by its equilibrium, and y be the vector containing the frequencies of the gener-
ators y = 0. Finally, let * = ET6*, and v = sin(p* + 2) — sin(¢*) — diag(cos(¢*))z.

With these new variables, the system (6.2) can be written in the Lur’e form & =
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Az + B,v + Byu as follows:

0 I 0 0 0 0 0

Ay —M'Dg Ayy M — M E;® 0 o0

T = T+ v+ u  (6.18)
Agy 0 Ass 0 ~D;'E @ 0 D;!
0 —-R'Tt' o -T°! 0 -1 0

The complete model can be compactly written as

& = Az + Byv + Byu (6.19a)
v = sin(p* 4 z) — sin p* — diag(cos ¢*)z (6.19Db)
Y= [0 I 0 0] r=Cyx (6.19¢)
z = [Eg 0 ET 0} x=C.x. (6.19d)

The matrix A in (6.2) was obtained by linearization of the system (6.19) around the
equilibrium point x = 0. The vector v represents the static nonlinear feedback of the

state x, i.e., v = ¢(2) = Y(C,x).

6.5.1 Single Machine Infinite Bus (SMIB)

The procedure and results are illustrated on a system composed of a single machine
connected to an infinite bus through a lossless line. The dynamic equation is given
by

Mo + Do + ¢psind =p+u (6.20)

where M =1, D = 1.2, p = 0.2 and ¢ = 0.8 are the parameters used in this study.
For u = 0, its equilibrium is given by §* = arcsin(p/¢), 6 = 0. Let the output be the
frequency in Hertz, y = § /2. Substituting z = § — 6*, and v = sin(§) — cos(5*)w, we
get

M3 + Di + ¢ cos(6™)x + ¢v = u. (6.21)
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In frequency domain,

2(s) = Ms? 4 Dsl+ ¢ cos(6*) [U<8) - ¢V(S)}

= GuuU(s) + GuoV(s),

(6.22)

and Y (s) = sZ/2m.

The gains corresponding to the transfer functions G, Gy, G.., and G, are
Yyu = 0.178, v, = 0.142, 7., = 1.434, and ., = 1.148, respectively. Following
the proposed procedure, the nonlinear gain is a function of the bound on the phase

difference. This can be seen in Figure 6-3(a).

(a) System gain
Yz T Vop —— ’Yz,vfyw

15

0 0.5 1 15 2 25 3
zZ (rad)
(b) Admlssble dlsturbance bound

“:hz wl < (I = Y20v0(Z ))z —0- Slmulatlons

0 05 1 15 2 2.5 3
Z (rad)

Figure 6-3: Maximum disturbance magnitude allowed as a function of sector bound
for a SMIB system.

Since the gain matrices are just scalars, the condition for BIBO stability is simply
VeV < 1. In Figure 6-3(b) we plot with blue the CIBO stability condition presented
in Theorem II. The vertical dashed black lines in the Figures 6-3(a) and 6-3(b) show
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that the small-gain condition is violated if the CIBO stability condition is not satisfied.

In Figure 6-3(b), the estimation of the upper bound on the disturbance magnitude
was computed by time-domain simulations. After applying a step disturbance with
magnitude bounded by u, the maximum phase difference deviation z was recorded.
All the simulation points are represented with orange, and they are all connected by
a dashed orange line. Since every simulation point is only a single realization among
all possible disturbances, it only provides an upper-bound on the magnitude of the
disturbance.

The approach proposed in this section uses convex optimization to efficiently com-
pute the maximum magnitude for the admissible disturbance. Figure 6-3(b) shows
that the gap between the upper-bound and the bound on the magnitude based on our
method is very tight. The maximum disturbance magnitude allowed occurs when 2
is about 1.2 rad, which can be computed with the optimization problem (6.13). The
small-gain condition in Figure 6-3(a) is violated when the angle deviation is about
2.4 rad. The bound on the disturbance magnitude becomes zero at the same z, which
illustrates the equivalence of conditions (i) and (iii) in Lemma 14. In Figure 6-4, the
maximum frequency deviation is computed with the second condition in Theorem 13.
Similarly, a lower-bound on the frequency deviation was computed using the same

procedure explained for the upper-bound on the magnitude of the disturbance.

6.5.2 9-bus and 39-bus systems

This section presents numerical case studies on the IEEE 9-bus and 39-bus systems.
The nonlinear optimization was performed using the interior point method in IPOPT
[90] on a PC laptop with an Intel Core 17 3.3 GHz CPU and 16GB of memory. In
Figure 6-5, we show a graphical representation of the computed maximum bound
on the magnitude of the disturbance that can enter every single bus. The results
suggest that the bigger disturbances are allowed to enter the buses with many neigh-
bors to distribute the impact. For the generator nodes, the second-order dynamics
together with the governor reduce the damping ratio, and only small disturbances are

admissible.
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Figure 6-4: Maximum frequency deviation for a SMIB system.

Regarding the computation time, for the 9-bus system, the gain matrix took
1.86 seconds to compute, while the optimization took 0.017 seconds. For the 39-
bus system, the computation time for the gain matrix was 166.9 seconds, while the
optimization time was 0.148 seconds. Therefore, the most computationally intense
step in our method is the computation of the gain matrix of the linear component,
which requires simulation of impulse response and numerical integration. However,
the computation time of the gain matrix could be improved by estimating only an

upper-bound, rather than its exact value [4].

For the 39-bus case study, we consider the following disturbance scenarios: a step
disturbance to represent the simultaneous tripping of distributed generators, and

continuous disturbances to represent the varying power output from wind generation.

Simultaneous Distributed Generators tripping

In this scenario, we consider the simultaneous tripping of the loads at buses 3, 15,
and 27. The active power loads at those buses are 3.22 p.u., 3.2 p.u., and 2.81 p.u.,
respectively. Under the frequency constraint of 0.5 Hz, the maximum tripped load
magnitude needs to be less than 0.939 p.u. Without the frequency constraint, the

maximum disturbance magnitude allowed at each load is 2.29 p.u..
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(a) 9-bus system (b) 39-bus system

Figure 6-5: Maximum disturbance bound at every bus for the 9-bus and 39-bus
systems. A disturbance on every individual node is considered and the resulting
maximum bound is represented as the size of circle at that node. For both systems,

a reference circle is labeled with its value.

(a) Continuous disturbance (b) Step disturbance
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Figure 6-6: Simulation results for (a)varying wind generation, and (b) simultaneous
generation tripping, together with their frequency response for the 39-bus system.
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Wind generation

In this scenario, we consider the varying power output from wind generation at buses
1,9, and 16. Under the frequency constraint of 0.5 Hz, the deviation from the nominal
generation needs to be less than 1.305 p.u. Without the frequency constraint, a

deviation in the active power of 2.02 p.u. is allowed at each wind generator.

6.6 Concluding Remarks

In this section, we proposed a notion of input-output stability in the presence of con-
straints on inputs and outputs. The applications in the electric power grid showed
promising results for mitigating instabilities due to renewable energy. Time-domain
simulation-based assessment of the system robustness against uncertain and stochas-
tic disturbances is extremely time-consuming. The proposed method provided an
optimization-based method with a robustness guarantee. The derived certificate is
efficiently constructed via convex optimization and is shown to be non-conservative

for different IEEE test cases.
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Chapter 7

Conclusion

This chapter summarizes the contributions of this thesis and discusses potential fu-
ture work and open problems. We developed a set of algorithms to solve robustness
verification and optimization problems in both steady-state and dynamical settings.
Our approach focused on providing guarantees for safety by ensuring that we meet
a set of constraints. We achieve computational tractability by enforcing convexity

using nonlinear envelopes. We summarize chapter-specific contributions below.

7.1 Summary of Contributions

In Chapter 2, we provided a convex sufficient condition that satisfies a set of nonlinear
equality and inequality constraints. The benefit of convex restriction is that we can
exploit convexity to enjoy computational efficiency and rich theory with a guarantee
of feasibility. The technique developed in this chapter can be applied to a general
set of nonlinear equations as long as the functions are continuous. We exploited the
decomposability of the sparse structure in the problem and showed examples of how
the trade-off between conservativeness and tractability can be controlled.

In Chapter 3, convex restriction was extended to consider uncertain variables that
are unknown but bounded. The general approach is to ensure that the uncertainty
set is inscribed by the convex restriction. Since convex restriction is a set of convex

quadratic constraints, the standard robust counterpart of the constraint can be de-
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rived. We present a number of cases where there are analytical expressions for the
required robustness margin. The expressions are incorporated into convex restriction
so that they can be added as a constraint to an optimization problem with the desired

objective function.

In Chapter 4, we present a number of applications in robotics, neural network
robustness verification, model predictive control, and optimal power flow problems.
Its application in robust model predictive control requires the satisfaction of safety
constraints under all realizations of uncertainty. Our formulation’s main advantage
is that it gives a unified treatment to the problem involving nonlinear dynamics,
nonconvex safety constraints, and provable robustness against uncertainty. For power
grid application, our approach addresses inherent uncertainties in power injections
due to the growing quantities of renewable generation. The main advantage of our
approach is its theoretical guarantees with respect to both power flow solvability and
operational constraint satisfaction for robust AC OPF problems. In neural networks
and robotics applications, convex restriction provides a method to find a convex
subset of decision boundary and feasible configuration space. We demonstrated its

wide applications across many domains.

In Chapter 5, we investigate reach avoid the problem with reachability analysis.
We use convex relaxation to bound nonlinearity and the reachable sets could be solved
via convex optimization. We explored methods to compute contraction metrics for
discrete-time nonlinear systems. We showed that the contraction metrics could be
used to construct the templates for reachable sets. In particular, the template from
contraction metric yield if and only if condition for linear systems. We demonstrated

the proposed method on IEEE power grid test cases.

In Chapter 6, we developed a method to quantify the relationship between the peak
magnitudes of input and output of nonlinear dynamical systems. The method gives us
the ability to compute the peak magnitude bounds on the input such that we satisfy
constraints on peak magnitude bounds on the output. This is useful for engineering
applications where there are safety constraints on the output, and the system operator

needs to determine how much uncertainty the system can tolerate before violating
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the safety constraints. We formulate the system as a Lur’e problem and use upper-
convex lower-concave envelopes to bound the nonlinearity. The proposed condition
is a convex sufficient condition with peak magnitudes on the input and output as
decision variables. The condition can be used as a constraint in optimization to
determine the worst-case bound on the input that is tolerable by the system without
violating output constraints. We have demonstrated our approach in IEEE test cases

for electric power grids.

7.2 Future Directions

The work presented in this thesis has several directions for future work. The first
involves generalizing or specializing the envelopes used in this work to function with
other unique properties such as monotonicity or quasi-convexity. The upper-convex
lower-concave can be relaxed to upper-quasi-convex lower-quasi-concave envelopes,
and the methods proposed in this thesis can be directly applied to obtain quasi-
convex sufficient conditions for considered problems. In addition, the choice of sparse
nonlinear representation is problem-specific, and the domain knowledge should be
incorporated. Having the least amount of shared decision variable between nonlinear
basis functions is important to reduce conservativeness. The manipulation of algebraic
equations can also change the shape of the nonlinear manifold. Exploring different
representations will result in different scalability and performance.

Another direction is finding a set of problems where the solution of sequential
convex optimization can be simplified. If there are either analytical solutions or ap-
proximate solutions without having to call the convex optimization solver. One of the
limitations of sequential convex restriction is that the algorithm still needs to solve
large-scale convex optimization problems, which could require a significant computa-
tional burden. While our approach can be applied to a wide range of applications with
constraints that are sometimes difficult to handle, there could be a class of problems
where the solutions to the convex subproblems are easy to obtain.

Lastly, the envelopes for nonlinear functions provide a loose estimate of the model.
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Data-driven methods could be further studied for deriving the envelopes for nonlin-
earities. With the limited amount of data, there is inherent uncertainty in model
estimation, and our approach could be combined with the estimated error to pro-
vide confidence in the model. The combined framework could address the questions

regarding the robustness of the estimated model.
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Appendix A

Nonlinear Envelopes

A.1 Upper-Convex Lower-Concave Envelopes

A.1.1 Upper-Convex Lower-Concave Envelope for Bilinear Func-

tion

A bilinear function can be bounded by the following concave envelopes with some

p1, p2 > 0 and the nominal point (2@, y©) [61],

1 1 2
vy > 2y 4y Oz — 2 + 2Oy — ) - 5 [m (= 2) = —(y - y(o))]
P1
1 2
y <20y 0 4y —2) + 20y - y®) + {Pz(»’lf — %)+ P y)
2

(A1)
The over-estimator is tight along pg(a:—x(o))—piz(y—y(o)) = 0, and the under-estimator
is tight along py(x — () + p—12(y —y©) = 0. Both over- and under-estimators are

tight at the nominal point, (z(®, y(®).
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Figure A-1: Illustration of concave envelopes for a bilinear function.

A.1.2 Upper-Convex Lower-Concave Envelope for Unitary Quadratic

Function

A unitary quad-ratic function can be bounded by the following quadratic concave

envelopes for all 2 given the nominal point () [61],

22 > (x(o))2 + Zx(o)(x _ x(o)) +(z— x(o))g _ 2
(A.2)
22 < ()2 4 220 (z — 3O = 2205 — ()2,

A.1.3 Upper-Convex Lower-Concave Envelope for Trigonomet-

ric Function

Trigonometric functions can be bounded by the following quadratic concave envelopes

for all 6 given the nominal point 6,

1
sin @ > sin 0© + cos 0 (9 — 9)) — 50— ()2

sinf < sin 6@ + cos 0V (9 — 4 + %(9 — 92,

cosf > cos 0 — sin (9 — 9)) — %(9 — 92

1
cosf < cos 0 —sin V(6 — 09 4 5(0 — 02,
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A.1.4 Upper-Convex Lower-Concave Envelope for Logistic Func-

tion

has the bounded second derivative of ¥3. and its

A logistic function, o(z) = =, S

quadratic concave envelope is

o(z) >0 + 691 - oO)(z - 2) - \3/_65(3; — 2©)?
o(z) < o 4 0(0)(1 _ 0(0))(20 _ l,(O)) + \S/_g(x _ x(o))g

where (9 is the nominal point and ¢ = —

1+e

A.2 Upper-Concave Lower-Convex Envelopes

A.2.1 Upper-Concave Lower-Convex Envelope for Bilinear Func-

tion

A bilinear function can be outer-approximated by McCormick envelop [68]. Given

the bounds, z < x <7 and y <y <7, the envelope is

rYy > xy + 2y —xy
Yy > TY+ Yy —TY
xy <TY+ Yy —TY

ry <y +xy — 2y.
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A.2.2 Upper-Concave Lower-Convex Envelope for Trigonomet-

ric Function

Trigonometric functions can be bounded by the following quadratic envelopes pro-

vided in [30]. For all z € [—a", 2%], the envelopes are

()< e T
1 R _— —
sin(x Cos 5 T 5

(A.5)
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A.3 Formulations and Proofs for Chapter 4.1

A.3.1 Jacobian for System of Dynamical Equations

In this section, we derive the Jacobian of the system of equation and its inverse in
Equation (2.4).

Jacobian for Explicit Time-discretization

The Jacobian for the system of equations, Fegpicit(X,u, w) in (4.8), evaluated at the

nominal trajectory is given by

-1 0 0
O .
aFexplicit _ Ag ) -1 0 : (A 6)
8X (0) 0 . . 0 ’
o o AV g

where AEO) =I+h- % @ ul” W)
Lemma 15. The inverse of the Jacobian in (A.6) always exists and has the following

closed-form representation,

I 0 0
1 (0) .
aFexpliCit — A(LO) I 0 ' (A?)
ox | : . - 0
(0) (0)
_A(N,O) .. A(N,N—l) ]_

where AE?)].) represents the linear sensitivity of the state at time step ¢ with respect

to the state at time step j. The sensitivity can be solved by applying the chain rule,

0) _ I I

t=j+1

<x§0>1,u§0>,w§0>>> |

Lemma 15 can be checked by showing that multiplication of (A.6) and (A.7) is
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an identity matrix.

Jacobian for Implicit Time-discretization

The Jacobian for the system of equations, Fiyplicit(X, u, w) in (4.9), evaluated at the

nominal trajectory is given by

—1I 0 .. 0
0
@Emplicit _ I _Ag ) 0 ( A 9>
8x (0) 0 . . 0 ’
o o 1 AV

0 0
whete A =T —h- Gl 0 o o),

Lemma 16. The inverse of the Jacobian in (A.9) always exists and has the following

closed-form representation,

I 0 . 0
1 (0),—1 (0),—1 :
O Fimplicit _ A(l,l) A(l»l) 0 ) (A.10)
(0),—1 (0),—1 (0),—1
_A(N,l) A(N’l) . A(N’N)_

where AE?)J‘) represents the linear sensitivity of the state at time step ¢ with respect

to the state at time step j. The sensitivity can be solved by applying the chain rule,

(A.11)

, —1
_ : af
0),—1 _
A(i,j) - H (I —h- or ($§0)7u§0)7w£0>>> )

t=j

Similar to explicit scheme, Lemma 16 can be checked by showing that multiplica-

tion of (A.9) and (A.10) is an identity matrix.
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A.3.2 Residual Feedback Representation

The residual representation of the system involves the nonlinear residual function
g: (R",R™) — R,
d

o= Al + B(tyw + gla,u,w) (A.12)

g(z,u,w) = f(zr,u,w) — A(t)r — B(t)w

where A(t) = and B(t) = g—i’(x(o) W) o)) Ar€ the Jacobians of the

g_i } (2(0) u(0) (0
system dynamics evaluated at the nominal values. This representation is related to
the Lur’e form in control 87, 54|, which uses the sector bound to contain the nonlin-
earity. Similarly, we use upper-convex and lower-concave envelopes for bounding the

nonlinearity.

The residual functions in (4.11) has the following representation for explicit scheme,

gexplicit(X7 u, W) = . , <A13)

h - g(wala un, wN)

and for implicit scheme,

0,

h : g(xla Uy, wl)
gimplicit (X7 u, W) = . ) <A14>

h'Q(iL‘N,U/N,U)N)

where g(x,u,w) is the nonlinear residual defined in (A.12) and 0,, € R" is a vector of

Zeros.

The worst-case contribution from the residual function over the domain x €
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P(x¥, 2°) and w € W(y) are

u u O\ u
gP,k’(uax y X ) - max max gk<X7 U,W),
xeP(xl,xu) weW(y)

(A.15)

¢ u L : - ¢
gp(0,x* x°)= min min g, (x,u,w).
P, T xeP(xt,x®) weW(v) T

A.3.3 Proof of Lemma 7

Proof. The necessary and sufficient condition for optimality for the projection prob-

lem in (4.15) is

(Ps,. [0”] = ") (@ = Ps, [2"]) > 0, Vi € B,
for2=1,...,s. The condition, L;x; + d; < 0, ensures that

(Po,. [2\"] = &) (2 — P, [1")) <0, i=1,...,s.

Therefore, z; ¢ By for i = 1,...,s. Therefore, the state x; satisfies the safety

constraints. ]
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