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ABSTRACT

The main topic of this thesis is time-varying optimization, which studies algorithms
that can track optimal trajectories of optimization problems that evolve with time. A
typical time-varying optimization algorithm is implemented in a running fashion in
the sense that the underlying optimization problem is updated during the iterations
of the algorithm, and is especially suitable for optimizing large-scale fast varying
systems. Motivated by applications in power system operation, we propose and
analyze first-order and second-order running algorithms for time-varying nonconvex

optimization problems.

The first-order algorithm we propose is the regularized proximal primal-dual gradi-
ent algorithm, and we develop a comprehensive theory on its tracking performance.
Specifically, we provide analytical results in terms of tracking a KKT point, and
derive bounds for the tracking error defined as the distance between the algorithmic
iterates and a KKT trajectory. We then provide sufficient conditions under which
there exists a set of algorithmic parameters that guarantee that the tracking error
bound holds. Qualitatively, the sufficient conditions for the existence of feasible
parameters suggest that the problem should be “sufficiently convex™ around a KKT
trajectory to overcome the nonlinearity of the nonconvex constraints. The study of
feasible algorithmic parameters motivates us to analyze the continuous-time limit
of the discrete-time algorithm, which we formulate as a system of differential inclu-
sions; results on its tracking performance as well as feasible and optimal algorithmic
parameters are also derived. Finally, we derive conditions under which the KKT
points for a given time instant will always be isolated so that bifurcations or merging

of KKT trajectories do not happen.

The second-order algorithms we develop are approximate Newton methods that
incorporate second-order information. We first propose the approximate Newton
method for a special case where there are no explicit inequality or equality con-
straints. It is shown that good estimation of second-order information is important
for achieving satisfactory tracking performance. We also propose a specific version
of the approximate Newton method based on L-BFGS-B that handles box con-
straints. Then, we propose two variants of the approximate Newton method that
handle explicit inequality and equality constraints. The first variant employs penalty
functions to obtain a modified version of the original problem, so that the approx-

imate Newton method for the special case can be applied. The second variant can
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be viewed as an extension of the sequential quadratic program in the time-varying

setting.

Finally, we discuss application of the proposed algorithms to power system operation.
We formulate the time-varying optimal power flow problem, and introduce partition
of the decision variables that enables us to model the power system by an implicit
power flow map. The implicit power flow map allows us to incorporate real-time
feedback measurements naturally in the algorithm. The use of real-time feedback
measurement is a central idea in real-time optimal power flow algorithms, as it helps
reduce the computation burden and potentially improve robustness against model
mismatch. We then present in detail two real-time optimal power flow algorithms,
one based on the regularized proximal primal-dual gradient algorithm, and the other

based on the approximate Newton method with the penalty approach.
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Chapter 1
INTRODUCTION

1.1 Overview of Time-Varying Optimization
Suppose we are given a physical or logical system, and for each time ¢ € [0, T],
the optimal operation of the system can be modeled as the following optimization

problem:
min c¢(x,1)

(1.1)
s.t.  f(x, 1) <0O.

Here x € R" is the decision variable that will be applied for operating the system,
c(x, t) is the objective function, and f(x, t) gives the constraints at time ¢. It can be
seen that (1.1) gives an optimization problem that evolves with time. We focus on
the situations where the maps x — c(x,¢) and x — f(x, ) will only be revealed
at time ¢ and their prior predictions are not available. This is a typical setting of a
time-varying optimization problem.

In most situations where digital computers are used to solve this problem, we

K
=1

and obtain the following sequence of sampled problems:

discretize the period [0, 7] by a sequence (¢;)._; satisfying0 < #; < ... <tg <T,

min  c¢;(x)
. (1.2)
stt.  fr(x) <0,
where 7 € {l,...,K} labels the discrete time index, and c¢; and f; denote the

sampled versions c(-, ;) and f(-, t;). Traditionally, each instance of (1.2) is solved

in the batch scheme abstracted as follows:

Foreacht=1,2,...,K,
1. Collect problem data D(¢,) at ¢ = t., and construct the initial iterate z0.

2. Repeat
% =T( 1 D(t,)) (1.3)
for each k = 1,2, ... until z¥ convergences to some z2°.

3. Let x; = IIz;°, and apply x; to the system of interest.
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Here the operator T represents a single iteration of some iterative optimization
algorithm, z¥ denotes the intermediate iterate, D(¢) denotes the problem data (ob-
jective function and constraints) at time ¢, and Il is a canonical projection map
that extracts an applicable solution from the intermediate iterate. In order for the
batch scheme to work smoothly, the iterations (1.3) for each 7 should converge
before the next sampling instant ¢, arrives. However, when each sampling interval
tr+1 —t; needs to be very small to fully capture fast-varying costs and constraints and
closely approximate the continuous-time optimal trajectory, the batch scheme may
not be appropriate as the iterations (1.3) may fail to converge within the interval
(tr,t:+1). The batch scheme may also break down if each instance of (1.2) is a
large-scale problem or the optimization procedure requires heavy communication
over a network in a distributed setting, as limited computation resources or high
computational complexity may prevent the iterations (1.3) from converging within

the interval (¢, tr41).

The operation and control of smart grids is one such example. Technological
advances have continuously reduced the cost of sustainable energy, and it is antici-
pated that future smart grids will incorporate a large number of distributed energy
resources, including renewable generations such as solar panels and wind turbines,
as well as small-scale, distributed devices with controllable power injections such as
smart inverters, smart appliances, electric vehicles, and distributed energy storage
to name a few. On the one hand, renewable generations introduce hard-to-predict
fluctuations and uncertainties into the power network, making the operation and
control of smart grids challenging. On the other hand, the increasing penetration of
distributed controllable devices can provide diverse control capabilities that can be
potentially utilized to overcome these challenges. In addition, extensive real-time
measurement data will become available through the installation of smart meters

and other advanced measurement equipment.

The optimal operation of smart grids can be formulated as a time-varying optimal
power flow (OPF) problem, which is generally nonconvex. There is extensive
literature on traditional OPF algorithms that solve each instance of (1.2) in the
batch scheme; see the survey papers [45, 46] and the tutorial papers [65, 66].
However, these traditional algorithms are computationally burdensome if one needs
to handle the fast fluctuations and uncertainties introduced by renewable generations,
considering that the number of distributed controllable devices will be large in future

smart grids. This motivates us to develop novel technologies for the operation and



control of smart grids.

The operation of smart grids is not the only case where batch solutions can be
difficult to obtain or inappropriate for application due to the time-varying nature
of the problems. Similar situations can also occur in communication networks
[29, 67], robotic networks [25], social networks [8], sparse signal recovery [6, 9],

online learning [68, 96], economics [39], etc.

In time-varying optimization, this issue is resolved by designing algorithms that can
be implemented in a running fashion, in the sense that the underlying optimization
problem changes during the iterations of the algorithm. In other words, the problem
data will be constantly updated regardless of whether the iterations converge to an
optimal solution, and a sub-optimal solution can be extracted from the iterations at

any time when necessary.

Throughout the thesis we consider the situation where each sampling instant #; is
equal to T7A for some A > 0; in other words, we discretize [0, 7] by a uniform
sampling interval A. Then, a running time-varying optimization algorithm for

solving (1.1) can be described by the following procedure:

Foreacht =1,2,...,|T/A],
1. Collect problem data D(7A) at = TA.

2. Compute
Zr = T(Zr-1; D(7A)),

X =12z

(1.4)

3. Apply % to the system of interest.

Here 2; € R? denotes the intermediate iterate, D(r) € R” represents the problem
data (parameters that describe the time-varying objective function, constraints, etc.)
at time . The map T : R? x R? — R? computes the new iterate from the previous
iterate and the problem data, and IT : RY — R” is a canonical projection map that
extracts an applicable solution from the intermediate iterate. The operator T has the

following features:

1. The computation of T is relatively inexpensive so that (1.4) can be finished within
the interval (TA, (7 + 1)A).

2. Suppose X*(t) is the set of global optimal solutions to (1.1) at time ¢ which is
nonempty. Let T, denote the map x +— T(x;D(¢)). Then there exist an open



subset U; € R? with X*(¢) c TI[U;] and a set K; 2 X*(¢) with

sup inf ||x —x|| < +oo,
xeK, X' €X*(1)

such that for any z € Uj,
ITo Tf(z) € K,

eventually as k — oo, where

k times
Roughly speaking, this feature ensures that, if we fix ¢ and run the iteration T,
in the batch scheme from a sufficiently good initial point, then in the long run
we will get a good sub-optimal solution to (1.1) at time 7. In other words, the

iteration (1.4) is able to at least properly handle static problems.

In applications, the iteration (1.4) is carried out immediately after the problem data
D(7A) has been collected, and once a single iteration (1.4) is finished, the solution
X will be immediately applied to the real world, and one prepares to collect the
new problem data at time ¢ = (7 + 1)A. While the solution X; is in general only
sub-optimal, the problem data is updated frequently to keep pace with the time-
varying problem, so that the resulting solutions £, will be able to track the optimal

trajectory.

The simplest time-varying optimization algorithm is perhaps the running gradient
descent algorithm for unconstrained time-varying optimization problems, whose
iterations are given by

X = X1 — aVer (%)

One can readily recognize that this is exactly a single iteration of the gradient descent
algorithm for static optimization problems. In fact, many time-varying optimization
algorithms are developed in a similar way, where the operator T resembles a single
iteration of some existing iterative algorithm for static optimization, as the operator
T constructed in such manner will be very likely to possess the aforementioned two

features.

Let’s look at a toy example that illustrates the advantages of employing running
time-varying algorithms over batch solutions. Consider the following time-varying

optimization problem

T
) 1 [xl — COos t] [3 —2cos 2t 2 sin 2¢ ] [xl — Ccos t]
min c¢(x,t) = =
xeR2 2 b))

—sint 2 sin 2t 3+2cos2t||xp —sint



5

for t € [0,2x], which models the optimization of some fictitious system that is
time-varying. It is easy to recognize that the problem is quadratic and convex for

each t and the trajectory of optimal solution is given by

Let us consider two strategies for solving this problem:

1. The batch scheme: The gradient descent algorithm is employed. Computation of
one gradient V,c(x, 7) takes a fixed amount of time 7/200. Starting from ¢ = 0,
we update the problem data, then run the gradient descent algorithm until the
e norm of the gradient is less than 1073, Immediately after the iteration has
converged, we apply the resulting solution to the fictitious system, increase 7 by
1, update the problem data, and restart the iterations with the initial point being
the previous solution that has just been calculated. For the fictitious system, the

applied setpoint does not change until the next solution arrives.

2. The running scheme: The running gradient descent algorithm is employed, and
computation of one gradient V c(x, r) takes the same fixed amount of time 7 /200.
After one iteration has been carried out, we immediately apply the iterate to the
fictitious system as a sub-optimal solution, increase 7 by 1, update the problem
data, and compute the next iteration. For the fictitious system, the applied setpoint

does not change until the next solution arrives.

The initial point at # = 0 is (1.01, 0), and the step size is 1/3 for both schemes. We
assume that apart from the delays caused by the gradient computation, there are
no other delays or time spent during the procedure. The two schemes will provide
two solution trajectories; we denote the trajectory generated by the batch scheme by
x°(¢), and denote the trajectory generated by the running scheme by x*(¢). They are

step functions over ¢ € [0, 27] as can be seen from the setting.

Figure 1.1 shows the curves of the distances to the optimal trajectory ||x°(f) — x*(¢)||
and ||x"(t) — x*(¢)||, and the objective value differences c(x°(¢), ) — c(x*(z), 1) and
c(x'(t),t) — c(x*(¢),t). It is apparent that the running scheme achieves much better
performance in terms of tracking the time-varying optimal solution. In the batch
scheme, it takes quite some time for the iterations to converge, and when a batch
solution is applied to the system, the optimization problem has already changed
considerably, meaning that the applied solution is not up-to-date. But in the running

scheme, since we do not wait for the iterations to converge, we can update the
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Figure 1.1: The distances to the optimal trajectory ||x°(#)—x*(¢)|| and ||x"(£)— x*(¢)||,
and the objective value differences c(x°(¢), 1) — c(x*(¢), 1) and c(x"(¢), 1) — c(x*(¢), 1)
of the two optimization schemes.

problem data much more frequently, and the resulting setpoints are able to keep
track of the fast varying problem. While this toy example has a much simplified
setting compared to practical scenarios, it demonstrates the benefits of time-varying

optimization algorithms that can become significant in appropriate situations.

Performance Evaluation of Time-Varying Optimization Algorithms

As previously discussed, the solutions provided by time-varying optimization algo-
rithms are in general not optimal; instead one focuses on whether and how accurately
the solutions can track the optimal solution trajectory. Tracking performance is cen-

tral in evaluating time-varying optimization algorithms.

Let us consider the sampled problem (1.2), and denote (x;f)T as a sequence of

its (local) optimal solutions!. Suppose we run some time-varying optimization

!'We choose x; arbitrarily when there are multiple local optimal solutions to (1.2).
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algorithm and obtain a sequence of solutions denoted by (£;);. So far in existing
literature, three types of quantities have been proposed as metrics for tracking

performance with respect to (x7)..

1. The distance to the optimal solution x;

*

€T = ||)CAT - 'XT

b

where the norm can be arbitrary. When there are explicit equality or inequality
constraints and the algorithm also generates dual iterates, we can also evaluate
the distance between the primal-dual pairs. This metric has been analyzed in
[64, 77, 84, 86-88, 95] for specific time-varying optimization algorithms and
employed in [9, 29, 35, 36, 90] for specific applications.

2. The sub-optimality in terms of objective values. Comparison of objective values
is standard for evaluating performance of online learning algorithms, and can be
also employed in time-varying optimization. There can be two sub-categories in

this type of metric:

a) The difference in objective values
er = cr(%r) — CT(xi)-

The notion of dynamic regret in online learning is closely related to this metric
[48, 56, 68, 96, 99].

b) The ratio of objective values

- cr(%7) . 2 Cr(%r)
T er(xd) CYrer(xg)

Competitive ratio in online convex optimization can be viewed as a variant of

this metric [4, 30, 63]. This metric can be employed in situations where the
relative gap to the optimal objective value is more relevant than the absolute
gap. On the other hand, one usually needs strong assumptions on the objective

function to achieve a bounded competitive ratio.

When the iterates X, generated by the algorithm do not strictly satisfy the con-

straints fr(%;) < 0, we can use some meric function

Be(x) = co(x) + Z g([fei(®)])

instead of the objective function c¢;, where [-], denotes the positive part of a

scalar, and g : R — R, is a non-decreasing function with g(x) = 0 for x < 0.



3. The fixed-point residual

er = || X — G(Z)Il,

where G; : R" — R”" is a continuous map such that any fixed point of G, is
an optimal solution (local or global) to (1.2) at time 7. This metric has been

introduced and analyzed in [84].

We mention that, in existing literature, researchers have also proposed to compare
X with an optimal solution of the problem instance at the next time step 7 + 1; in

other words, metrics based on

Cr+1 (JET)

" s ”xA‘r _GT+1(xAT)||
CT+1(x‘r+l)

B =xtaills ernn (&) = o (x7,),
have also been proposed. It turns out that it doesn’t matter much whether we choose
to compare £, with x7 or x7_, in the time-varying optimization setting?; results on
either one of the choices can usually be transferred to results on the other choice

under appropriate conditions.

The three types of metrics are all reasonable quantitative characterizations of the
tracking performance mathematically, and depending on specific scenarios where the
time-varying optimization algorithms are applied, one can choose different metrics
that are more suitable for application. In this thesis, we mostly use the first metric,

the distance to the optimal trajectory, as the metric for tracking performance.

1.2 Review of Existing Works
In this section we give a brief and non-exhaustive review of some existing works on

time-varying optimization and related topics.

Reference [77] is one of the early papers that consider time-varying optimization
problems with a similar setting to the one in this thesis. The paper derived a
tracking error bound of the running gradient descent algorithm for unconstrained

time-varying convex optimization. Specifically, the paper showed that

limsup ||, — x}|| < 7 p sup ||x; — x2_ || (1.5)
T—00 T

-p
for the running gradient descent algorithm for time-varying unconstrained strongly

convex problems, where

Amin = inf Apin (Vch(x)) > Amax = Sup Amax (VZCT(X)) s
T,X

T,X

21t does matter, however, in online learning where the actual loss incurred is ¢;41(%;).



p = max{|l — aAnn|, |1 — @Anaxl},

and a € (0,2/Amax) is the step size. The paper also considered a special case where
the tracking error ||X; — x| tends to zero as T — oco. The tracking error bound (1.5)

turns out to be one of the most fundamental results in time-varying optimization.

Recent years have witnessed considerable advances in the theory and algorithms of
time-varying convex optimization. [64] proposed a decentralized algorithm based
on Alternating Direction Method of Multipliers for time-varying unconstrained con-
sensus problems, and also derived a tracking error bound that is similar to (1.5).
[86] proposed a running algorithm based on the consensus + innovations method for
time-varying constrained consensus problems, and also showed a similar tracking
error bound. [87] proposed and analyzed the double smoothing method based on the
multiuser optimization algorithm in [60], which is one of the earliest time-varying
optimization algorithms that treat explicit inequality constraints. [95] introduced
auxiliary variables in the design of the running algorithm for time-varying uncon-
strained consensus problems over directed networks, and showed convergence to a
bounded tracking error. [84] proposed a unified framework for time-varying convex
optimization using averaged operators, and derived tracking error bounds for sev-
eral running algorithms. [16] proposed and analyzed a feedback-based time-varying
optimization algorithm based on the primal-dual gradient method, which applies
to logical or physical systems with feedback measurements. [34] proposed and
analyzed a feedback-based method to regulate the output of a linear time-invariant
dynamical system to the optimal solution of a time-varying convex optimization
problem. [54] proposed a formulation of time-varying projected gradient dynamics
by introducing the notion of temporal tangent cones, and showed existence of solu-
tion to the resulting differential equations. [15] developed an algorithmic framework
for tracking fixed points of time-varying contraction mappings, and derived tracking
error results in the situations where communication delays and packet drops lead to

asynchronous algorithmic updates.

We would like to further expand on the results of [84] and [87]. In [84], the author
considered the case where the time-varying optimization algorithm can be abstracted

as

where for each 7, T : R” — R” can be represented as

T:(x) = (1 —ar)x + a;:G(x), x € R"
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for some a, > 0 and some nonexpansive operator G (i.e., |G (x1)—G(x2)|| < ||x1—
x2]|), and the fixed point of the operator 7 gives the optimal solution x;. The paper
showed that, if o := sup, ||x; — x7_,|| < 400 and X := sup, sup,cgn Tr(x) < +oo,

then the sequence (), satisfies
K
1
% 24
=1

In addition, in the special case where T; is a contraction mapping with a uniform

1-a ~ ~ 1 ~ x||2
T (fe-t) = 2ot P < 2 [[f0 = 2| + 04X + o).
ar K

contraction coefficient p € (0, 1), it was shown that

o i l_p‘r—l
< p g0 - ¥l + —t—0.
-p

o &
Xr—1 — X;

The paper then applied this bound to several time-varying optimization algorithms.
Especially, a bound on the fixed-point residual was established for the running

projected gradient descent method that solves

min c(x, t),
xeX(t)

where X(f) ¢ R" is compact and uniformly bounded, and c(-,¢) is convex and

uniformly strongly smooth for each ¢.
In [87], the authors considered the time-varying convex problem
min cr(x)
st. fr(x) <0,

where ¢; : R" — Risconvex, f; : R* — R has convex components, and X C R" is
convex and closed. The paper proposed a running version of the double smoothing

algorithm [60] given by

fr = Px [fro = @V L¥(feor, Ao

/’iT = Prm [//i‘r—l + QV/IL};’S()%T—I’ /’ir—l)] s
where the regularized Lagrangian L)€ is defined by
v €
L7(x, A) == er(x) + AT fr(x) + §||?C||2 - §||/1||2-

The paper showed that, when the step size « is sufficiently small, there exists some
p < 1 such that

limsup||2; — 2%, || < 1

k—o0 l-p Sl:p ||Z:+l - Z:”a
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where 2; = (%, A;), and z¥ = (x%, A¥) denotes the saddle point of the regularized
Lagrangian £7¢(x,A). The authors also considered how to implement the algo-
rithm in a distribution manner when the cost and constraint functions have special

structures.

Time-varying optimization is closely related to parametric optimization that has a
long history [49, 73, 81]. The formulation of one-parametric optimization problems
is almost the same as (1.1), where ¢ is regarded as a one-dimensional parameter that
may or may not represent time. Path-following methods (also called continuation
methods or homotopy methods) and their varients have been developed to solve
these problems [3, 39, 43, 80, 85, 97]. A typical parametric optimization algorithm
discretizes the parameter set [0,7] by 0 < #; < ... < tx < T, and generates

approximate solutions X, such that
e = Sup ||'£.T - X*(tT)” = O(Amax), as Amax - 0’
.

where Amax = max; |t;+1 — t|. The theory of parametric optimization generally
focuses on the convergence rate of the approximation error e as Ap,x — 0. In addi-
tion, many parametric optimization algorithms consist of a predictor and a corrector:
foreach 7 = 1,..., K, the corrector utilizes the problem data at r = ¢; to move the
prediction produced by the previous iteration towards the optimal trajectory, and the
predictor then estimates the tangent vector dz*(¢)/dt att = ¢, to provide a prediction
of the optimal solution at the subsequent parameter value. This predictor-corrector
procedure assumes knowledge of how the cost and constraint functions evolve with
time, which is different from the time-varying optimization setting discussed in this
thesis. The theory and algorithms of parametric optimization provide important

insights on and tools for the study of time-varying optimization.

We would also like to mention that, in online learning, theories on dynamic regret
have been developed, which are closely related to time-varying optimization [21,
48, 51, 56, 62, 68, 96, 99]. In online learning, for each time step 7, a player
chooses a strategy X, from some feasible set X by an online learning algorithm, and
suffers some loss c+1(%;) 3. To evaluate the performance of the online learning
algorithm in the time-varying setting, the dynamic regret is proposed that compares

the cumulative losses of the online player with the losses of the best possible

3 We label the time indices in a fashion that is different from online learning literature but similar
to the time-varying optimization setting.
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responses

cr(Rr21) = o (x).

M=

=1
Particularly, researchers are interested in bounding the growth rate of the dynamic
regret as K — oo over a specific class of loss functions, and usually focus on the

situations where the dynamic regret achieves sublinear growth.

For example, the pioneering paper [99] formulated the online convex programming
problem in which X C R" is convex and compact and ¢ is convex and differentiable
for all . The paper proposed the online projected gradient descent algorithm whose

iterations are given by
£r = Px [£r-1 — aVer (£r-1)].

The paper showed that, for the online projected gradient descent algorithm, the

dynamic regret can be upper bounded by

K
D rli) o) < o+ B -]+

7=1

where

R:= sup [m—xil, G :=supsup|[Ve(x).

x1,x2€X T xeX
In [68], the authors considered an online learning problem where X € R" is convex
and compact and the loss function c; is uniformly strongly convex, i.e., there exists

u > 0 such that
cr(x2) = cr(x1) + Ver (x1) (x2 — x1) + gllxz - x4 Vxi,xp € X.

It was shown that an improved bound on the dynamic regret can be derived for
the online projected gradient descent algorithm when the step size « is sufficiently

small:

*

||)20—x1*||
l-p |’

T+1

1~
AL
><

DL

~
Il
—_

where

1 —ap, G = supsup ||Ver(x)]].

T xeX
A recent paper [48] considered an online learning problem where the loss function

could be nonconvex. Specifically, while X C R" was still assumed to be convex and
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compact, each loss function ¢; : X — R was assumed to be weakly pseudo-convex:
there exists M > O such that
Ve (x)T (x = x7)
cr(x) —cr(x)) < Ve (0l

0, Ve (x) =0

Ve (x) #0,

forany x € X and any x; € arg min, .y c¢-(«). The paper showed that, if the strategies
X; are generated by the online normalized gradient descent algorithm
Ver(£r-1)

%r = Px [£:-1 — 8], 8r = ||VCT(£T_])H’
O’ VCT(XAT—l) = ()9

Ver(£0-1) #0,

where 77 is some positive constant, then the following bound on the dynamic regret

holds under certain conditions:

K M K-1
Z cr(Xrm1) —ee(x5) < % 4R* + °K + 6R Z x;q = x|
=1 7=1

where R := sup .y ||x||. Further investigation of these examples and other related
works suggests that, although time-varying optimization and online learning have
different perspectives and settings, the mathematics behind the theories of dynamic

regret can be very relevant for the research on time-varying optimization.

Time-varying optimization has also found its place in various applications. While
the original formulation was for static problems, the network flow control algorithm
in [67] is essentially implemented in a running fashion and can be easily extended
to time-varying situations. In [29], the primal-dual saddle point dynamics was
applied in time-varying wireless systems, with theoretical analysis on the tracking
performance. In [9], the running version of the iterative soft-thresholding algorithm
and its continuous-time counterpart for sparse signal recovery were analyzed under
the time-varying setting. In [8], the authors proposed a running stochastic gradient
descent method for topology tracking in social networks, though no theoretical

guarantee on tracking performance has been provided.

With the technological advances in sustainable energy and smart grids, recent re-
search has found it necessary to consider power system operation in the time-varying
setting. Reference [24] proposed an online algorithm based on the dual subgradient
ascent method, and [17, 47] proposed online algorithms based on the projected
gradient descent method for the operation of distribution networks, though no the-

oretical results were developed for the time-varying setting. [35, 36] employed the
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double smoothing method [87] and a linearized power flow model for real-time oper-
ation of distribution networks, and [14] presented a more comprehensive framework
that can handle a wider range of controllable power devices. [52, 55] proposed
continuous-time online algorithms that employ projected gradient dynamics on the

power flow manifold.

1.3 Organization of the Thesis

Chapter 2: First-Order Algorithms for Time-Varying Optimization

In Chapter 2, we propose a first-order time-varying optmization algorithm, which
we call the regularized proximal primal-dual gradient algorithm. The regulariza-
tion comes in the form of a strongly concave term in the dual vector variable that
is added to the Lagrangian function [50, 58, 60]. The strongly concave regular-
ization term plays a critical role in establishing contraction-like behavior of the
proposed algorithm. However, as an artifact of this regularization, existing works
for time-invariant convex programs [60], time-varying convex programs [16], and
for static nonconvex problems [50] could prove that gradient-based iterative methods
approach an approximate KKT point. On the other hand, in Chapter 2 we provide
analytical results in terms of tracking a KKT point (as opposed to an approximate
KKT point) of (1.2) and provide bounds for the distance of the algorithmic iterates
from a KKT trajectory. The bounds are obtained by finding conditions under which
the regularized proximal primal-dual gradient step exhibits a contraction-like be-
havior. The bounds are directly related to the maximum temporal variability of a
KKT trajectory, and also depend on pertinent algorithmic parameters such as the

step size and the regularization coefficient.

We then provide sufficient conditions for the existence of algorithmic parameters
that guarantee bounded tracking error for sufficiently small sampling interval. From
a qualitative standpoint, the sufficient conditions for the existence of feasible pa-
rameters suggest that the problem should be “sufficiently convex” around a KKT

trajectory to overcome the nonlinearity of the nonconvex constraints.

The study of feasible algorithmic parameters suggests analyzing the continuous-
time limit of the proposed regularized proximal primal-dual gradient algorithm;
see, e.g., [31, 32, 78, 79, 93] and pertinent references therein for continuous-time
algorithmic platforms. We show that the continuous-time counterpart of the discrete-
time algorithm is given by a system of differential inclusions that can be viewed as a

generalization of perturbed sweeping processes [2, 28]. The tracking performance



15

of the system of differential inclusions is analytically established; the continuous-
time tracking error bound shares a similar form with the discrete-time tracking
error bound. Then, we provide sufficient conditions for the existence of feasible
algorithmic parameters, and also analyze the existence and properties of the optimal

algorithmic parameters that minimize the tracking error bound.

Finally, we derive conditions under which the KKT points for a given time will
always be isolated; that is, bifurcations or merging of KKT trajectories do not

happen.

While most existing works on time-varying optimization focus on problems that are
globally convex, our study does not assume global convexity of the objective and
constraint functions, which can be particularly useful for time-varying nonconvex
problems such as the time-varying optimal power flow problem. Part of these results

have been reported in [88, 89].

Chapter 3: Second-Order Algorithms for Time-Varying Optimization

In Chapter 3, we consider second-order algorithms for time-varying optimization.
By “second-order” algorithms, we mean that for each 7, not only the current function
value and gradient information is used, but also the exact or approximate curvature
information is employed, which is similar to Newton and quasi-Newton methods in

static optimization.

We first propose the approximate Newton method for a special case where the
constraints in (1.2) appear in the form x € X; for some closed and convex X;. The
approximate Newton method is a natural extension of (quasi-)Newton method to
the time-varying setting. It is shown that the tracking error is directly affected by
how well we can approximate the curvature of the objective function ¢;. We also
propose a specific version of the approximate Newton method based on L-BFGS-B
[26, 69] that handles box constraints.

Then, we propose two variants of the approximate Newton method that can handle
nonlinear constraints that are formulated as explicit equalities and inequalities. The
first variant employs penalty functions [19, 72] to obtain a modified version of the
original problem, so that the approximate Newton method for the special case dis-
cussed above can be applied. We investigate the relationship between the penalty
functions and regularization on the dual variables, and derive bounds on the differ-
ence between optimal solutions of the penalized problem and the original problem.

The second variant can be viewed as an extension of sequential quadratic program-
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ming [23] in the time-varying setting, with regularization on the dual variable just
like the regularized proximal primal-dual gradient algorithm. We perform a direct
analysis of the tracking error with respect to the optimal trajectory and discuss its

implications.

Finally, we use a toy example to compare first-order and second-order methods, in
order to have a better understanding of how to appropriately choose between these

two types of methods in practical scenarios.

As mentioned in Section 1.2, parametric optimization is closely related to time-
varying optimization, and many path-following algorithms utilize curvature infor-
mation in a very similar fashion to the approximate Newton methods [39, 43, 49, 97].
On the other hand, parametric optimization generally focuses on whether and how
fast the trajectory generated by path-following algorithms will converge to the opti-
mal trajectory as the sampling interval goes to zero. This is different from our setting
where we assume a given and fixed sampling interval, considering that the delays
caused by computation, communication, etc. will prevent the sampling interval

from being arbitrarily small in practice.

Similar to Chapter 2, we do not explicitly assume global convexity for the time-
varying optimization problem in our study. Part of these results have been reported
in [90, 91].

Chapter 4: Applications in Power System Operation

In Chapter 4, we discuss the application of time-varying optimization algorithms
to power system operation, motivated by the consideration that batch solutions are
inappropriate when one needs to optimize over a large number of distributed con-
trollable devices to handle fast-timescale fluctuations and uncertainties introduced

by distributed energy resources in future smart grids.

We formulate the time-varying optimal power flow problem, where the decision
variables are subject to the power flow equations. We partition the decision variables
into two groups, and replace the power flow equations by an implicit power flow
map between the two groups of variables. We present sufficient conditions for the
existence of the implicit power flow map, and discuss the advantages of introducing
implicit power flow map to utilize real-time feedback measurements. The use of
real-time feedback measurements is a central idea in real-time optimal power flow
algorithms [35, 36, 90, 91] (also see [47] for static optimization), which not only

greatly reduces the computation burden, but also improves robustness against model
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mismatch.

Then we present two real-time optimal power flow algorithms in detail. The first
algorithm applies the regularized primal-dual gradient algorithm to the real-time
operation of a distribution feeder. Specifically, we show how real-time measurement
data can be naturally incorporated in the computation, and analyze the effect of
employing approximate Jacobian of the implicit power flow map in the algorithm
theoretically. The second algorithm applies the approximate Newton method with
penalty functions to the time-varying optimal power flow problem. Second-order
real-time optimal power flow method was first proposed by [90] and here we present

the distributed implementation proposed in [91].

Chapter 5: Concluding Remarks on Future Directions
We conclude the thesis by remarks on some future directions that are worth explo-

ration.

1.4 Notations and Terminologies
Sets and Functions

For any set A, its power set will be denoted by 24, and the Cartesian product

A X ---x A will be denoted by A”.
————

n times
Let (A;)_, be afinite sequence of sets, and let S be a nonempty subset of Ay X- - -XAj.
Amapn : S — |JL, A;iscalled a canonical projection if there exists j € {1,...,n}
such that

(X1, .05 Xp) = X, Y(x1,...,x,) €S.

We denote R, = [0, +00) and R, = (0, +00).

Suppose f : X — Y where X and Y are any sets. For any subset A C YV, f~'[A]
denotes the preimage {x € X : f(x) € A}.

For a real-valued function f defined on an interval D C R, we say that it is
nondecreasing if Vxi, x, € D, x; < x = f(x1) < f(x2), and say that it is (strictly)
increasing if the inequality is strict. The notion of nonincreasing and (strictly)
decreasing functions are defined similarly. We say that f is unimodal if there exists
xo € D such that f is strictly decreasing on D N (—o0, xg] and is strictly increasing

on D N [xg, +0).

For f : R" — R™, the inequality f(x) < 0 means —f(x) € R.
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For any x € R, | x| denotes the largest integer n such that n < x, and [x] denotes

the smallest integer n such that n > x.

Linear Algebra

We use
X1

xX=(xp,...,Xx) =
Xn

to denote vector x in R"”. The Euclidean norm on R" will be simply denoted by

n

llx]| := le?, x € R".

i=1

The identity matrix will be denoted by I, or I, € R when the dimension needs to

be specified to avoid confusion.

For any matrix M = (M;;) € R™". ||M|| denotes the operator norm

Mx
||[M]| := sup I ”.
xz0 |lx]l

When M is a square matrix, we use Amax(M) and Apin(M) to denote the largest and

the smallest eigenvalues of M respectively.

For two real symmetric matrix A and B, the expression A < B means B — A is

positive semidefinite, and A < B means B — A is positive definite.

Real Analysis
For a topological space X and a subset A C X, the interior of A will be denoted by
int A, and the closure of A will be denoted by cl A.

The closed unit ball in R” centered at the origin will be denoted by 8B,,. For any two
subsets A, B of R" and any «, 8 € R, we define

aA+ BB :={ax+By:xe€Aye B}

As an example, {x} + r 8B, is the closed ball in R” of radius r centered at x.

Suppose f : X — R U {+oc0} where X is a topological space. We say that f is
lower semicontinuous if liminf, . f(x,) > f(x) for any x € X and any sequence
(x,) C X that converges to x. Equivalently, f is lower semicontinuous if {x € X :
f(x) > a} is an open subset of X for all a € R. A function f : X —» R U {—o0}
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is upper semicontinuous if —f is lower semicontinuous. A function f : X — R
is continuous if and only if it is both lower and upper semicontinuous. See [57,

Section 12] for more details.
Let f : I — R be a function defined on an interval I of R. The essential supremum

of f(t) overt € I is defined by

esssup f(¢) := inf {M € R:Leb (f_l[(M, +00)]) = O},

tel

where Leb denotes the Lebesgue measure on R.

Let f : [a, b] — R™ be a vector-valued function whose components are absolutely
continuous. Then there exists a Lebegue integrable function from [a, b] to R,
which we denote by D f, such that

£O) — f(a) = / Df(s)ds

for all ¢ € [a, b], and D f is unique up to a Lebesgue null set. We will also denote

% f(t) := Df(t). Furthermore, f is Lipschitz continuous on [q, b] if and only if

esssup ||[Df(2)|| < +oo,
te[0,T]

or in other words, D f € L*([a, b]), and in this case,

1f(r2) = fe)

sup =esssup ||Df(1)|].
nbelap, 12—l relab]
1 #t

See [44, Section 3.5] for more details.

Differential Calculus

Let f : R" — R be differentiable on R”. The gradient of f at x € R" will be denoted
by V f(x) which is an n-dimensional column vector. If f is twice differentiable, the
Hessian of f at x € R” will be denoted by V2 f(x).

Let f(x, y) be a function from R” X Y to R where Y is any set, and for some yg € Y,
f(x, yo) is differentiable with respect to x. The (partial) gradient of f(x, y) with
respect to x at (xgp, yo) € R"” x Y will be denoted by V,. f(xo, yo). If f(x, yo) is twice
differentiable with respect to x, the (partial) Hessian of f(x, y) with respect to x at
(x0, o) € R" x Y will be denoted by V2, f(xo, yo).
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Let f : R" — R™ be a differentiable vector-valued function. We will denote its

components by fi, ..., f,». The Jacobian of f at x € R” will be denoted by
Vfi(x)"
Jr(x) = : € R™",
an(x)T

Let f(x,y) be a vector-valued function from R” X Y to R” where Y is any set.
Suppose for some yg € Y, f(x, yo) is differentiable with respect to x. The (partial)
Jacobian of f(x, y) with respect to x at (xp, yg) € R" X Y will be denoted by

fol (XO’ yO)T
Jf,x()C(), yo) = e R™",

fom(XOa yO)T
The following equalities can be shown by straightforward calculations.
Lemma 1.1. /. Suppose f : R" — R™ is continuously differentiable. Then for any
x,y € R,
1
FO) = fx)+ (/0 Jf(X+6’(y—X))d9) (y = x). (1.6)

2. Suppose [ : R" — Ris twice continuously differentiable. Then for any x,y € R”,

f() =f(x)+ VFx) (y - x)

1 1.7
+%(y—x)T (/ 2(1—0)V2f(x+9(y—x))d6’) (y — x). (1"
0

Convex Analysis

Let C € R" be a convex set. The indicator function of C will be defined and denoted

by
0, x € C,
Ic(x) =
+ o0, x¢C.

The relative interior of C will be denoted by relint C. The normal cone of C at x € C
is defined by

Ne(x):={yeR":yI(z—x) <0, Vz € C}.
When C is closed, for any x € R”, it is known [20, Proposition 2.2.1] that there

exists a unique vector that minimizes ||y — x|| over all y € C. We call this vector the
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projection of x into C, and denote it by

Pc(x) := argmin ||y — x||.
yeC

Furthermore, we have the following proposition.
Proposition 1.1 ([20, Proposition 2.2.1]). Suppose C C R" is convex and closed.
1. Forany x € R",

y=Pe(x) = (x-y(z-y)<0,VzeC & x-yeN).
2. Pc is nonexpansive, i.e., |Pc(x) — Pc(y)| < ||lx — y|| for any x,y € R™.

For a convex cone C C R”, its polar cone is defined by
C°:={yeR":y'7<0,VzeC}.

For any subset A of R”, its convex hull will be denoted by conv A, and its affine hull

will be denoted by aff A.

Let f : R* — R U {+o00} be a convex function. The domain of f is defined by
dom(f):={x e R": f(x) < +o0}.

We say that f is proper if dom(f) is nonempty. We say that f is closed if the
epigraph
epi(f) == {(x,y) e R*XR:y > f(x)}
is closed.
Proposition 1.2 ([82, Theorem 7.1]). A proper convex function f : R* — RU{+oco}

is lower semicontinuous if and only if it is closed.

The subdifferential of f at xy € dom(f) is defined by

0f(xp) := {u eR": f(x)— f(xo) > ul (x — xp), Vx € R"}.

The definition indicates that d f(xp) is the intersection of a collection of closed

half-spaces in R”, and therefore is convex and closed.

Suppose g(x, y) is a function from R” X Y to R U {+co} where Y is any set, and for
some fixed yg € Y, g(x, yo) is a proper convex function of x. We denote the partial

subdifferential of g(x, y) with respect to x at (xg, yg) € R" X Y by

0:8(x0, y0) := {u € R" : g(x, yo) — g(x0, yo) > u' (x — xg), Vx € R"}.
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Chapter 2

FIRST-ORDER ALGORITHMS FOR TIME-VARYING
OPTIMIZATION

2.1 Problem Formulation

Let us consider the following time-varying optimization problem
min c¢(x,t) + h(x, 1)
x€eR"

s.t. fUx )+ f"(x,1) <0, (2.1)
f(x,t)=0.

Here t € [0, 7] labels time and 7 > 0 is a fixed constant that represents the length of
the period we consider, ¢ : R"XR — R, 2 : R"XR — RU{+o0}, f¢: R"XR — R",
fC T R"XR - R"and f9 : R" X R — R™ . For each fixed ¢ € [0, T], c(- 1),
[, 1), f(, t)and f¢4(-, t) are twice continuously differentiable, (-, ) has convex
components, and A(-, ) is a closed proper convex function with a closed domain.
We denote the domain of A(-, ¢) by

dom,(h) := {x € R" : h(x,t) < +o0}.

In addition, we also assume that VZ c(x, 1), V2, f<(x, 1), V2, f"(x, 1) and V2, fjeq(x, 1)
foreachi = 1,...,mand j = 1,...,m’ are continuous over R” x [0,7]. We let
fin = fc + fnc.

We assume that (2.1) is feasible for all r € [0,T], and that there exists a Lipschitz
continuous trajectory of primal-dual pair z* = (x*, 4%, u*) : [0,T] — R" X R X R™
such that for each t € [0, T], z*(¢) = (x*(2), A*(¢), u*(¢)) satisfies

(x*(1), (1), (1)) € dom,(h) x R™ x R™, (2.22)
T
* in”,x(X*(t)’ t) /l*(l) *
=V, c(x*(t),t) — [erq’x(x*(t)’ NE € 0, h(x"(2),1), (2.2b)
F(x* (1), 1) € Nam (2 (1)), (2.2¢)
feUx(8),1) = 0. (2.2d)

The following proposition justifies (2.2) as KKT conditions for (2.1) under appro-

priate constraint qualification conditions.
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Proposition 2.1. Suppose x is a local minimum of the following optimization prob-

lem
min  c(x) + h(x)
xeR" (23)
s.t.  f(x)eC,

where ¢ : R" — R and f : R" — RP are continuously differentiable, h : R" —
R U {+co} is a closed proper convex function with a closed domain, and C C R”

is a closed convex cone. Suppose the following constraint qualification condition is
satisfied:

There is no A € C°\{0} such that AT (%) = 0 and —J_f()E)T/l € Ngom(n)(X). (2.4)
Then there exists A € C° such that

~Ve(x) = Jp(%)' A € dh(F), (2.5a)
f(%) € Ne=(2). (2.5b)

The set of optimal Lagrange multipliers
A = {1 € C°: Asatisfies (2.5)}

is convex and compact.

The proof is given in Appendix 2.A for completeness.

Remark 2.1. The constraint qualification in Proposition (2.4) can be viewed as a
generalization of the Mangasarian-Fromovitz constraint qualification (MFCQ) [19].
Indeed, in the case where h = 0 and C = —R’ X {0}, we can prove that MFCQ is
equivalent to (2.4). Let 7 C {1,...,m} denote the index set of active constraints at

x,anddenote E = {m+1,...,m'}.

1. Suppose MFCQ holds at X, and u € R" satisfies Jy,(X)u < 0 and Jz,(X)u = 0.
Suppose A € R” x R™ satisfies A7 f(¥) = 0 and J¢(¥)"A = 0. Then we have
Ai=0fori¢ 7 UE, and

0=A"Tp(®)u = AL T 5, (X)u + AL p(F)u = AL T, (X

Considering that J,(¥)u < 0 while 17 > 0, we get A7 = 0. Thus J¢(x)'1 =
Jre ()T A¢ = 0. MFCQ requires that J 1 (%) has linearly independent row vectors,
which implies that Ag = 0. Now we see that 4 = 0. Therefore MFCQ implies

the constraint qualification (2.4).
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2. Suppose that MFCQ does not hold at . If the row vectors of J, (X) are linearly
dependent, then there exists x4 € R \{0} such that J (X) =0, and (2.4) is
obviously violated. If there is no u € R" satisfying J, (X)u < 0 and Jy (¥)u = 0,

we let

u:ueR}, &:{@ﬁ)e@ﬂxRﬁzze—Rﬂ}.

Obviously S; and S, are convex sets, and since S; N S, = @, by the separating
hyperplane theorem, there exists some nonzero (vi,v2) € R¥! x R™ such that

vIz > 0forall z € -R, and

vlTJf[()E)u + vaJfS()E)u <0, VYueR"

By setting u = Jg, (X)Tv; + Jz,(¥)Tv, in the above inequality, we see that
Jr(®)vi + Jp(£)Tvy = 0. On the other hand, vz > 0 for all z € —RrYI
implies vi > 0. We then see that if we define 1 € R X R™ by Ay =vi, dg =
and 4; = 0foranyi ¢ 7 U &, the constraint qualification (2.4) is violated by A.

We now see that the constraint qualification (2.4) is equivalent to MFCQ. [ |

Remark 2.2. In general, there can be multiple KKT points of (2.1) that move in
R x R™ x R™ as time proceeds, which form multiple trajectories that can appear,
terminate, bifurcate or merge during the period (0,7). Reference [49] presented
a very comprehensive theory of the structures and singularities of trajectories of
KKT points for time-varying optimization problems. In [39], the authors show
that strong regularity for generalized equations is a key concept for establishing
the existence of Lipschitz continuous KKT trajectories over a given finite period.
Here, we arbitrarily select one of these trajectories that is well defined and Lipschitz
continuous for ¢ € [0, T], denote it by z*(¢), and mainly focus on this trajectory in

most part of our study. n

As a special case of (2.1), if we set h(x, t) to be the indicator function

{Q x € X(),
h(x,t) = (2.6)

+ o0, otherwise,

where X(7) ¢ R" is convex and compact for each ¢ € [0, T], then (2.1) includes the
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following problem as a special case

min  c(x,t)

xeR?
s.t. [0 t) + f"(x,1) <0, (2.7)
fé(x,1) =0,
x € X(),

and in this case, the subdifferential d,h(x, t) is the normal cone Ny;(x) as can be
seen by
y € dch(x,t) = h(zt) > h(x,1)+y (z—x), VzeR"
= 02y'(z-x), VzeX()

& y € Nyp(x).

Proximal Operator
We define the proximal operator to a convex function g : R¥ — R U {+c0} by
) 1
prox,(x) := argmin g(y) + Elly - x|%. (2.8)
yeRk
The proximal operator can be viewed as a generalization of projection onto convex

sets. Indeed, if we take g to be the indicator function of a convex set C C R¥, the

proximal operator is just the projection onto C.

The following lemma summarizes the properties of the proximal operator that will

be frequently used in subsequent sections.

Lemma 2.1 ([74]). Let g : R¥ — R U {+00} be convex and proper. Then

1. prox,(x) is well-defined for all x € RX.

2. y = prox,(x) if and only if x — y € dg(y).

3. prox, is nonexpansive: forany x,y € RX, ||proxg(x) - proxg(y)” < |lx =y

We can use the second property in Lemma 2.1 to rewrite two of the KKT conditions

(2.2b) and (2.2¢) equivalently in the form of a fixed-point equation

T
Jpin  (X*(0), 1) | | A1)

Jpeax(x*(1), )| | (1)

() = P [2°(0) + B (x* (1), 1)], (2.9b)

X*(t) = proXy . [ X°(1) — a| Vie(x*(2), 1) + , (2.9a)

where @ and (8 are any positive real number.
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2.2 Regularized Proximal Primal-Dual Gradient Algorithm

We first discretize the time domain [0, 7] so that discrete-time algorithms can be
proposed and implemented. Let A > 0 be the sampling interval. Let 7 :=
{1,2,...,|T/A]} be the set of discrete time indices, and we denote

cr(x) = c(x, TA), he(x) = h(x, TA),
fr(x) = fx1h), ) = ffx Th),
) = M Th) ) = fUx TA),

for each 7 € 7. The sampled version of the KKT trajectory z*(z) will be denoted
by 2 = (x5, AL, i) fort e T

Let 2y = (%0, Ao, fig) € domg(h) x R” x R™ be the initial point. The regularized

proximal primal-dual gradient algorithm produces a primal-dual pair (£, Az, fi7)

iteratively by
T[4
fe = proxg, [ &1 —a| Ve + | VLT (2.10a)
Jjea (Xr=1)| | Az
A = Peg [ Aoy 40 (£(2e1) = (et = Aprior) ). (2.10b)
fr = flr—1 + na (ffeq()e?'—l) - E(laT—l - ,uprior)) (2.10¢)

foreach 7 € 7. Here @ > 0,7 > 0, € > 0, Aprior € RY and pprior € R™ are

parameters of the algorithm.

The regularized proximal primal-dual gradient algorithm is closely related to the
following saddle point problem

min  max  L3(x, 4, p), (2.11)
XER" JeR™, yeRm’

where L(x, A, 1) denotes the regularized Lagrangian defined by

LE(x, A, 1) = co(x) + he(x) + AT f7(x) + p? £29(x)

(2.12)
(1= A+ 1= )

€

2
We can see that there is an additional term —% (||/l - /lprior”z + || u— ,uprior”Z) com-
pared to the original Lagrangian function, which represents regularization that drives
the dual variables towards (/lprior, ,uprior). Then, (2.10) can be viewed as applying a

single iteration of proximal gradient descent on the primal variable and projected

gradient ascent on the dual variables in (2.12), with step sizes being « for the primal
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update and na for the dual updates respectively. The parameter € then controls the
amount of regularization on the dual variables. The constant vectors Aprior and prior
can be viewed as prior estimates of the optimal dual variables, and can be set to zero

if such prior estimates cannot be obtained!.

It can be seen that the regularized Lagrangian (2.12) is strongly concave with
respect to the dual variables, which potentially improves the convergence behavior
of primal-dual gradient methods. On the other hand, even if we solve the saddle
point problem (2.11) exactly, the resulting solution will be in general different from
the KKT points of (2.1), which suggests that there could be further sub-optimality
introduced by regularization in the time-varying setting. This is indeed the case as

will be seen in Section 2.3.

We denote the primal-dual pair produced by (2.10) as 2, = (£7, Az, fIz). We define

the norm

IRMF:$MW+H”WW2+WWMP

forz =(x,4,v) € Rrmm’

2.3 Tracking Performance

The regularized proximal primal-dual gradient algorithm proposed in the previous
section is expected to produce a sequence of primal-dual pairs that are sufficiently
close to the KKT points for each time instant; in other words, the algorithm should
be able to track the KKT points z7 = (x7, A%, ;) for each 7. In this section, we
study the tracking performance of the regularized proximal primal-dual gradient

algorithm.

We define the tracking error to be

2 1A 2
+ 07 A — 1kl

e = <2l = Ve = %32 + 07t [~ 2

which represents the distance between the KKT point and the solution produced
by (2.10); a small tracking error implies good tracking performance with respect
to (z}),. We are interested in factors that affect the tracking error, and especially

conditions under which a bounded tracking error can be guaranteed.

! The dual update (2.10b) can also be equivalently written as
/AlT = SDRT [27_1 +na (f;in()?‘r—l) - E/lAT—l):I

with ﬁ”(x) = Ti"(x)+e/lprior. In other words, we can also view (2.10b) as employing no prior estimate
of A7 but a more conservative version of the inequality constraint given by f"(x) + €Aprior < 0.
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Before proceeding, we first define some quantities that will be used in our analysis.
Let

12°(12) = 2" (1) d
oy = ) 1 = esssup||—z ()| ,
1.02€[0.T], |t — 1] refor] 114t 0
f1#h
i.e., the maximum speed of the KKT point with respect to the norm || - ||,;; hence

LA A ”n < o0y A for each 7. We assume that ¢y, > 0 for some (and thus for any)
n > 0. Intuitively, the slower z*(z) moves, the more likely it is to obtain a smaller

tracking error. We then define

A*(t) = Apri
My = sup *() Prenl (2.13)
te[0T] ||| M4 (t)_ﬂprior
"(x*(t) + u, t
Me(6) = sup sup ||D2. |7 (x*() woll (2.14)
1€[0T] wllull <6 fe(x*(t) +u, 1)
M.(5) := sup sup ||D)26xf"(x*(t)+u,t)|, (2.15)
1€[0.T] u:lful| <6
J‘in *t + ,t
Ls(6):= sup sup pin (270 + 0, 1) , (2.16)
tel0T] ullul| <6 ||| pea x (X7 (2) + u, t)
D(6,n) := L () + Mc(6) sup |[A°(D)]. (2.17)

te[0,T]

Here for a vector-valued f(x,¢) that is twice continuously differentiable in x for a
fixed ¢, we use D2, f(x,t) to denote the bilinear map that maps a pair of vectors
(i1, hy) to a vector whose i’th entry is given by i V3, fi(x, 1)hy, i.e.,
2 ) T2
DL f(n): (b)) > (WIV2fiCe ) )

and ||D§xf(x, t)|| is defined by

D? hi, h
ID3cf (e ) := sup D5/ i )] sup || D2, f(x.0) (k1 o)) -
h1,hy£0 Al Al ki lI=llall=1

Intuitively, ||D)2(x f(x, t)|| characterizes the nonlinearity of function f with respect
to x at time ¢. Specifically, we have the following lemma, whose proof is given in
Appendix 2.A.

Lemma 2.2. Lett € [0,T] be fixed. Then for any xi, xa,

7,6 (2, £) = T x(x1,2)||

< lx2—xill - sup || D3, f(x1 +6(x2 — x1),0)|.
0€[0,1]

(2.18)
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and

£ G2 1) = F(x1, 1) = T a2 = x1)||

1
< 3l =xll* - sup D fen +00x =20
0€[0,1]

(2.19)

The argument ¢ € (0, +o0) in the definitions (2.14)—(2.17) represents the radius of
the ball centered at x*(¢), i.e., the local region around x*(¢) we are interested in.

Let the “nonconvex Lagrangian component” be

L, A1) = c(x, ) + AL f(x, 1) + u? £49(x, 1),
L0 A, ) = L(x, A, 1, TA).

We also define
H pne(u,t) = /0 1 V2 L(x* (1) + Ou, (1), u*(1), 1) d, (2.20)
Hye(u,t) = /0 1 2(1 - @)V, f(x*(t) + Ou, 1) d, (2.21)
and

oS, a,m, €) = sup
te[0,T7],
u:|lul|<é

)

(I — aH rne(u, t))2 —a(l — nae) i /l;‘(t)ﬁfic(u, 1)
i=1

V16 M;,c(6)

p(0,a,n, €) ;= | max {p(P)((S, a,n,e),(1 - nae)z} + a(1 — nae) 5

12

+a?|2 sup Hnd — H pne(u, t)H D(8,1) + D*(6,1) ,
te[0,T],
w:||ul| <6

1- nae \/ﬁa/Lf(é) }
" p(6,a,m,€) p(5,a,m,€))

k(0, @, 7, €) := max {1

Here, H pne(u,1) is the averaged Hessian matrix of the “nonconvex Lagrangian
component” around x*(¢) along the vector u, and Eff (u, t) is the averaged Hessian
matrix of the convex part of the i’th constraint along the vector u. The quantity
p(6, a, n, €), as we will show later, can be viewed as the contraction coefficient of a

single step of the algorithm.

Remark 2.3. Although the algorithm (2.10) runs in the discrete time domain, the

definitions above take supremum over the continuous time domain [0, 7], as some
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of these quantities will be employed again to study the continuous-time limit of the
algorithm (2.10) in Section 2.4. The results in Theorem 2.1 will still follow if we
replace all the supremum over ¢ € [0, T'] by supremum over ¢ € 77 in the definitions

above. [

The following lemma is critical in establishing the tracking error bound of the

algorithm (2.10), whose proof will be presented in Appendix 2.A.

Lemma 2.3. Let T € T be arbitrary. If ||27_1 - zi”]7 < 6 and Z; is generated by
(2.10), then

|2 = 2Zl],, < (6, @ €) |21 = zi|, + &(6, @, €)VnareMa, (2.22)
where k(6, @, 1, €) is upper bounded by \2 and satisfies
lim «(5,a,n,€) = 1.
a—07
Now we present one of the main results of this chapter, which establishes the tracking
error bound of the regularized proximal primal-dual gradient algorithm (2.10).

Theorem 2.1. Suppose there exist 6 > 0, « > 0, n > 0 and € > 0 such that
oA < (1= p(6, a1, €)) 6 — (0, @, 1, €)\naeM,. (2.23a)
Let the initial point 3y = (%o, Ao, flo) be sufficiently close to the KKT point zj so that
120 — z3]l, < &. (2.23b)

Then the sequence (Z;)req produced by the regularized proximal primal-dual gra-
dient algorithm (2.10) satisfies

A *k

e —Z

< p(57 a, 77, 6) O-T]A + K(69 a, n9 E)WG*/EMd

g 1 _p(é’ a, 1, E)

oA+ k(6, a,m, €)\naeMy (2:24)

1 - ,0(5, a, 1, 6)

+p7 (5, a.m, €) |||20 - ZTHU -

forallTt € T.

Moreover, we have

lirg k(6,a,m,€) =1 and k(6,a,m,€) < V2.
a—0*
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Note that Lemma 2.3 asserts that if the radius ¢ is chosen such that p := p(d, @, 1, €) <
1, iteration (2.10) is an approximate local contraction with coefficient p and error
term e := (0, a,n, €)\naeM,. The idea of the proof of Theorem 2.1 is then
based on showing that condition (2.23a) is sufficient to guarantee that the trajectory
generated by the algorithm is confined within the contraction region at every time
step. Note that (2.23a) implies

B(z%, pé + ) € B(z%, 1, 6), (2.25)

where B(z, ¢) is the ball centered at z with radius ¢ (with respect to the norm || - [|,,).
Then, it is possible to show by induction that if Z, € B(zf, 0), then Z;_; € B(z},0)
for all 7. The idea of condition (2.25) is illustrated in Figure 2.1 and the formal
proof of Theorem 2.1 is given below.

Figure 2.1: Illustration of condition (2.25). This condition is essentially on: (i)
time-variability of a KKT point, (ii) extent of the contraction, and (iii) maximum
error in each iteration. Note that in the error-less static case (i.e., oy, = e = 0), this
condition is trivially satisfied.

Proof of Theorem 2.1. For notational simplicity, we just use p to denote p(6, a, 1, €)
and use « to denote «(, a, 17, €). The condition (2.23b) guarantees that we can use

Lemma 2.3 to get

|21 - Z’f”r7 < pllzo - zi‘”n + k\naeMy,
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which shows that (2.24) holds for 7 = 1. Now suppose that (2.24) holds for some
T € 7. We have

b=zl <l 2l + s - 5,
- popA + kynaeMy opA + kK\naeMy

T, +p" ||20—z’fn T, oA
A M
= (1) DRV ey - 5 2.26)
1-p n

The condition (2.23a) implies

opA + k\naeMy
l-p

p <l and 0>

b

and therefore
|12 = 22 ll, < (1 =p) 6 +p76 < 6.

We can then use Lemma 2.3 and (2.26) to get

e =2l < plle = 2l + oviwes

oA + knaeMy ) .
<pl-p) n 1_\/; +pT||zO—z]||n)+K\/ﬁaeMd
poyA + k\naeMy (. . opA + kK\naeMy
= 1= +p ||zo—z1||,7— = )
P P
and by induction we get (2.24) forall T € 7. O

It can be seen that the tracking error bound in (2.24) consists of a constant term and a
term that decays geometrically with 7, as the condition (2.23a) implies p (6, @, 1, €) <

1. We call the constant term

p(d’ a, T], 6) O-UA + K(é’ a, T], E)\/ﬁa/EM/l
1 - p(5,a,mn,e€)

(2.27)

the eventual tracking error bound, which can be further split into two parts:

1. The first part
pl.am€)
1-p6,a,m,€) "

is proportional to ¢, the maximum speed of the KKT point. In time-varying

A

optimization, such terms are common in the tracking error bound [35, 68, 84, 90].

This term also decreases as one reduces the sampling interval A.
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2. The second part
k(0, a, m, €)\naeMy

1 - p(8,a,n,€)
is proportional to My, the maximum distance between the optimal Lagrange

multiplier (1*(¢), " (¢)) and the prior estimate (Aprior Mprior). This term represents
the discrepancy introduced by adding regularization on the dual variable; similar

behavior has also been observed in [60].

In addition, the first part has a multiplicative factor p(d, a,n, €)/(1 — p(d, @, 1, €)),
while the second part has a multiplicative factor 1/(1 — p(6, @, i, €)), which are all
strictly increasing in p(6, a, 1, €). This implies that a smaller p(6, a, 1, €) will lead to
better tracking performance. The condition (2.23a) is also more likely to be satisfied

when p(6, @, 1, €) is smaller.

Feasible Parameters

In order that (2.23a) can be satisfied and the bound (2.27) can be as small as
possible, one needs to find an appropriate set of the parameters «, n, €. However,
the expression that defines p(9, @, 1, €) is rather complicated, making it difficult to
analyze how to achieve a smaller bound (2.27); even the existence of parameters
that can guarantee the condition (2.23a) is not readily available. In this section, we

give a preliminary study of the conditions under which (2.23a) can be satisfied.

Definition 2.1. We say that (6, @, 7, €) € R%, is a tuple of feasible parameters if

(1 -p(6,a,n,€))0 — k(5, a,n, €)\naeMy > 0. (2.28)

It can be seen that, if (2.28) is satisfied, then for sufficiently small sampling interval
A the condition (2.23a) can be satisfied; otherwise (2.23a) cannot be satisfied no
matter how much one reduces the sampling interval A. The quantity ¢ has been

added to the tuple of parameters for convenience.

Define
Ap(8) := inf  inf  Ayin | H pne( t)+1zm:/l*(t)ﬁ (u, 1) (2.29)
= 1n mn i nc b . c .
" o] wfull<s I | L 247 Uk
— I, —
Ay(6) := sup  sup Amax (Han(u, )+ —Z/li (DH ge(u, t)). (2.30)
e[0T ullull <6 2~

Roughly speaking, A,,(6) characterizes how convex the problem (2.1) is in the

neighborbood of x*(¢). It’s easy to see that A,,(d) is a nonincreasing function in 6.
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Lemma 2.4. /. Suppose X and Y are metric spaces with X being compact, and

f : X XY — Ris a continuous function. Let g : Y — R be given by

g(y) = sup f(x,y).

xeX
Then g is a continuous function.
2. Suppose [ : RB, XV — R is a continuous function for some R > 0 and V is a

metric space. Define g : (0,R) XV — R by

g(r,v) = sup f(u,v)

w:||ul|l<r

Then g is a continuous function on (0, R) X V.

The proof of Lemma 2.4 will be given in Appendix 2.A.
Theorem 2.2. Suppose there exists some § > 0 such that

An(5) > My My (5). (2.31)
Let

Sfp = {(6’ a, 1, 6) € Ri+ : (1 - 9(6’ a, 1, E))(s - K((S’ a,n, E)\/ﬁaé'Md > O} .

Then St is a non-empty open subset of R%..

Proof. Let R > § be arbitrary. We first show that H pne(u, 1) and each H se(u, 1) are
continuous over (u,t) € RB,, X [0, T]. Indeed, by their definitions (2.20) and (2.21),

any entry of these matrices can be written in the form

1
/ g(0,u,t)do,
0

where g is some continuous function over (6, u, t) € [0, 1] X RB,, X [0, T'] as we have
assumed the continuity of VZ c(x, r) and each V2, f<(x, 1), V3, f"(x, 1), V2, ).
Since [0, 1] X RB,, x [0,T] is a compact set, g(6,u,t) is bounded above. By the
dominated convergence theorem, fol g(0,u,t)d6 is continuous over (u,t) € RB, X
[0,T].

As a consequence of the continuity of H gnc(u, t) and each H fe(u, 1), Ap(6) is finite
forall 6 < R.

Let
fR(§7 a, ]77 E) = (1 - p(67 a, 77, 6))6 - K((sa a, 77, G)WQGMd
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for (6, a,m, €) € (0, R) xRi .»and let us consider the Taylor expansion of fg(9, @, 1, €)

with respect to @ as @ — 0. We have
— 2 o —
(1 — oH pre(t t)) ~ (1 - nae) Y| A (OH g (w.1)
i=1

_ 1 & _
=] -2a (H_Enc(u, t) + E Z /ll*(t)Hflt(u, t)) + (},’ZQ(u, t, n, 6),
i=1

(2.32)

where Q(u, t,n, €) is some positive semidefinite matrix that depends continuously
on (u, 1,7, €). It can be checked that for @ < (2A(R))™", we have

| =

0<2a (ﬁ rne(u, t) + i A7 (Z)Ef;s(u, r)) <1

i=1

whenever ||u|| < R, and so

M=

I -2« (ﬁan(u, )+ ﬂj(l‘)ﬁflc(u, Z))

1
2 4
1

=1 - 2adnin HLHC(M, 1)+

D A OH e r>)
i=1

| =

whenever ||u|| < R and @ < (2Ay(R))™!. By (2.32), we get

(I — aH rne(u, t))2 —a(l — nae) i /l;‘(t)ﬁf;c(u, 1)
i=1

sup sup
te[0,T] u:||ul|<6

=1 -2aAu(6) + 0(a?)

as @ — 0% for any § € (0, R). Consequently, by Taylor expansion of p (6, @, n, €)
with respect to @ and using the properties of « (6, @, 17, €), we can show that

o6, a,n,€)=1-a (min {Am(6), ne} — ngM(cS)) +0(a?) (2.33)

and
fr(0, a, 1, €)
\/ﬁ

(2.34)
=« (5 (min {A(8),n€} — T(SM,,C(cS)) - \/ﬁeMd) +0(a?).

Now we consider two cases:
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1. My > 0: Let 6g = 6 and

vy ( 2A(50) )2 V)
SoMpc(80)) 10

By (2.34),

fr(S0, @m0, €) = a/g (Am(8) = MyM,c(5)) + O(a?). (2.35)

Togeher with the condition (2.31), we can see from (2.35) there exists a sufficiently
small ap > 0 such that fz(6o, @0, 170, €) is positive, and consequently Sy, is non-

empty.

2. My = 0: Let o > 0 be arbitrary. Consider the function

£0) = An(0) ~ YoM, ).

By the monotonicity of A,,(d) and M,,.(9),
li §) = lim A, (6) > Ay (6) > 0.
S, 8(0) = Jim An(©) 2 An (3) >
Therefore there exists some &y € (0, 5] such that g(69) > 0.
Now let & = 75" Au(S0). By (2.34),
fx(S0, @, 70, €) = @og(5p) + O(a?). (2.36)

Therefore we can find some @y > 0 such that fz(do, ao, 70, €) is positive, and

consequently S, is non-empty.

Finally, by Lemma 2.4, it can be seen that fz(J, @, 1, €) is a continuous function over
(6, a,m, €) € (0, R) X R3, . Therefore the set

Sty N ((0, R) % RL) = (6, a,m,€) € (O, R) X R3, : fx(6, a1, €) > 0}

is an open subset of R%,, and consequently

Stp = U Stp N ((O, R) x Ri_'_)
R>6

is an open subset of R, . m]

The condition (2.31) for the existence of feasible parameters can be intuitively

interpreted as follows: The problem should be sufficiently convex around the KKT
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trajectory to overcome the nonlinearity of the nonconvex constraints. It should be

emphasized that this is only a sufficient condition.

The parameters (6o, o, 170, €) given in the proof are in general not the optimal choice
of parameters. However, they do provide some insights on how to choose parameters

in practical situations:

1. Since € controls the amount of regularization on the dual variable, a smaller
€ can help reduce the inaccuracy introduced by the regularization. On the
other hand, if € is two small, one could have p®) (8, a, 1, €) < (1 — nae)?, and
the contraction coefficient p(8, @, n, €) can be too close to 1, which degrades
the overall tracking performance. In the proof we set €y = N 'Au(80) so that

(80, @0, 10, €0) = (1 — noaoen)>.

2. It can be seen that, in the case where the constraints and objective are all con-
vex, if we choose € as previously mentioned, then the “contraction coefficient”

p(6, a, n, €) has a particular form
(6, a1, €) = 1 — aA,(8) + & - (additional terms),

where those “additional terms” are mainly related to the Lipschitz constants of
various functions. Similar forms have appeared in [35, 60, 87]. For the non-
convex case, the coefficient of the first-order term will be reduced, but Theorem
2.2 guarantees that it can be made positive by appropriate choice of parameters
under the condition (2.31).

Because of the “additional terms”, we could choose « to be sufficiently small so
that p(d, @, n, €) is less than 1, but an excessively small a can also degrade the
tracking performance. In practice the step size can be chosen heuristically by

experiments or simulations. Adaptive step sizes will be left for future study.

In the proof of Theorem 2.2, we consider the asymptotic behavior of p(d, @, , €)
as the step size a approaches zero, which greatly simplifies the analysis. It is
well known that when the step size is very small, the classical projected gradient
descent can be viewed as good approximation of the continuous-time projected
gradient flow [71] which has simpler analysis but still provides valuable results
for understanding the discrete-time counterpart. This observation suggests that by
studying the continuous-time limit of (2.10), we may get a better understanding of

the discrete-time algorithm.
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2.4 Continuous-Time Limit
In this section, we study the continuous-time limit of the regularized proximal
primal-dual gradient algorithm (2.10).

Let Zo = (X, Ao, fo) be the initial primal-dual pair. For each K € N, let 2 A(K)

(%7 &) /ISK), ﬂ(TK)) 7 =0,1,2,...,K be the sequence produced by (2.10) with sam-

pling interval A = Ak := T/K and step size @ = Ag 8 for some fixed § > 0. In other

(K) A (500 10 5(50) with

words, we let 2, s

= Zp and Z;

£ )_proxAKﬁh )25_) — AgB VcT(A(K)) T
Jfreq (x - ) -1
A% Z [ A% A nﬁ( in (560) _ (1) — /lprior))]’ (2.37b)
A(K (K ~(K ~(K
Al = 2%+ Anp (£9(25) - (%) - o)), (2.37¢)

fort=1,2,...,K. Define

Ag —t t—(t—1DA
5K)(4) = TAK — 1 (k) + K A(K) 238
Z0(1) B iy w— (2.38)
if t € [(t = 1)Ag, 7Ak] for each 7 = 1,..., K. It can be seen that 2(K) is a linear

interpolation of the set of points { (TA K> 25”) } and we are interested in the behavior

of 25) when K — co.
Definition 2.2. Given S : [0,T] — 2R we say that S(¢) is k-Lipschitz in 7 if

dy (S(11), S(t2)) < k|t1 — 12|

for all 11,1, € [0, T], where and dy denotes the Hausdorff distance of two sets:
dp(A, B) := max < sup mf llx = y|l, sup mf [|x = yl|
x€A Y€ yeEB X

Theorem 2.3. Suppose the following conditions hold:

1. graph,(h) is ki-Lipschitz in t for some k1 > 0, where
graph,(h) := {(x, h(x, 1)) : x € dom,(h)}

denotes the graph of the function x — h(x,t) for eacht € [0,T];

2. there exists € > 0 such that

h(xa,t) — h(xy,t
sup iz, 1) = h(x1, 1) <Y, vVt € [0,T1]; (2.39)
xl,xzedom,(h) ||x2 — X1 ”
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3. Vyc(x, 1) is continuous on the set | J,e[or) dom;(h) X [0,T], and there exists some

ky > 0 such that

IVic(x, )|l < k(1 + ||x]]), V(x,2)€ U dom,(h) x [0, T]; (2.40)
te[0,T]

4. f"(x,t) and f¢9(x,t) are continuous, and J pin x(x, 1) and J yeq x(x, 1) are bounded
and continuous over (x,t) € Usepor)dom,(h) X [0,T]. Moreover, there exists

some integrable function | : [0,T] — R such that for each t € [0, T]

sup )||v§xc(x, 1| < 1),

xedomy(h

sup ‘ V%xf}”(x, Z‘)H < (1), Vi=1,...m, (2.41)
xedom, (h)

sup ‘Vﬁxf.eq(x, t)H < (1), Vi=1,...m.
xedom, (h) /

satisfies

Tra
A1)

A1)

Jpin  (£(2), 1)

Tpeax(R(t).1) € BOh(R(1),1),  (2.42a)

d . .
=80 = B| Vac(3(0). 1) +

—%i(t) 1B (50,0 = €(A0) = i) ) € Naz(A0),  242b)
_%ﬁ(t) +np (feq(ﬁ(t)» 1) - E(ﬂ(l‘) - lJprior)) =0 (2.42c¢)

for almost all t € [0,T]. Moreover, the differential inclusions (2.42) have a unique

absolutely continuous solution given any initial condition 2(0) = 2.

The proof of Theorem 2.3 is given in Appendix 2.A.

Remark 2.4. Theorem 2.3 indicates that a continuous-time counterpart of the
discrete-time algorithm (2.10) is given by the differential inclusions (2.42). In
the special case where £ is the indicator function of a compact convex set X(¢) as

given in (2.6), the differential inclusions (2.42) can be written in the form
d . .
— 40 + @2(1). 1) € Nen(2(1), (2.43)

where C(f) = X(f) X R” x R is convex and @ : R” X R” x R" — R" x R” x R"

gives the gradient step of the primal and dual variables. This form of differential
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inclusions has been studied under the name perturbed sweeping processes in the
literature [28], and the discrete-time algorithm has been called the catching algorithm

of the perturbed sweeping processes.

It should be noted that, when the convex set C(¢) is time-varying, the perturbed
sweeping process (2.43) in general cannot be equivalently written in the form

d, R
EZ(I ) = Pre oy [PEQ@), D], (2.44a)
where T¢(;) denotes the tangent cone of C(t), or

Do iy P20+ 500,01 - 20
dt

s—0* S

(2.44b)

as an ordinal projected dynamical system, as there may not exist solutions on [0, T']
that satisfy these equations almost everywhere. A simple example is given by
C(t) = {(x1, x0) € R? : x| >t} with ®(z,¢) = 0. It can be seen that under the initial
condition (x1(0), x2(0)) = (0,0), (2.43) admits the solution x;(t) = t,x2(t) = 0,
but (2.44a) and (2.44b) do not have solutions. In [54], the authors introduced a
formulation similar to (2.44a) based on the notion of temporal tangent cones, which

is a generalization of tangent cones in time-varying situations. [ |

Remark 2.5. Among the four conditions listed in Theorem 2.3, the first three con-
ditions and the continuity of £, f°4, Jsun  and Jgeq, guarantee that (25)) .
will always have a convergent subsequence, any any convergent subsequence will
converge uniformly to an absolutely continuous solution to (2.42), while by adding
the existence of the function /(¢) that satisfies (2.41), we can further derive the
uniqueness of the absolutely continuous solution to (2.42) and the convergence of

the sequence (2(5)) ., itself. n

Tracking Performance
After showing that the differential inclusions (2.42) give the correct continuous-time
limit of the algorithm (2.10), we proceed to study the tracking performance under

the continuous-time limit.
We first present a Gronwall-type lemma, whose proof is given in Appendix 2.A.

Lemma 2.5. Let v(t) be a nonnegative absolutely continuous function that satisfies

%% (vz(t)) < av(t) = bV (t)

for almost all t € [0,T], where a and b are nonnegative constants. Then

V(t) < e Pv(0) + %(1 _ e,



41

The following theorem then establishes the tracking error bound of the differential
inclusions (2.42), which is the continuous-time counterpart of Theorem 2.1. It char-
acterizes the behavior of the discrete-time algorithm (2.10) under the continuous-

time limit.

Theorem 2.4. Suppose there exists 6 > 0, B> 0, n > 0 and € > 0 such that

,8_10',7 < 0y(0,n, €) —\neMy, (2.45)
where
v(6,1n, €) := min {A,,(5),ne} — ngnc(d). (2.46)

Let Z(t) be a Lipschitz continuous solution to (2.42) with ||2(0) — z*(0)|l, < 6. Then
forallt € [0,T],

_] M
120) - ()l < Pt V1M

¥(6,1, €)
_ (2.47)
B Bloy + eMy
By(d,n.€)t A o _ U
+ PO (||z<o> SO, == )
Proof. First of all, we notice that (2.42a) implies
B (h(x"(2),1) — h(£(2), 1))
Tra
VY BV . o [T (E@, )| [A(r)
> (xr'(1) - 2(1) ( 20 =B =g

= (x"(1) - ﬁ(t))T( - %f(t) = BV LX), (1), (1), 1)

T A
A(1) = A1)

u* (1) = fi(t)

anc7x()e(l‘), l)

Bl OO+

and by (2.2b),

B(h(E(t), 1) = h(x*(1), 1))
T @10 | [0

T O.0] |10 )
= (R0 = ") (=BVR LG (040 1 (0,1) = B e (0.0 (1))

> (R(1) = x*()" (—,BVXC(x*(t)’ H-pB [
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Thus

- s
(R(1) = X" () 500

< = B(x() - x*(t))T(VXL"C(ﬁ(t), A5(0), 1 (1), 1) = Vi LY (X (1), A7(2), (1), 1)

Tr1a
A(t) — (1)

Ar) = (1)

anc’x()?(t), t)

. TAY = Joe (x* T
+ Jpe x(X(2), 1) A(t) = Jpe x(x7(2), 1)" A°(¢) + Jpea x(R(2), 1)

|

= — B(&(t) = x*(t))" Bpne(t) (3(r) — x*(1))
- B(£(t) - x*(t))T(J e (R, )T AE) = Tpe o (x*(1), 1) 2%(2)

|

where Bpne(t) := H pne(£(t) — x*(), 1). Then, by (2.42b),

TraA
A(t) — A%(¢t)

A(r) = (1)

Jpne (£(1), 1)
Jpea x(X(2),1)

0> (A*(t) = An)" (—%i(t) +np (f (&) 1) — e(Ar) - Apnor))) :
and by (2.2¢),
0> () - °(0)" f(x* (1), 1),
which lead to

A wonT d
(- 20) =

< nB(AM) = X O) (F"(R(0). 1) - f(x*(2).1)
—nBe i) - *@)|" = nBe(Ar) = * ()" (A°(1) = Aprior)-

Similarly by (2.42¢) and (2.2d), we have

Ar)

() ~ W0 0
= Bntae) ~ 1O (FUG50,0) ~ £ 0)
~ nBellte) = KO = nBe(@) = 1) (40 = o)
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Then it can be seen that
1d A * 2
32l - 2O
= (50 - O 20+ 77 (10 = L) 500+ 07 G0 - w0 i)
Iy

o)

- (0 =0 [ =

n_llm+m'

< = B0 = ¥ (1) B (%) - X (1))

- Be (IO = @I + a0 - 1 0)1?)

= B = 2" (W) (Ve (B0 T A) = Jpenl* (0,0 (1)
Jpne (£(1), 1) '
Jpea x(%(1), 1)

PR — frCE ) |
FART) — F(x(0). 1)

T

A1) = A%(1)
act) — (1)
A(t) = 2*(1)
A(r) — p(z)
A(r) = (1)
act) — (1)

— B = X" (1)

2

/l*(t) - /lprior
— b€

. + oyll2(r) = 2 @)l
(1) = HMprior

in which
= B0 = X O) (a0, 07A) = Jpe (60, 0 4 (0))
J e (£(1), 1) !
Jpea x((1). 1)
| maon - i | o - vo
fAR@), 1) = fAx (@) )| | Aal) = p*()
= —A0" (fON0.0) = FE@D.1) = Tpex(3(0), D (1) = £(1))
= (0" (f@R@O0) = FON@00) = Tpen(x" (0. (&) = x(2)

JH@E@), 1) + T pne x(R(2), 1)(x7(2) = £(2)) = f"(x*(0), 1) '
JEUE@), 1) + Tpeax(X(0), ) (x* (1) = X(2)) = f4U(x"(2), 1)

A(t) = 2%(¢)

—(x —xF T
(&) = x*(r)) 4(t) — (1)

A0 - ()
A(r) — (1)

+

Since
FEEE@ 1) = f(RQ@), 1) = Tpe o (R(), )(x7 (1) — £()) 2 0
by the convexity of f¢, and

X (FEEE) 1) = FOH 0, 0) = e (6 (0, DEE) = x*(1)))
= (3() - x* (1) (% i 4 (1)Bye <t>) (2(0) - ¥ (1),
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where we denote Be(r) := ﬁff (X(t) — x*(¢), 1), we can see that
Sl - 2l
< - BEO - X0 (Bm 0+ 5 2 KO8y (r)) () - (1)
i=1

- e (140 - O + 1) - 1 OI?)

‘B FIR.0) + Tpre o (FE.DE @) = 20) = 0] [ A6 - 20)
FAQ@, 1) + Jpea o (2(0), )(x*(1) = (1)) = fAx7 (@), 0) | [ Al) = p*(0)
Tra
_ A*(t) - /lprior /l(t) - /1*(1‘) A L
() = Hprior | | A(F) = u*(t)] £l == Ol
(2.48)

Let 1 be the Lipschitz constant of Z() with respect to the norm || - [,. Define

,8_10',7 +neMy
¥(6, 1, €) '

1

A=
2(K1 +O')

(5 — max {IIE(O) -z Ol

We prove by induction that

“lo + M
12) — (@)l < max | 120) — 2 (O)l}, T F V1M (2.49)
¥(6,1, €)
fort € [(k—1)A kA| N[0, T] foreach k = 1,..., [T/A]. Obviously (2.49) holds
for t = 0. Now assume that (2.49) holds for r = kA. Then we have
I12(6) = 2° (@)l < ||2() — 2(KA || + ||z kA) “(kA) = @],
-z (kA)|| <6
forany r € [kA (k + I)A] ]. Therefore by the definition of M,,.(6) and (2.19),
SR @), 1) + Jpne o (R(), )X () = £(2)) = f"(x(2), 1)
FEUR@) ) + Tpea x(2(2), 1)(x™(2) — £(1)) — feU(x*(2), 1) (2.50)

nc(é)

I1%(8) = x*@)II”
fort e [kA, (k + 1)A] N [0, T]. Moreover, by Young’s inequality,

[/l(t) /l*(t)]

[1£(2) = x* (1)l A1) — (1)

A(t) — 2*(t)
act) — p(z)

‘ (\/_IIX(t) I+ —

\/_
= ? 12() = =" Ol

)

(2.51)



45
Combining (2.50) and (2.51) with (2.48), we see that

1d 2
57120 = 2Ol

< () - () (Bﬂw(f) = A?(r)Bf,.co)) (2() = ¥ (1)
i=1

+ oyll2(1) = 25 (D)l

- e (|40 = 1O + 1) - woI?)
BMc(S) Aty = (1)

2 A0 = (1)

A(t) — 2%(¢)
A0 = 10

< = B (min (A (@) e) = YoM ®) o) - O

12() = x* (01>

T

—+

€ /l*(t) - /1prior
(1) = Mprior

+B (B oy + VieMa) 1120) - 2 Ol (2:52)
fort € [kﬁ, (k + 1)8] N [0, T]. Then by the condition (2.45), Lemma 2.5 implies

B oy + \eMy
y(6,1, €)

12(6) = 2" ()l < e POk (||z<m> -2 (kA)], -

(2.53)
,8‘10',7 +\neMy
+
y(6, 7, €)

for t € [kA, (k + 1)A] N [0,T]. Now, if ||2(kA) - z*(kﬁ)”n is less than or equal to

(B~ Yoy, + \meMy) [ (6,1, €), then (2.53) shows that

,3_10',7 + \/ﬁGMd

)/(6’ {’ V’ E)
while if [|2(kA) - z* (kA)||, is greater than (8~ o + vi7eMa) /¥(6, 7, €), then (2.53)
with ¢ = kA and (2.49) imply
12() = " @)lly < [[2(kA) - 2" (kA)]],
< 12(0) = z*(O) Iy, t € [kA (k + DA| n[0,T],

12() - 2Ol < . re[kAk+DA]n[0T],

and we can see that (2.49) for ¢ € [kﬁ, (k + 1)5] N [0, T]. By induction (2.49) holds
for all t € [0, T], and particularly we get

12(t) = 2" (D)lly < 6

for all r € [0,7T]. This suggests that (2.52) holds for all # € [0,T], and finally by
Lemma 2.5, we get the desired bound on ||2(z) — z*(1)|],,. O
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It is interesting to compare Theorem 2.1 and Theorem 2.4. The Taylor expansion
(2.33) shows that

o6, a,m,€) =1 —ay(d,n,€) + 0(&2).
Therefore if we set @ = A in the condition (2.23a) and let A — 0%, we will recover

the condition (2.45) except the strictness of the inequality. Furthermore, for any
t € [0,T], we have

L2/A]
th/AJ (6,AB, 1, €) = (1 - ABy(6,1n,€) + O(Az))

— e—ﬁy(ésﬂf)t + O(A)’
from which we can also recover (2.47). These observations partially justify that

(2.42) indeed gives the correct continuous-time limit of the discrete-time algorithm
(2.10).

Notice that the continuous-time tracking error bound (2.47) shares a similar form

with the discrete-time tracking error bound (2.24): a constant term

ﬁ_lO'n + \/ﬁGMl
¥(0,1, €)

(2.54)

which we still call the eventual tracking error bound in the continuous-time limit,
plus something that decays exponentially with 7. The eventual tracking error bound
can also be split into two parts, the first part 8~ /y(3, 1, €) being proportional to
oy, and the second part 4/neM, /y(0, n, €) representing the discrepancy introduced

by regularization.

Feasible and Optimal Parameters
As can be seen, y(6,{, €) and the bound (2.54) are much easier to analyze than
p(0,a, ¢, €) and (2.27). This enables us not only to discuss the existence of feasible

parameters but also the structure of the optimal parameters.

Theorem 2.5. Let
(6, B) = {(77, €) € R_ZH : ﬁ_IO'n <6vy(6,m,€)— \/ﬁeMd} )
1. Suppose A, (5) > MdMnc(é_) for some & > 0. Then the set
S = {(6.B.m.€) €RY, < (. €) € (6. 5)}

is a nonempty open subset of R% ..
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2. Let B > 0 and 6 > 0 be fixed such that </(0,8) is nonempty, and suppose
MyM,(6) > 0. Then the minimizer of (2.54) over (n, €) € (0, B) exists and

is unique, and is equal to (A, (8)/€”, €*) where €* is the unique minimizer of the

unimodal function
by (€)= B o 1p,5) + VEAR(O)My s 1 (cSMnC(cS))2
T An(®) — MOV TR (0)/4 An(®) \ 480 (@) ]

The proof is postponed to Appendix 2.A.

The first part of Theorem 2.5 is the continuous-time counterpart of Theorem 2.2,
and the proof uses the same approach as well. Then in Part 2, we proved that when
[ and ¢ are fixed, there exists a unique optimal (%, €*) that minimizes the eventual
tracking error bound (2.54). We have also shown that n* is equal to A,,(d)/€",
which has been suggested in Section 2.3 and now justified in the continuous-time
limit. The fact that € is the unique minimizer of the unimodal function b g(€)
quantitatively characterizes the trade-off in choosing the regularization parameter €:
more regularization makes the Lagrangian better conditioned in the dual variables,

but introduces additional errors as a side effect.

We fix 8 and ¢ in Part 2 of Theorem 2.5, as a larger 8 or a smaller ¢ will always
lead to a smaller bound, while in applications 8 usually cannot be arbitrarily chosen
because of practical limitations (e.g., computation or communication delays), and

an excessively small ¢ can also result in violating the condition (2.45).

It should be noted that, the optimal (%, €*) that minimizes the bound (2.54) may
not be the optimal parameters that minimizes the tracking error itself, as (2.54)
is only an upper bound which can be loose in certain situations. However, the
analysis presented here will still be of value and can serve as a guide for choosing
the parameters in practice.

Remark 2.6. In the second part of Theorem 2.5, we only consider the case where
neither M; and M,,.(6) is zero. If one of M; and M,,.(6) is zero, the optimal (7%, €*)
may not satisfy the structure stated in Theorem 2.5, but the analysis is similar and

no harder which we omit here. [

Isolation of the KKT Trajectory
In Section 2.1, we remarked that there could be multiple trajectories of KKT points,
and z*(¢) = (x*(r), A*(¢), u*(¢)) is only one of these trajectories that is chosen arbi-

trarily. Then we analyzed the tracking performance of the algorithm (2.10) and its
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continuous-time limit (2.42), and showed that under the conditions (2.23) or (2.45)
a bounded tracking error can be achieved. On the other hand, if the KKT trajectory
Z*(¢) bifurcates into two or more branches at some time 7 € [0, 7] and these branches
become far away as time proceeds, then we have no way to identify from Theorem
2.1 or Theorem 2.4 which trajectory the algorithm will track. It is also possible
that two KKT trajectories come very close to each other at some time, and Theorem
2.1 or Theorem 2.4 cannot distinguish which trajectory the algorithm will track
afterwards. Fortunately, as the following theorems show, such possibilities will not

occur in some sense under certain conditions.

Theorem 2.6a. Suppose for some 6 > 0 andn > 0,

Am(S) — géM,w(é) > 0. (2.55)

Then there is no KKT point in the set

{z=(Aw:0<lz=2ll, <6, x # x*(1)}
foreacht € [0,T].
In particular, (2.55) holds if the condition (2.45) holds for some 6 < 277_1/ ZM,.
Theorem 2.6b. Let 7/, (t) = (x(*l.)(t), A (®), ,uzkl.)(t)), i = 1,2, be two Lipschitz contin-
uous trajectories of KKT points of (2.1) overt € [0,T], and for each i = 1,2, define

Af,?(é), M,(Llc)(é) for the associated trajectories by (2.29) and (2.14). Suppose there
exist 6(1y > 0, 62y > 0 and n > O such that

. 77 .
AW (8) - %%ME’Z (6¢)) > 0 (2.56)

fori = 1,2, and for somet € [0,T], x',.(t) # x’,.(t). Then

(*1) 2
|26 (®) = 25 @, > 81y + 6c2)-
Proof of Theorem 2.6a. Suppose for some ¢ € [0,T], there is another KKT point
75 = (x*, A%, u') satisfying
O<|lzf =zl <6 and  x*#x(1).
By the KKT condition (2.2b), we have
h(x™) = h(x™(1))

Ly @1.0)| [0

Jea (x*(2), )| [17(2)

= (2 = x(O) (= VL0, (0, 1 (1), 1) = Tpex (67 (1), )T (1)),

> (¢ = 1 (O) | = Vae(x*(0),1) - [




and
h(x* (1)) = h(x™)
T

J in A+,t /l+
> (x*(t) = x| =Veelxt, ) = | f ’X()i )
Jpean#,0)| |t
= (x"(1) - x+>T( = Ve LT A0, 1 (), 1)
Te st 0| [0 = 2+
L Al R . -
Jpeax(x*,0)| |5 (1) — p

Thus

0>(x" - x*(t))T(Vxll’“'(x*, (1), (1), 1) = Vo L (1), (1), 1 (1), 1)

T
Jpne (X7, 1)

erq,x(.x+, t)

AT =A%)

+ Jf",x(x+, f)T/1+ - Jf”,x(X*(f)’ I)T/l*(t) + + *
pu = (1)

|

= (" = X" (1) Brne(t)(x* = x7(1))

+(xt =) (Jf(,x(xt DT = Jpex(x*(0), t)/l*(t))

T
e (X7, 1)

erq,x(.x-'_, t)

AT = A%(¢t)

+ _ x T
e p = (t)

b

where B pne(t) := H pne(x™ — x*(2), 1). Also,
A = 2O (0 = 6 @,0)
- _ /1+Tfi”(x*(t), t) _ /l*(t)Tfin(x+’ l) > 0
by the complementary slackness condition, and
(1" = @) (FU0x*, 1) = fUx" (@), 1) = 0.
Therefore
02 (x" = x"(1)) Brre(t)(x™ = x*(1))

+(xt = x0T (J_fc,x(xt DA = Jpe (6 (1), t)/l*(t))

T( ] f:”(x:, - f"e”(x**(t), ) )
Tpean(xt,1) FeIG, 0= A0 (0, 1)

AT =2%(1)
= (t)
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Notice that
(% = O (Jpealas 0T A = Jpe o' (1), 00°(0))
o T( [anc,x(xt r)] ey | D=0 ])
1= | \[Tpea(at.0) A )= FI (1) 1)
= (£ 1) = Fh 1) = Tpe (6,00 (0) = 1))
PO (FOT0 = fONO) = Tpealx O = (1))

(AT -@ e + Jprex(x™, 0)(x" (1) = x7) = f*(x* (1), 1)
pr =t (@) [ ST )+ Tpeax (X 0(x7(@) = x7) = fUx(0), 1)

> (v X)) (% i} Aj(r)Bff(t)) (& - x0)

_ At = A%(t)

' [f”c(x+, 1) + Jpne o (XF, 0)(x* () = x7) = f"(x*(1), f)]
pt = (1) ’

FOURT 1) + Tpeax(xF, (X" (1) = x7) = feUx"(2), 1)

where we denote Be(r) := H e (x* = x*(¢), t). Therefore

0> (x"' - X*(Z))T (BL”C(t) + % ;/ll*(l)Bflc(l)) (x+ - x*(l))

_ [f T 1)+ Tpne (6T, 0)(x7(2) = x7T) = (X (0), t)r A+ - 47(r)

£t ) + Tpea o 0 - 1) = £ |t - 0)
> M@l —x O = O e lﬂ —rw
2 ph= ()]
. (Amw) - b)) 1o - O

However, if (2.55) holds, the right-hand side of the above inequality is then positive,

leading to a contradiction.

Now we prove that (2.55) holds if (2.45) holds for some ¢ < 27)‘1/ 2M,. We have

A, (0
min {A(o). e} < 21

and so
Am(é) > 2 min {Ain(é)’ 776} /e
On the other hand, (2.45) implies that

min {A,,(6), ne} > géMnc(é) +6°! (,8_10',7 + \/ﬁeMd)

> géMnc(é) + 6 \neMy.
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Since 6 < 25 '/2M, we have 6‘1\/ﬁeMd > ne/2, and so

Am(6) > 2 géMnc(é) + 6 '\meMy| — ne > ngnc(é).

Proof of Theorem 2.6b. We temporarily denote z(, (t) = (x(*l.)(t), A5 (1), ,u(*l.)(t)) by
(i) = (x(,-), Ay ,u(i)) for notational simplicity. Let

~ 0 ~ 0
b, = (1) G, - 2)

- ’ 2 .= 5 Z = ézz + é]Z .
51) +6(2) 61y + O2) @ @

Then it can be checked that

-z _z»-=2

- 2.57
5 5 (2.57)

2T =~

and
2= zll, <00 [lZ-z0ll, < 0.

Now by (2.2b), we have

in",x (X(l), l‘) /lzkl)

h(x@p 1) = h(xay1) > (x@) = xn)" [ =Vee(xay 1) -
| Jpeax (x) 1) | 1))

Tpin (X1 1) | | A2)
_erq,x(x(z)a t)_ [H2) |

h(xa, 1) = h(x@n1) > (x1) = x@)" [ =Vic(x@y 1) -

Taking their sum, we get

0> (x2 — X(l))T(VxC(x@» t) = Vae(xa) 1)

T T

A1)
H(1)

inn,x (X(l), l‘)
Tea (x(1). )

A2)
H2)

N inn,x (X(Q), l‘)
Teax (x) 1)

|

= (xe)— x)" ( (Vxe(x@, 1) = Vae (1)) = (Vac () 1) = Vie(%1))

— - T - - - B - T r
N inn,x (X(z), l) /1(2) inn,x (x, t) A
- i 0 (2.58)
Jreax(x@p )| |u|  [Trax(®0)| |4
— - T - — 5 - T -]
B inn’x (X(l), t /1(1) B inn’x (x, l‘) A
[ Jreax(xant)| || |Tpeax(®t)| | 4]
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For the dual variables, by (2.2¢),
02 = (Aa = Aa)” (/" (x0) = 1" (0 1))
= (= A))" (7" (e 1) = S (50) = (£ () = 7 (2.0))). - 259
and also

0= = (ue) - )" (£ (xnt) = £ (xa 1))
— () = )" (£ (xap 1) = £(%1) = (£ xan 1) = FU(%1))) . (2.60)
Now, for each i = 1,2, we have
() = %)" (ch(x(,-), 1) = Vxc(%,1)
"2
i

T
A
H)
f’”(X(z),) (% 1)
|
L

_ inn,’x (i, t)
Jpea x (%, 1)

i o (3, 1)
erw(x(i» f)
[ 1) —2
| Ha) =

= (xp - %) (
fwc(i,t)i-J'nax(i,t)(xa)—-f)-—_fnc(nyt)
S8 1) + T peax (B 1) (x) = ) = £ (x6), 1)
A0 (£9R) = 7 (1) = e (5 0)T (= 20))
+ 2T ( £ (xan 1) = 1 (F) = Tpe(80) (5= 7))

Mlgc) (5(1) ” ”

+

|

Vi L"(E Ay, iy 1))

T ~
Ay — 1

My — [

Xy t) = fU(% 1)
Xy Ay iy 1) =

+

Ay — A

Ho ~

> (xp - )" BO (xg) - %) - . (@6l

where |
BY = /0 VL (x) + 0% = x). Ay pi 1) d6

+ Z/l(,)J/ (1 Q)V xfc X(i) +9(x X(l)) )d@

By summing (2.58), (2.59), and (2.60), and plugging in (2.57) and (2.61), we can
see that
M2 (6) Aiy =4 )

Ha) — A

xa) - &

= | (xp) = %) BY (x¢) - %) -

= Z 0; (Afjj () — ?%Mm (66) | Il = xcoll”
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But (2.56) then implies that the right-hand side of the above inequality is positive,

leading to a contradiction. m|

Remark 2.7. It should be noted that, the condition (2.55) does not exclude the
possibility that at time 7, there exists (1%, u*) such that (x*(¢), A*, u™) is also a KKT
point of (2.1) and 0 < [[(x*(¢), AT, u™) = (x*(¢), A%, u*)|l; < 6, unless we also assume
that the optimal dual variable associated with x*(¢) is unique at time 7. A typical
constraint qualification condition that guarantees the uniqueness of the optimal
Lagrange multiplier is the linear independence constraint qualification (LICQ) [92],
which cannot be directly used in our setting but can be possibly checked if we write

(2.1) in some alternative formulation. [ |

Now, let us further assume that the optimal dual variable associated with x*(¢) is
unique for all ¢ € [0,T] as Remark 2.7 points out. Then Theorems 2.6a and 2.6b
show that, under certain conditions, the KKT points for a given time will always be
isolated. Especially, when the condition (2.45) is satisfied for some ¢ that is not too
large, there is no ambiguity in which of the KKT trajectories will be tracked by the
continuous-time algorithm (2.42).

2.5 Summary
In this chapter, we conducted a comprehensive study on the regularized proximal
primal-dual gradient method and its continuous-time counterpart for time-varying

nonconvex optimization.

For the discrete-time algorithm, we derived sufficient conditions that guarantee
bounded tracking error by investigating when the regularized proximal primal-dual
gradient step has a contraction-like behavior. The tracking error bounds are directly
related to the maximum temporal variability of a KKT trajectory, and also depend
on pertinent algorithmic parameters such as the step size and the regularization

coefficient.

We then investigated whether there exist algorithmic parameters that guarantee
bounded tracking error when the sampling interval is sufficiently small. Specifically,
we derived a sufficient condition for the existence of feasible parameters, which,
qualitatively, suggests that the problem should be “sufficiently convex” around a

KKT trajectory to overcome the nonlinearity of the nonconvex constraints.

The study on feasible parameters suggested analyzing the continuous-time limit of

the discrete-time algorithm. We formulated the continuous-time limit as a system of
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differential inclusions, and established analytical results on the tracking performance
of the system of differential inclusions. The continuous-time tracking error bound
shares a similar form to the discrete-time tracking error bound. Then, we studied the
existence of feasible parameters of the continuous-time counterpart, and also derived
structural results on the optimal parameters that minimize the derived tracking error

bound, which can serve as guidelines for choosing parameters in practice.

Finally, we derived conditions under which the KKT points for a given time will
always be isolated, i.e., bifurcations or merging of KKT trajectories do not happen.
These conditions are closely related to the conditions for bounded tracking error

derived previously.

2.A Proofs

This section provides the proofs of the theorems that have been skipped in the text.

Proof of Proposition 2.1

We first present some lemmas and their corollaries that will be used in the proof.

Lemma 2.6. Let gy and g; be two closed proper convex functions on R¥, and let
g=g1+g. Then
dg(x) = 0gi(x) + dga(x), Vx € dom(g)
if any one of the following conditions are satisfied:
1. ([82, Theorem 23.8]) relintdom(g;) N relint dom(gy) is nonempty;
2. ([75, Theorem 3.16]) there exists x € dom(g) such that g| or g, is continuous at

X.

Corollary 2.1. 1. Let Cy and C, be two closed convex subsets of RX.  Then
Nc,ne,(x) = N¢,(x) if x € int C.

2. Let g : R¥ — R U {+00} be a closed proper convex function. Then dg(x) =
0g(x) + Ngom(g)(x) for any x € dom(g).

Proof of Corollary 2.1. The first corollary follows by applying Lemma 2.6 to the

indicator function Ic,nc, = Ic, + Ic,. The second corollary follows by noting that
g§=8+ Idom(g)- O
Lemma 2.7 ([82, Theorem 24.4]). Let g : R¥ — R U {+o0} be a closed proper

convex function. Then the graph of 0g(x), defined by graph(g) := {(x,y) : x €
dom(g), y € dg(x)}, is closed.
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Lemma 2.8 ([20, Propositions 4.7.3 and 4.6.3]). Let Z be a local minimum of a
function g : R¥ — R over a closed convex subset C of RK. Assume that g has the

form g = g1 + g2 where g1 is smooth and g; is convex. Then

-Vg1(2) € 0g2(2) + Nc(2).

Now we begin the proof of Proposition 2.1. Since X is a local minimum, we can
find some € > 0 such that for all x € X := {x € dom(h) : ||x — X|| < €}, we have
c(x)+h(x) = c(x)+ h(x)aslong as f(x) € C. Obviously X is compact as dom(#) is
closed. Let D :={y € C : ||y — f(X)|| < €}. Now consider the following auxiliary
problem:

1
i Fins) = e+ A+ @ -l Sl =S 26

for each k € N, and let (xt, sx) denote its global minimum. Since (%, (X)) is a

feasible solution to this auxiliary problem, we have
- _ k 1 _
e(X) + h(X) 2 e(xie) + hlxie) + 11/ (xie) = skll* + e = x|, (2.63)

Since X x D is compact, (x, sx) has a convergent subsequence. Let (&, §) denote
the limit of an arbitrary convergent subsequence of (xg, s¢). By (2.63) and noticing
that ¢ and f are continuous and /% is closed (and thus lower semicontinuous) on
X, we get c(x) + h(x) = c(X) + h(X) + %Hi — %||> and f(%) = 5. We then see
that (%, f(X)) is also a feasible solution to the original problem (2.3), implying that
c(X) + h(x) < ¢(X) + h(X). Therefore we have ¥ = X, meaning that all convergent
subsequences of (x, sx) will converge to the same limit, and by the compactness of
X X D, we get (xg, sx) — (%, f(X)).

By applying Lemma 2.8 to (2.62), we get

~Ve(x) = kJ () (f (xi) = sx) = (x = %) € dh(xi) + Nx(xp),
k(f(xx) = sk) € No(sk).
Since for large enough k € N, x; is in the interior of {x € R" : ||x — X|| < €} and sy
is in the interior of {y € R” : ||y — f(¥)|| < €}, we have Nx(xx) = Ngom(n)(xx) and
Np(sx) = Nc(si) by the first part of Corollary 2.1. Together with the second part

of Corollary 2.1, we see that for large enough &,

—Ve(xx) = kJ ()" (f (i) = si) = (x — %) € Oh(xk), (2.64a)
k(f(xx) = sk) € Ne(si). (2.64b)
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If there exists a subsequence of (k(f(xx) — sx)) oy that converges to some A, then

since dh(x) and N¢(s) have closed graphs Lemma 2.7, we get

~Ve(x) = Jp(%)' A € dh(F), (2.65a)
A € No(f(X)), (2.65b)

and 1 € Ng(f(%)) is equivalent to f(X) € Nc-(1) as can be seen by

leNo(f(7) & AU(s-f(F)<0, VseC
& Us<0, VseC and A f(x)=0
& 1€C° and f(X)'A1=0
= A-D'f(x)<0, ViecC®
= f(¥) € Nc=(2),
where we used the fact that f(X) € C and C is a closed convex cone.

Otherwise, if ||k(f(xx) — sx)|| — +o0 as k — oo, we define

_ k() ~ Sk).

i := Ik (f (xx) = sl Vi ’

Since ||yx|| = 1 for all k € N, by extracting a subsequence, we can without loss of
generality assume that y, — ¥ for some § as k — oco. Obviously § # 0, and by
(2.64b) and that the graph of N¢(s) is closed, we have ¥ € No(f(X)). By (2.64a),
we see that for any x” € dom(h),

T

L (h(x) = h(x)) > - (1121 (Ve(xr) + (xx — %)) + Jf(xk)Tyk) (x" = x),

and by letting k — oo, we get —(x’ — )T Jp(X)T§ < 0 for all x’ € dom(h), i.e.,
_Jf(x)Ty € Ndom(h)(i)a

which contradicts the constraint qualification condition.

Next we consider the set
A= {/i € C° : A satisfies (2.5)} .

By (2.65), it can be easily seen that A is convex and closed as dh(x) and N¢(f(X))
are convex and closed. If A is unbounded, then there exists a sequence (A )geny C A

such that ||1x|| — oo. By extracting a subsequence we can assume without loss of
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generality that A /||Ax|| converges to some A which is in C° since C° is a closed

cone. By (2.65), we have

1 Y T 1 — T /1](
2l (h(x) = h(x)) = (x — X) —ch(x) — J¢(%) ) Vx € dom(h)
and /le( 5
kJ X))
E

for all k € N. Now let k — oo, and we get
0>—(x- )Z)TJf()E)T/i, Vx € dom(h),

ie., —Jf(JE)T/i € Ngom(r)(X), and AT f(X) = 0, which contradicts the constraint

qualification condition. Therefore A is bounded. [ |

Proof of Lemma 2.2

Denote h := (xo — x1)/||x2 — x1]|. By (1.6), for each i, we have
W (Vx il 1) = Vi fi(an, 1)
= Jloz — x| /0 VR i+ 60— xi) 1)
where A’ is any nonzero vector. Therefore
(7202, 1) = T p.xer, 1) 1|

1
[z = xal / D} f(x1 + 6(x2 — x1))(h, ) d9H
0

1
< llx2 = xil /0 D2, £t + 62 — x0), 1| 46

< lxo = x1ll - sup || D2, f(x1 + 8(x2 = x1), 0)|| 171l
6€[0,1]

and by the arbitrariness of /4, we get (2.18).
Similarly, by (1.7), for each i, we have

fi(xa,t) = fixr, 1) = Vi fi(xn, 1) (x2 — x1)

1

1
= 5/ 21— 0) (x2 — x1)" [V, fi(x1 +0(x2 — x1), )] (32 — x1) d6
0

1 1
=5l =il [ 20 08 [V fn + 00 - x0)] hde
0
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and so
f(x2, 1) = f(x1, 1) = Jp(x1, 1) (x2 — x1)
= Ll [ 200D+ 00 .00
which leads to

| f(x2, 1) = fx1,8) = Jpx(xr, 1) (2 — x1)|

1 1
< Sl =l [ 20-0) [P s + 00 - )0t ] o
0
1 2 2 !
< sl =l sup |02 s+ 0 - x| [ 21 - 0)do
0e[0,1] 0
1
=3l =xill? - sup [|D3f 0+ 00 = x),0).

0€[0,1]

Proof of Lemma 2.3

We have
Tanen)| [Aema | [amen] [z
in\ Xt— — in\ X
Ver(feo1) = Veo(xt) + | FTV T o A v
Jffq(x‘r—l) Hr-1 Jffq(x‘r) Mz
Tr1 A

o * % ® 9% % JTnC(xA —1) A -1 = A3
= Vx‘Egc(xT—l’ /l‘r’ ﬂr) - Vx‘Egc(x‘r’ /l‘r’ :u-r) + . ,\T AT :
Jff"(x‘r—l) Mr-1 — Hr

+ Jpe(Reo) Arot = Tpe ()" 23

R T
Tppe(ie)
Jf-req (XAT_] )

A

Ay = 22

~ s + JfT‘ (xAT—l)T/’i‘r—l - Jch (xj)T/lj,
Mz-1 — Mg

= Bpne(fro1 — x7) +

where
BL;w = ﬁan(fT_l - x;k, TA).
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Then by (2.10) and (2.9a), and using the nonexpansiveness of the proximal operator,

we get
~ (12
”xT — X
< ()’e'r—l - Xi) - a“/(VCT(XAT—l) - VCT(X;-k)
) T . T T LTV R
" Jme (xT_]) /lT—l _ Jme (x.r) /lT
Jffq (£r-1) fr-1 ]ffq (xj) ,ui
= || (I = @Bgpe) (G-t — x7)
TG D] [Ary = 22 ?
ne\ X+_ _1 — A
—a| T T T T Ree) A = T DT AE]| . 2.66)
Jffq (£r-1) Hr-1— My
We have,
[ Jine (&) [Aees = 27 s o
S N T Tpe (B Aoy = Jpe ()T A
»Jffq (x‘r—l)_ »,u‘r—l - /-17:
[J in(X _1)- 1 -1 — ] N 0T s
=T T UG = e () A7
»Jffq (x‘r—l)_ | Hr—1 = Hr |
_inn(.i‘-r_])- —/,i-r_l - /l;k-- A * *
<. . U+ g Gem) = e | sup @]
| Jpea(£eo1)| | flr-1 — M7 ] re[0.T]
/,iT—l - /1?' a * *
<Li©®)||| |+ Me(8) [[2e-1 = x7]| sup [0l (2.67)
-1~ Mt IE[O,T]

where we used (2.18) and the definitions of M.(6) and L(9).
For the dual variables, by (2.10b), (2.10c), (2.9b) and (2.2d), and using the nonex-

pansiveness of projection onto convex sets,

N 2
/lT - /1;k-
Ar — p7
- : - ] ‘ . 2
/1__/1* /l*_/l meg ) — £y
= [|(1 = nae) AT ! : - nae : PR 4+ nar f;,()fT 2 fTeq(xT*)
| Hr—1 — Hr | | K — Hprior | o (Eem) = fr (XT)
N 7 - 1112 . . 2
/l = A* /l* _ /l . mn( _ _ fin *
= la- 7](1’6) AT 1 : _ nae : prior + 772‘1'2 f;{;q()f‘r 1) fTeq(XT*)
| Hr—1 — Hr | | K — Hprior | fr (Rem1) = f5 (x-r)
A Tr . .
Aoy = A AL — Ay (X)) — fU(xE
+2na (1 = nae) AT 1 : _ nae : prior fze-q()f‘r 1) f-req(xr*) .
Mr—1 — Ur Mt — Hprior _f‘r (X)) = f2 (x‘r)
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Noting that ||X.—1 — x7|| < ||2T_1 - Zi”,7 < 6, by (1.6) and the definitions of My,

L (6), we get
A - Aroy = A2 ’
N Il < [ =nae) AT_I |+ naeMy | + 772a'2L]2c(5) [E 2
Mr — Uz Mr—1 — My
A Trp . .
1 =2 in(g ) — finy*
+ 2770’(1 _ 7]0’6) AT 1 : f-;q(xAT l) fTeq(xT*)
Hr-1 — Hr Je ' (Fem1) = fr7(x7)
+ 202’ eMyLy(6) || %e—1 — x| (2.68)

By the convexity of the components of f¢ and noting that A,_; € R”, we have
ALy (FF Goomt) + T e (B (X7 = £em1) = £7(x7)) < 0.
In addition, by (1.7), we have
AT (G + Tpe () (Feot = x7) = fE(eo))

1 ~ * . * ~ *
= - E(XT_I - ‘xT)T (Z /lT,iBféi) (Fr-1 = x7),

i=1

where we denote Bye. := H fe(£r—1 — x7, TA). Therefore,

A T . .
Aro1 — /U; Tm(x’\'r—l) - me(x;k)
fr-1 — ,u;k- f‘req(xAT—l) - f‘req(xjrk)
Tra
N * JTnC('xA —1) A -1= A7 A 3 * *
— (X1 - xT)T i’ ,\T AT : + Jff(xT—l)T/Lr—l - JfT" (xT)T/lT
Jffq (£r-1) Mr—1 — Mg
A T
e ] [ G + e o) = Re) = £
et = gy | | S Remt) + T pea(Reo) (65 = Rem1) = 77 (x5)

AT (FEGemt) + Jpe (Rem) (X = o) = £9(20)
F AT (FEG) + Tpe (6 (Rt = x7) = f2(Re))

A

MVLC((S) ~ ]2 Aro1 — /l:[k' 1 A T S % ~ €
< 1= - —(Xr—1 — A Bye -
2 | xT 1 x7‘|| /:\LT_I _ “;k- z(x‘l' 1 'xT) ; T, f:r,[ (xT 1 xT)
\/ﬁ A * 2 1 A * S * A *
< 4 Mue(®) et = 22l = (et =) ;A,,iBf;i (Rrog — x5, (2.69)
where we used (2.19) and the definition of M,.(6) in the second step, and used
N R 2
. Al A1 — A7 1 . a2 . ||| A1 — A7
X1 — X . NS5 \/ﬁ Xr—-1— X +—1 . %
” ’ ’ 1= 'T] 2 ” ! T” NI ||| -1 — 45
N e
- 2 Zr—1 ZT n
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in the last step.

Now we take the sum of (2.66) and (2.68) and use (2.67) to bound ||ZT -7 i by
A -]l
A |2 ~ * - -
e = I} = 1 =512+ 07| |7
Mr — Uz

o ® 2 /4 *
< (Rro1 — XT)T (I - Q'BL;"C) (Xr—1 — Xx7)

R 2
/l -1 — /l* A * *
+ao? (Lf(é) T+ M) || fe-r = 27| sup 12 (r>||)
-1~ MUy IE[O,T]
TeGe)| [Aeet = 2;
ne( X+_ -1 —
~2a(Froy — X (= aBppe) | |70 T T
Jffq (Xr-1) Mr—1 — Uz

+ Jpe (Fro) Aot = Jffc(x;*)Tﬂi)

. 2
_ Aro1 — A7 . «[]2
+7 (A -nae) ||| T |+ naeMa| + na/zszf((S) [EMEE|
Mr—1 — Mg
Reoy = 2] [ 0 Ceemr) = fin()
+2a(l-nae)| " T o g
Hr-1 — He fr (Fem1) = fr (XT)
+2naeMyLy(5) || 21 — X} (2.70)
Notice that
A A ’
_1 - A ES ES
o’ (Lf(5) N :] + Mc(6) ||£r-1 — x7|| sup |2 (l‘)||)
-1~ Mt tE[O,T]

2

+ naZLj%(cS) ||)ET_1 - X

Sozz

2
* A k 2
VnLf(6) + Mc(6) sup [|4 (t)ll) [2e-1 =z,
te[0,T]

= &’ D*(6,7) ||2r-1 - zT*||§ . 2.71)
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Moreover,

(1 —nae)

A T
_/1*
/’lT 1_/“‘1'

= (fr1 = 2)" (I - aBgye) ( [

Fin(Remt) = f;‘"(x:)]
f‘req(j&‘r—l) - fTeq(xi)
Jpne(£-1) !
Jff" ()e‘r—l)

Adey = A2
,a‘r—l - /Ji;

.

+ Jpe(Reo1) Aeor = e (Xi)Tﬂi)

/l /1*
fr-i — :u‘r

= (1 — nae)

() - F(xD)
FERem) - £E(x2)

- (xAT—l - xi)T

T A
Jpe(eon)| [ ey = 22 . e
f ’ ] ’ T+ Jf-rc (xT—l)T/lT—l - JfTC (xT)T/Lr

Jff" (£7-1) 7/27'—1 - Mz
J e (Re—1) "1 A
A * Tnc Xr—1 -1 =
iy =) (el = Bpe) | |7 A
Jf:'q (x‘r—l) Mr—1 — My

+ J]‘TC(XAT—I)T//I\T—I - Jff (xi)T/l;k-)

l 2~ k S %k n %
- E(XT—I - x)! (Z /lT,l-Bch:i) (£ro1 — XT))
i=1

< (1 —nae) (\/_5Mnc(6) ||Z7- 11—

+a ||776[ — Bpre

7o *
Xr—1 — X;

+ Mc(é) ||)2T—1 — X7

T

X (Lf(é)

sup [|4” (t)ll)

te[0,T]

1 oY * * ZoY *
5 (et — x) (Z ﬂ,,iBfol.) (X1 - XT))
-1

D(59 77) ||2T—1 - Z;k- i

-1 T

< (1 —nae) (\/_6M

+ ||7]6] - BL;IC

(2.72)
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Therefore by plugging (2.71) and (2.72) into (2.70), we get

A x]|2
||ZT - ZT n
) m
< (Reog — x0T [(I — aBgre)” — a(l - nae) Z /l;iBfo,- (X1 — x3)
i=1
Aoy = A2
+(U=naey™ ||| 4 00X ) |20 - 2
MHr-1 — My

n A *
+a(l - nae)%éMnc(d) 21— 24 ? + 202 ||7]€I — Byne

D) |2e-1 = =],

1 —nae ||| A 1= Ak R .
+ 2\naeMy il N "+ ViaLs(6) ||xT_1 - xT”
\/ﬁ Mz-1 — Mt
+ nazezMg.
It’s not hard to see that
1 —pae ||| Aoy = A . .
R 1k VnaLs(6)||%—1 — x
(e [

< max {1 — nae, \/ﬁa’Lf(‘S)} ”27—1 B Zi”n’

and by the definition of p(9, @, 1, €) and «(J, @, 1, €), we get

< P26, a1, €) |orr = 21|} + no*e M}
+ 2yaeM, - max {1 - nae, \naLs(0)} ||2-1 — zi”}7

2
< (p((S, a, 1, €) ||27_1 - zﬁ”)7 + «(6, a, m, e)\/ﬁaeMd) ,

A |2
ZT—ZTTI

which is just (2.22).

Now let 9, n and € be fixed. With the help of Lemma 2.4, it can be shown
that, if we temporarily allow @ to take arbitrary values in R, then the function

a p(P)(d, a, 1, €) is a continuous function over a € R, and so
lim p™(6, . an, €) = pP(5,0.1.€) = 1.
a—0*

Then by the definition of p(d, @, 1, €), it’s straightforward to get p(d, a,1n,€) — 1
when @ — 0%, which further leads to

lim «(5,a,m,€) = 1.
a—0*
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We also have

max {1 — nae, yiaLs(5)} _ L-nae+ aD(6,1n)

p(6, @, 1, €) — pane)
\/2 ((1 — ane)> + a?D?(8, 1))
< V2,
p(6, a, 1, €)
which implies that (6, @, 7, €) < V2. [ |

Proof of Lemma 2.4

Part 1. Leta € R be arbitrary, and consider the set

g ' [(a.+0)] = {y € Y : g(y) > a}
={y € Y : dx € X such that f(x,y) > a}
= Jver:fxy >ah

xeX

The continuity of f implies that {y € Y : f(x,y) > a} is open for each x € X,
and so g~![(a, +o0)] is open. By the arbitrariness of a € R, we see that g is lower

semicontinuous.

Now let y© € Y be arbitrary, and let (y,),ex be any sequence in Y such that y, — y°
and lim,—, g(y,) exists. Since X is compact and f is continuous, we can see that
for any n, there is some x, € X such that g(y,) = f(x,, y,). By the compactness
of X, we can find a subsequence (xi,)qen such that x;, — x° for some x° € X as

n — oo. Then
lim g(v) = lim £ yn) = lim fei,00,) = £ 5%) < 80

where the third equality follows from the continuity of f, and the last inequality
follows from the definition of g. By the arbitrariness of the sequence (y,),en, We
get

limsupg(y) < g(»°),
y—y°

where y° € Y is arbitrary. Now we can conclude that f is upper semicontinuous,

and thus continuous on Y.

Part 2. Now suppose f : RB, XV — R is continuous. Define the auxiliary
function f : RB, x (0,R) x V — R by

f(ua r, V) = f (Prﬂn(u), V) .
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The function (u,r) — P,g, (1) is continuous (in fact Lipschitz), as for any (uy, r1)
and (up, r2) in RB, X (0, R), we have

1P 8,(01) = Prys, ()|
< [[Pn5, (1) = P, ()| + [[Pry5,(02) = Pros, ()
< [Jug —wa|| + |11 = r2].

Therefore f is also a continuous function. Moreover,

g(r,v)= sup f(u,v)= sup f(u, r,v).

w:lul|l<r UERB,

By the compactness of R$B,, and the first part of Lemma 2.4, we conclude that g is

continuous. [ |

Proof of Lemma 2.5

The proof is directly based on the following lemma.

Lemma 2.9 ([94]). Let I be a closed interval with zero as left endpoint. Let u(t) be

a continuous nonnegative function that satisfies the integral inequality

u(t) < up+ /l w(s)u?(s) ds,
0

where w(t) is a continuous nonnegative function on I. For 0 < p < 1 we have

1
1-p

u(t) < (u(l)_p + (1 —p)/0 w(s) ds) ,

and for p = 1, we have

u(t) < ugexp /[ w(s) ds.
0

Let us define u(t) = e?#'v*(t). Then

d _ 2Bt 2 2pd (2
—u(t) = 2e2(1) + 1 - (v (z))
< 2Be*PV2(t) + 2e*P (av(r) — B2 (1))
= 2ae®Pv(1) = 2aeP \u(t)
for almost all # € [0, T']. Therefore by Lemma 2.9,

2

t 2
u(t) < (\/u(O) + a/o ePs ds) = (\/u(O) + %(eﬁt - 1)) ,

and by the definition of u(¢), we get the desired result. [
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Proof of Theorem 2.3

The following definitions and lemmas from set-valued analysis are needed.

Definition 2.3. Let X and Y be topological spaces. We say that F : X — 2¥ is a
set-valued map from X to Y. The domain of F is defined by dom(F) := {x € X :
F(x) # @}. The graph of F is defined by graph(F) := {(x,y) € X XY : y € F(x)}

We say that the set-valued map F is closed if its graph is a closed subset of X x Y.

We say that the set-valued map F is upper semicontinuous at x € dom(F) if for
any open subset U C Y such that F(x) € U, there exists an open subset V C X

containing x such that for all x” € V, we have F(x") C U.

Lemma 2.10 ([7, Proposition 1.4.9]). Let X and Y be two topological spaces, and
let F and G be two set-valued maps from X to Y. Assume that F is closed, that G(x)
is compact and that G is upper semicontinuous at x € dom(F N G). Then F N G is

upper semicontinuous at Xx.

Lemma 2.11 ([7, Theorem 7.2.2]). Let X be a topological vector space, Y a Banach
space and F be a nontrivial set-valued map from X to Y. We assume that F is upper

semicontinuous on its domain.

Let us consider measurable functions x,,(-) and y,(-) from Q to X andY respectively,
satisfying: for almost all w € Q and for all neighborhoods U of O in the product
space X XY, there exists M := M(w, U) such that

Vm > M, (x,(w), ym(w)) € graph(F) + U.
If we assume that
1. x;(-) converges almost everywhere to a function x(-),
2. ym(-) € LY(Q;Y) and converges weakly in L' (Q;Y) to a function y € L'(Q;Y),
then for almost all w € Q such that x(w) € dom(F), y(w) € clconv F(x(w)).
The following lemma provides conditions for the closedness of the partial subdif-
ferential.
Lemma 2.12. Suppose we are given g : RP X [0,T] — R U {+o0} satisfying
1. graph,(g) is k-Lipschitz in t, where graph,(g) := {(z, g(z. 1)) : z € dom,(g)};

2. for each fixed t € [0,T], g(-,t) is convex and proper, and is continuous when

restricted to its domain.
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Then the set
{(z,t,y) e RP X[0,T] X R? : z € domy(g), y € 0,8(z, 1)}

is closed; in other words, the set-valued map (z,t) — 0,8(z,t) is closed.

Proof of Lemma 2.12. Denote
A={(zty) e REX[0,T] xR : z € dom,(g),y € 0.8(z,1)} .

Let (zx, tx, &), k € N, be a sequence in A that converges to some (z,¢, y). We then

have

inf z—u|l £ |lz—zl||+ inf 7k — U
uedomy(g) H ” H k” uedom,(g) ” g ”

< |lz = zxll + inf( )II(Zk,g(Zk, 1)) — (u, g(u, 1))l

uedom, (g
< llz = 2l + dy (graph,(¢). graph, (2))
< lz = ziell + ke = 1,
where k € N is arbitrary. By letting k — oo we get inf,cdom,(¢) llz — ul| = 0, and

since dom;,(g) is closed, we have z € dom,(g).

Next, for each k € N, let

up € argmin ||(u, g(u, 1)) — (zk, §(zk, D)l
uedomy(g)

We have ||(u, g(uk, 1)) = (21> 8(zk, tk))|l < k|t — x| since graph,(g) is «-Lipschitz
with respect to ¢. Therefore
luk = zll < lluk =zl + [z = 2l
< |I(uxs g(urs 1)) = (2k &(zhs I + |2k — 2l

< k|t = 1] + llzie = 2l

which implies that u; converges to z since (zx, fx) converges to (z, t). Then by taking
the limit of

gz ) — 8(z. DI < [lg(zks 11) = guie, DI + |8 (. 1) — g(z |
< Kt = 1] + llg(ur, 1) = g(z, DI,

and using the continuity of g(-, 1), we get g(zx, tx) — g(z,1).
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Now let w € dom,(g) be arbitrary, and let

wy € argmin |[[(u, g(u, t)) — (w, g(w, 1))]|.
uedom,k(g)

We have ||(wk, g(wWi, tr)) — (w, g(w, 1))|| < k|t — tx| as graph,(g) is x-Lipschitz with

respect to . Then

— _T -
Yk W= Zk
1] [sOw,1) — g(zk, 1k)

_ 7yk—T W — Wi N Wik — Zk
-1 \|gw. 1) —gwi 1) | | 8(Wis tk) — 8(2ks 1)

Yk W= Wg
< < (lykll + 1) - &t = 1,
1] |g(w. 1) — g(wi, tk)]

where we used

Vi € 0,8(zity) = yi(u—z) < gl t) — gz te), Yu € domy, (g).

By letting k — oo and noting that zx — z, yx — y and g(zx, tx) — g(z, 1), we get

y ! w—2z <0
—1| |gw,)—g(z0)|

or y'(w - z) < g(w,t) — g(z,t). By the arbitrariness of w € dom,(g), we see that

y € 0,g(z,t), and therefore (z, ¢, y) € A. O

The following lemma constitutes the core step of the proof of Theorem 2.3. It
can be viewed as a generalization of [28, Theorem 4.1’] where the normal cone is
replaced by the subdifferential, and the proof uses essentially the same techniques
asin [2, 28].

Lemma 2.13. Suppose ® : RP x[0,T] - RP and g : R? X [0,T] — RU {+o0}, and
that

1. graph,(g) is ki-Lipschitz in t, and for each fixed t € [0,T], g(-,t) is a proper
convex function,
2. there exists € > 0 such that
|8(z2, 1) — g(z1,1)]

sup <
71,22€dom,(g) ”ZZ — < ”

foreveryt € [0,T]. In other words, g(z,t) is uniformly Lipschitz continuous with

respect to z,
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3. ® is continuous when restricted to the set | J,eory dom;(g) X [0,T], and there

exists some ky > 0 such that

1Dz D)l < k(L +lzl),  V(z1)€ U dom,(g) X [0, T7].
te[0,T]

Let 7y € domq(g) be arbitrary, and for each K € N, Define 2510, 7e€{0,1,2...,K}
by

K
(())_Z07

A( ) = PrOX a4 g(.rAx) [ 2K A d)(A(K) TAK)],
where Ag :=T /K, and fort € [0,T], define
Ag —t t—(r—1DA
5K)(f) = TAK A(K) n K A(K) 273
ZH() Ay -l T T A & (2.73)
ift € [(t — 1)Ak, TAk]. Then, if we keep T constant and let K — oo, the sequence
(E(K)) ken defined in (2.73) has a convergent subsequence, and any convergent
subsequence converges uniformly to a Lipschitz continuous Z that satisfies
2(0) = 2o,

d (2.74)
_Ef(’) + ®(3(t),t) € 0,g(2(¢),1), Vte[0,T]a.e

Proof of Lemma 2.13. Let A = cpor) domy(g), gX(-) = g(-, TAk). Foreach > 1,
let

A(K
( ) = ProXy ok [zi )1]
( ) e arg min Kv)) - ( gk 1(251?1))“
vedom (gT)
We have
1
) S - <o)« Lo -

by definition, which leads to

e e ) )
<o -5
B 5( =+ [ - 25)).
and since A( ) H < k1Ag by the «;-Lipschitz continuity of graph,(g) in ¢, we
get

T

45 _ A(Io H

A(Iﬂ” < A%( (K12 + 2K1€) ,
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which implies that

ul) — oK) H < Ax(ky +20).

Then
251() A(K)H HproxAKgK [ i )1 AKQ)( i )1,TAK)] — PrOXp oK [251?1”‘
(K
* [ronacer [451] - 251

< dc 055 vae)| + [ - 25

< Ax(k1 + Ky + 26) + Ak ‘ s 2.75)
and so

< Ag(ky + k2 +2€0) + (1 + Agko) H 7(K) H

forany 7 = 1,..., K. By induction we can see that

2¢ + K0+ 20
< (1+Ago) (||2o||+“+“2+ )—“ w2

K2 K2

holds for all T = 0, ..., K, and since Ay = T /K, we get

K
T K|+ Ko + 20 K1+ Ko + 2L
5(1+ Kz) (||50||+(1 2 ))_1 2
K K

K2

= K3

© . K1+K2+25) K1+ ko +2€
sz + K22 20) -

K2
forany 7 =0, 1,..., K. By plugging it back to (2.75), we have

25’0 A(K) ” < Ag(k1 + ko + kok3 + 20),

and consequently

4(K) A(K )

d
4wl -
ZHO| = rt/ak] " Cle/Ak)

”dt SK1+K2+K2K3+2522{7

for almost every ¢ € [0, T].

Let DA(K) e L*=([0,T]) denote the weak derivative of the i’th entry of 2X) for each

i =1,...,p. Then the sequence (Dﬁ;K)) e lies in the ball

te[0,T]

= {f € L([0,T]) : esssup | f(2)] < 67} .

The Banach—Alaoglu theorem [83] indicates that B is weak™* sequentially compact,

and so (Dz( )) has a convergent subsequence with respect to the weak* topology.

KeN
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(K)

We extract an arbitrary convergent subsequence and still denote it by (Déi ) KeN-

Then foK) Y, g; for some ¢; € B, or in other words,

T ‘ T ®
/O u(t)qi(t)dt:[(ll_r)rio /0 u(t)DZ; " (1) dt

for all u € L'([0, T]). Consequently 2K) converges uniformly to 2 given by

20) = 20 + /O (s ds.

where g : [0,T] — RP? is the vector-valued function with entries g1, .. ., gp-

Next we prove that any convergent subsequence of (2(K)) ken converges to a limit
that satisfies the differential inclusions (2.74). We still use Z to denote the limit of
an arbitrary convergent subsequence of (E(K)) ke and without loss of generality we
assume 2K) — 2 by extracting the subsequence. Since (2(K))

ke 18 equi-Lipschitz,

the convergence 5K) — 2 i uniform, % is /- -Lipschitz, and D3K) N DZ. Define
s0@) = |- Ak, 8% = || ax.
Ag Ak
Then we have for almost all ¢ € [0, T],

_ %A(K)(t) + @(2(1() (5(K)(t)), H(K)(t))
= AL (2(10 (5(10(;)) + AKq)(f(K) (6(K)(t)), G(K)(t)) — 3K (G(K)(t)))
K

€d.g (2”0 (691, e<’<>(z)),

where the second fact in Lemma 2.1 is used in the last step. In addition, for almost
allr € [0,T],

and so for almost all ¢ € [0, T],
_ %A(m(,) N @(2(1() (%)), (9(’0(:))
e 0:5(:M(6%(1)), 60 ()) 1 (£ + Ko(1 + 13)) By.
Now we define the set-valued map

F(z,1) = 3.8(z, ) N (€ + ra(1 + x3)) By, (z,1) € RP x [0,T].
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By Lemma 2.12 and Lemma 2.10, the set-valued map F is upper semicontinuous.
We then have

—%A(K)(t) + cD(f(K)((S(K)(I)),@(K)(I)) c F(ﬁ(K)(Q(K)(t)), Q(K)(t)).

Noticing that
mm“m:gmdﬁnﬂ,

K—oo
lim cD(z(K)(a(K)(r)), 9<K>(r)) = D(2(t), 1),

by Lemma 2.11, we can conclude that, for almost all 7 € [0, T],
R R R
— 0 + @(2(0). 1) € FEQ). 1),
which implies (2.74). O
Now we are ready to finish the proof of Theorem 2.3. For each ¢ € [0,7] and
z=(x, A4 u) € R”" X R" x R™  we define

=Vic(x, t) = Jpin 1 (x, DT A = Jpea o (x, 1)
D(z,1) = f 7 (fin(x, ) — €(d = Aprior)) (2.76)
n (feq(x’ 1) —e(u— ,Uprior))

and
8(z, 1) == Bh(x, 1) + Ign ().
Since g is a separable sum, we have [74]
prOXAKg('J)(x’ A p) = (prOXAKﬁh("t)(x)’ prOXAKIRT () ,u)

= (prOXAKﬂh(.’[)(x)a PRT(/l)’ /’t)

for each 7 € [0,7] and x € dom,(h), A € R, u € R™ . The iterations (2.37) can then

be formulated as

80 = 2,
A(K A(K A(K
2K = PrOXa, o(.rA) [zi_)l + AKq)(ZE._)l,TAK)] :

We check the conditions of Lemma 2.13 as follows:



1. g(z 1) is max{1, B}«;-Lipschtz with respect to ¢, as

inf : I(z, g(z. 22)) — (z1, g(z1, 11) |

zedomy, (g
xedggf " (1Cx, Bh(x, 12)) = (x1, Bh(xr, t))]| + [1(A, ) = (A1, o))
ﬂeRT,yéRm’

inf  max{1, B}||(x, h(x, 12)) — (x1, h(x1, £1))]|

xedomy, (

IA

IA

IA

max{1, B}t — 11
for any #1,1, € [0,T] and z; = (x1, A1, 1) € domy, (g).
. By (2.39), we have

|g(z2,1) — g(z1,1)|
71,22€dom, (g) ”ZZ — 21 ”
3 |h(x2, 1) — h(xy, 1)
= sup B

X],xz€d0m[(h) ||x2 — X1 ”

< Bt

forall ¢ € [0,T].

. @ is obviously continuous on (J;¢[o7 dom,(g) X [0, T]. Moreover,

>J'in (x, t)— /1
1Dz DIl < B{IIV.cx ol + ||| 7™
_erq,x(x, t)_ u
in 1 ] .
" 77,3 feq(x ) n 77,36 n 77,36 prior
fe(x, 1) M Mprior
Let xaux € Uyeor) dom;(h) be arbitrary, and
J in ,t
e = sup | 7O e | domny x (0.7
Jfea x(x,1) 1€[0.T]
. fin('xallX’ t)
K4 = Su s
te[0,T] feq(xau)(a t)‘
both of which are finite. Then
7 (x, 1)
< k4 + k3(|| x| + |[xaux]|)-
[feq(x, ) 4+ k3([[x]] + || xaux]])

By (2.40) and noticing that ||x|| < ||z|| and ||(A, w)|| < ||z||, we get

1Pz, Ol < Blxa(1 + Izl]) + &3llz]])
+ 18 (k4 + k3|12l + [|xaux ) + nBellz|l + nBe ||(/lprior’ /Jprior)”

< &s(1+ [z,

73
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where k5 satisfies

ks > By + nPB(ks + k3| xaux]) + Uﬁdl(/lprior, ,Uprior)”a

ks 2 Bk + k3) + 11k3 + nPe.
By Lemma 2.13, the sequence of trajectories defined by (2.73) [and consequently
(2.38)] then has convergent subsequences each of which converges to some Lipschitz

continuous solution to (2.74). Let () = (£(¢), A(z)) denote one such solution. By
(2.74) and the definition of ®, we have

o T

A(r) )

N
dr | j(t)

which implies that

/i(t ) - /lprior
a(r) - HMprior

/lprior - /i(t)

~ < O’
Mprior — £(2)

JeUE@). 1)

[ﬂ%ﬂmﬂ]_

li /’i(t) - /lprior
2dr ||| acr) - Mprior
. TraA N
< 7718 fm()e(t), t) /1(1‘) - ﬂprior _ ﬂ(t) - ﬁprior
B JeUE(), 1) A(t) = Mprior A(t) = Mprior
A N 2
< 77,8K2 /}(t) - /1prior _ /}(t) - /1prior
a(r) - Mprior a(t) - Moprior
By Lemma 2.5,
/li(t) - /lprior < o TBel /iO - /1prior + k2 (1 _ e—ﬂﬁff)
acr) - Mprior Ao — Hprior €

and then by triangle inequality we see that || (/i(t), A(r)) || is always strictly less than

Ry = Ao — /lprior /lprior + k2

A

M0 — Mprior

Moprior €

Now suppose 21y = (£(1) A1), A1) and 22y = (£2), A2), fi2)) are two solutions to
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the differential inclusions (2.74). Then for any ¢ € [0, T,

@ (22)(1), 1) = @ (201 (), 1) |
< B||Vac() () 1) = Vae(ay(@).1)]|

+ [ i (B (00, 1) = T pon (R0 (1), 1) ]T 72(2)0)]
B . . .
| Jreax(£)(t), 1) = Jpea s (Ray() 1) | [ A1)
gl ®.0] A - Ao
Jreax (X @), 1) | | @)(0) = A (@)
N [fi" (R)(0). 1) = ™ (Ray(0). 1) ] Ao (@) = A1)t
np eq (4 eq (3 + ~ ~
()0, 1) = fe9(2ay(0), ) A)(1) — fi1y(2)

< Bl ||£2) () — £a)(@)|| + BLE) || £2)(2) = £0y(D)|| - Ra
Ao)(t) — A1)
A (1) — fiy(2)
< B((1+ R)I() + (1 + ks +me) ||20) (1) = 20)(@))|»

+ B(k3 + n€) +nBx;s ||Fe) ) — £0)@)|

where we used (2.41). Denote [(t) = B((1 + Ry)I(t) + (1 + n)k3 + ne). Obviously
I(r) is nonnegative and integrable. Now by (2.74),

d R A
_Ez(i)(t) + @ (Z(1). 1) € 0,8(2)(1) 1), VYt e[0,T]a.e.

with Z;(t) = Zo for i = 1,2. We then have
. . d . T4 .
g2 (), 1) — g2 (1) 1) 2 —EZ(I)(t) + (200 1])" (22)() = 2y(10)),
d T
g(Zn(@) 1) — g(Zo)(0). 1) = (—Ei(z)(t) + @(Z)(2), t)) (21 (1) = Z2)(0))
for almost all ¢ € [0, T']. By taking their sum, we get

T
%(fm(f) = 21)(®) = (@(2)(1), 1) = @(21)(2), f))) (22)(1) = 21y(0) <0,

or

1d,. R 2 d . 4 R A
§E||Z(2)(l)_z(l)(f)” = E(Z(z)(f)—zu)(f))) (202)(1) — 21)(0))

< (D (220, 1) = ©(20)(1), 1)) Gy (1) = 2y (2))
< 1(0)||2)®) - 20| -
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Zo)(t) - 2(1)(t)||2 = 0 forevery ¢t € [0,T], i.e., the two solutions are

By Lemma 2.9,

identical.

The uniqueness of the absolute continuous solution to (2.74) also implies that any
convergent subsequence of (E(K)) ey converges uniformly to the same limit Z, and

consequently any convergent subsequence of (foK)) converges to the same limit

keN

Dz; with respect to the weak™ topology foreachi = 1, ..., p. In the proof of Lemma

2.13, we see that (D2)) ., and D3 lie in the set

B = {f € L*([0,T]) : esssup | f(2)] < f}

te[0,T]

for some ¢ > 0 for each i, and the Banach—Alaoglu theorem [83] ensures that B is a
compact and metrizable with respect to the weak* topology, we can then conclude
that (Dél.(K))keN converges to DZ; with respect to the weak* topology for every

i=1,...,p,and (2%)), , converges uniformly to 2. [

Proof of Theorem 2.5
We first prove that o7, is a continuous function of 17 over n € Ry,. Let 1,1, € [0,T]

with #; # t, be given, and define
I2(2) = 2@l
|t — 1]
(I (12) = x @)1+ 2 (1 (12) = @) + () = e @)IP))

1o — 1]
for x € R;,. Obviously v(x;ty, 1) is a convex function of x over x € R,,. Then

V(x;t, 1) =

1/2

since o, is the supremum of v(x;1),1) over {(t1,12) € [0,T]? : t; # tr}, oy is
also a convex function of x over x € R.;. As the domain of o is R, which is
open, we can conclude that o is a continuous function of x over x € R,,, and

consequently o, is a continuous function of 7 over n € R, ;.

Part 1. The proof uses the same approach as in proving Theorem 2.2. Let R > §
be arbitrary, and define

fR((S’ ﬁa n, E) = 67(69 n, 6) - \/EEMd - ﬁ_lo-n‘
‘We consider two cases.
1. My #0: Let §y = 6 and

yo ( 2Am(60) )2 o) = M6
SoMnc(60)] 10
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‘We then have

(Am(8) = MaMye(8)) = B~ o

N Sy

fR(‘SO’ ﬁ’ no, 6_0) =

Since Ap(6) > MgM,.(5), we can find sufficiently large By > 0 so that
fr(0, Bo, 10, €0) > 0, implying that %, is nonempty.

2. My = 0: Letno > 0 be arbitrary, and let €y = 7, "Ap(80). Then

05,10, 0) = A(6) ~ Y60, ).

By the monotonicity of A,,(d) and M,,.(9),
Jim y(6, 70, €0) = lim An(9) 2 A (6) > 0.
Therefore there exists some &y € (0,6 ] such that y(do, n0, €9) > 0, and we have

fR((SO, ﬁ’ rIO? 60) = 507(50’ T](), EO) - :8_10-770'

Therefore we can find sufficiently large By > 0 such that fz(do, Bo, 170, €0) is

positive, and consequently ., is non-empty.

Finally, by Lemma 2.4 and the continuity of  +— o7, it can be seen that fz(9, 5,7, €)

. . . 3
is a continuous function over (9, 8,1, €) € (0, R) X R3 . Therefore the set

Fio 0 ((o, R) % RL) = (6,81 €) € (0,R)xR3, : fx(6, B, €) > 0}

is an open subset of R%, , and consequently

Hp=J A0 (0.R)xR)

R>§

is an open subset of R, .

Part 2. Denote

ﬁ_IO'n + \/ﬁeMd
y(6,1, €)
2100, €) 1= 6y(6.m, €) — \iieMy — B\ oy,

go(n, €) :=

where (17,€) € R2,. Obviously go(7,€) = 6 if g1(n,€) = 0, and go(17.€) < &
if gi(n,e) > 0. It can also be seen that gi(n, €) is a continuous function over
(n.€) € Ri#
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Now let M > 1 be arbitrary such that
2Am(6) 1 M,
M 62

and let (1, €) € R2, be arbitrary such that n + € > M. Consider the following two

cases:

1. ne = Ay(6). Then

g](ﬂ,E):éAm((s) J 0 Mnc((s)\/—+\/—€M) 18_10-)7

2
< 6An(6) - \/ 0" M (9) n+Mme?-p o,

< OAL(6) — \/ oM, 6(5) + M2An(d)e — B oy

< 6A,(6) — min {+(5), Md\/Am(é)} VM - g7l

2. ne < Ay(5). In this case, since

€+

>e+n=>M,

Am (6)
€

we must have € > M/2 or € 'A,(6) > M/2. In the former case, we have
n < € 'An(8) < 2A,,(6)/M, and by the choice of M we have n < 1 and
04yn < My. Thus

Vi

8101, €) = 61€ = 26" Mye(8) = \neMy = ' oy
< Vne(6\n - My) - B oy < -l o.
For the latter case, we haven > M —e > M —2A,,(6)/M > M — 1, and therefore

Vi B
g1(n, €) = 6ne — TézMnc(é) — \neMy - o,
VM -1
< 0Am(6) ~ — 82 M,,(6).

Summarizing these results, we get by the arbitrariness of M that

limsup g1(n, €) < 0.

n+e—+00

Therefore the set gl‘1 [[0, +00)] is a bounded subset of R?, .
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Now let (77, €) be any boundary point of the set gl_1 [[0, +00)] in R?, and let (i, € )xen

be a sequence in gl_l [[0, +c0)] that converges to (77, €). Obviously

li]gn inf g1 (k. &) > 0,

and by the continuity of g; on R2, , we further have limy . g1(71, &) = g1(77, €) = 0

if (77, €) € R2,. Since
limsup gi(n, €) = lim sup (—,8_1(7,,) <0,
(1.€)—=(0,€) n—0%
(U,E)ER%+

we see that 77 # 0, and then since

Vi & -1
lim ,€) = ——0“M,,.(0) — o7 <0,
(U,E)_)(ﬁ,o)gl(n ) 4 ne(0) = B~ o

(m.€)eR:,

we see that € # 0. Therefore the boundary point of gl‘1 [[0, +00)] in R? are all in R2, .
By the continuity of g;, we can conclude that gl‘1 [[0, +00)] is a closed subset of R2.
Together with the boundedness shown above, we have shown that gl‘1 [[0, +00)] is

compact.

By the continuity of go(rn, €) over (,€) € gl‘l[[O, +00)] and the compactness of
gl_l[[O, +00)], the minimum of gy(n, €) over (n,€) € gl_l[[O, +00)] is achieved by
some (17", €°) € g7 '[[0, +0)]. By assumption, the set

(5, 8) = &' [0, +00)] € g7 '[[0, +00)]

is nonempty, and for (1, €) € gl‘l[(O, +00)] we have go(n, €) < 8, while for (1, €) €
gl_1 [{0}] we have go(n, €) = 6. Therefore (1%, €*) must be in the set gl‘1 [(0, +00)].

Next we show that €* = A,,,(6%)/n*. It’s not hard to check that the function €
g1(n*, €) is continuous over € € R, ., is monotonic when € < A, (5)/n*, and is

decreasing when € > A,,(6)/n*. Thus the set
Ap:={e>0:g1(n" ¢) >0}

is an open interval in R;,. We have
d n* (SMyMyc(8)/4 + B~ o)
2800 €) = - 5
(77*6 - \/FéMnc(é‘)/él')
when € € Ay N (0, A, (6)/n*), and

<0

Vi Ma 20

d .,
%gO(n ’ 6) -
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when € € Ay N (A,(8)/n", +00). Since the minimum of go(n7*, €) over € € Ay is
achieved, we must have €* = A,,,(8)/n*. This conclusion has a further implication:

If we define the function

) ,3_10'sz + xAp(0)My

Zo(x) = go (x_z, X2 A (6) A(6) - x ToM,(0)/4

210 = g1 (72 P An(0))
for x € (x;, +o0), where

_ OM,.(6)
T ANL(6)]

Joe = Lo argmin ()
_— = — argmin  go(x).
Am(9) ‘/F x€g; 1 [(04+00)]

Finally, we prove that go(x) has a unique minimizer over (x;, +o0). Since o2 is a

Xl

then

convex and nondecreasing function of x, it is absolutely continuous and admits a
weak derivative u(x) which is nonnegative and nondecreasing in x. Then we see
that go(x) is also absolutely continuous, whose weak derivative is given by

-1 ﬁ_lx_la'x—2+Am(6)Md 6Mnc(6)
B u(x) + Am(0)Ma — S~ =7 4

Am(é) - x_léMnc(é)/4

Dgo(x) =

We can see that x~'o» is equal to

1/2
(x72 1l (12) = x* (@)l + (11 (2) = T )IP + g (12) = @) P
sup

l‘],le[O,T], |t2 - t] |
1 #t

b

showing that x~'o- > is nonincreasing in x. Then we can easily verify that

ﬂ_lx_IO'xfz + Am(é)Md
X(Am(8) — x 16M,c(6)/4)

is a strictly decreasing function of x, as the numerator is nonincreasing in x and
the denominator is positive and strictly increasing in x for x > dM,,.(6)/(4A,(0)).

Moreover, we have

Ixlo 2+ Ap(6)My M, (6
i, 570+ Aoy T s

=p! lim u(x) + Am(6)Mg > 0,
X—+00




81

while

Iy lo o+ Ap(O)My Mo (6
xliff?; Bl ux) + An(O)Ma - xl?Am);&O;xx:dMn(c()&/Z) 4( )

= — 00,

Therefore there exists a unique x* € (x;, +o0) such that Dgy(x) < 0 for x € (xz, x*)
and Dgp(x) > 0 for x € (x*,+00). We then see that gy(x) is a unimodal function
over x € (x;, +o0) with the unique minimizer x* . Therefore
{x*} = argmin gop(x).
x€(x7,+00)
Since gl—l [(0, +00)] € (x;, +0), and both gl—l [(0, +00)] and (x;, +00) are open subsets
of R, ., we have
argmin go(x) € arg min go(x),

x€g; ! [(0,+00)] x€(x7,400)

from which we can conclude that x* = 1/+/n* = \/e* /A, (6).
The unimodality of bs s(€) can be obtained by noting that bs g(€) = go(ve/Am(6))

and that € — +/e/A,,(6) is a strictly increasing function. [
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Chapter 3

SECOND-ORDER ALGORITHMS FOR TIME-VARYING
OPTIMIZATION

3.1 Problem Formulation

In this chapter, we consider the following time-varying optimization problem:

min  cz(x) + h:(x)
xeRn

s.t. f"(x) <0, (3.1)
fTeq(x) =0.
Here 7 labels the discrete time index which ranges in the set 7~ = {1,2,..., K} for

some K € N. Themaps ¢; : R* - R, f" : R" - R™and ff7 : R* — R™ are twice
continuously differentiable, and A, : R” — R U {+oco} is a closed proper convex
function with a closed domain for each 7 € 7. We assume that (3.1) always has a

solution for every 7 € 7.

By “second-order” algorithms, we mean that for each 7 € 77, not only the current
function value and gradient information is used, but also the exact or approximate
curvature information is employed when generating approximate solutions to (3.1),
which is similar to Newton and quasi-Newton methods in static optimization. In
other words, the algorithms discussed in this chapter can be viewed as generalizations

of Newton or quasi-Newton methods in the time-varying setting.

Unlike in Chapter 2, we are not going to consider continuous-time limit of second-
order algorithms, and we directly consider a discrete-time setting where we already
get a sequence of sampled problems. As we shall see, this is partially due to the
fact that in practice, second-order methods are usually employed in situations where
sampling intervals are large compared to where first-order methods are used. For the
analysis of the asymptotic behavior of second-order methods in the continuous-time
limit, we refer to [39, 97].

3.2 Approximate Newton Method: A Special Case
We first consider the special case where there are no explicit equality and inequality
constraints in (3.1), i.e.,

)Iclel%&r’ll cr(x) + he(x) (3.2)
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for each v € 7. By Lemma 2.8, its optimality condition is given by
=V (x%) € Ohe(x%), (3.3)

where x is any local optimal solution to (3.2). Just as in Chapter 2, in the following
discussion, we use x; to denote an arbitrarily chosen local optimal solution in case
there are multiple local optimal solutions to (3.2), and we will mainly focus on this

. *
particular sequence (x}) o

The approximate Newton method for (3.2) is given by the iteration

1
X = arg min VCT(XAT—I)T(X - xAT—l) + E(x - )eT—l)TBT(x - )e‘r—l) + hT('x) (3.4)
xeR”

or equivalently in the form of a generalized equation
=Ver(£-1) = Bo(%r — £r-1) € 0ho (%) (3.5)

for each T € 7, where B; € R™" is a positive definite matrix. The rationale behind
(3.4) is that we approximate the smooth part of the objective function ¢, by a convex
quadratic function for each 7, and when /. is simple or has special structures, we
expect that the resulting convex program can be solved much more efficiently than
finding the batch solution. We do not put restrictions on the method of producing
the matrix B; in (3.2) apart from the positive definiteness of B;. Therefore (3.2)
gives a class of algorithms. For example, we can set B; to be a scalar matrix, and in
this case (3.2) is a special case of the first-order proximal gradient method proposed
in Chapter 2. We can also set B; = V2cT(£T_ 1), or use any quasi-Newton method
to calculate B, and in this case we obtain a generalization of the (quasi-)Newton
method to the time-varying situation, which can be seen more clearly by noting that
(3.4) is equivalent to

n ~ -1 ~
Xr = X-1 — B; Ver(£r-1)

when i, = 0.

Since we use a quadratic approximation of ¢, in deriving (3.4), we can tell from

intuition that the quality of this quadratic approximation plays a significant role in

the tracking performance. We now proceed to capture this intuition mathematically.

Tracking Performance

We define the tracking error by

|.XT—XT w



84

for each 7 € 7, where we denote || x|y := x” Wx for any x € R” and any positive
definite W € R™". Tracking performance will then be evaluated quantitatively by

the tracking error.

We then define

— ® %
ow:= sup [z =il

which upper bounds the distance between consecutive optimal solutions. It charac-

terizes how fast the optimal solution x; drifts as time proceeds.

Lemma 3.1. Let T € T be arbitrary. If Z; is generated by (3.4), then

”)eT - X B, = Pt ”927—1 B xi”B, ) (3.6)

where

e Terte) - Veels)) = (5 =)l
i |£r-1 — X7l 5, ’

Proof. The generalized equation (3.5) implies that
h‘r(x;-k) — he (%) > (x;-k - J’e‘r)T (_VCT (XAT—I) — B (£ - )er—l)) .
On the other hand, by the optimality condition (3.3), we have
he(fe) = he(x?) 2 = (£ — x2)7 Ve (xF).
We then have
(% — x*)" (Ver (Rro1) = Ver (x7) + Br (R — £r.1)) <0,
which leads to
. - x;
< (8~ x3)" Be (B! (Ver(x]) = Ver(8rm1)) = (5}~ 5]
5. 1B (Ver (x) = Ver (f-1)) = (57 = £e-) |,

B. Pt ||)GT_1 - xi”éf :

. = (e =) Be (30— x)

< % =«

A k
= [|%r - 7

The inequality (3.6) now follows directly. O

Lemma 3.1 directly leads to the following theorem on the tracking error bound for
(3.4).
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Theorem 3.1. Let W € R™" be a positive definite matrix, and

Ay = supinf{l e R: AW > B.},
TeT

A := inf sup{d € R: AW < B;}.
TeT

If
S ||BT_1 (VCT()QT—I) - VCT(X:)) - (xAT—l - X:) B < Am (3.7)
= su 3 )
Pl 21— xtlls, A

then

[ g - A—— MT %0 — x; _ N/ (3.8)

W T - p Am Vo VAl - p

foranyt € T.

Proof. The definition of p implies that p; < p for all T € 7. Therefore by Lemma

3.1, for r = 1, we have

A
= xilly < N 0 =il < oyt o = xilly, < o510 =5

while if (3.8) holds for some 7, then

B; sPp V/l’;ll ”)27 - xj+l

W,

Fer = <l

= V/l;ll ||)2T+1 - x:+1

B‘r
/1 A % * %
< oy 22 (e = w2ty + s = w2l
<o (pew (| (e o)
SN W - N | T )

i pow ) (p /l_M)T+1 (”x,b e ~ O'W\//lm//lM)
A/ Apt — P Am W A = p

The bound (3.8) then follows from mathematical induction. O

The condition (3.7) and the tracking error bound (3.8) suggest that p should be
sufficiently small so that good tracking performance can be achieved. However,
in practice, it is difficult to evaluate the quantity p unless we carry out the whole
iterations (3.4), which makes Theorem 3.1 not very useful for estimating the tracking

error a priori. Rather, Theorem 3.1 justifies our intuition that the quality of the
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quadratic approximation in (3.4), which is now quantitatively assessed by p, plays a
central role in the tracking performance. Furthermore, in order to make p as small

as possible, we need
Ver(£:21) = Ver (x)) = Br (%721 — x5) .

for each 7; in other words, the matrices B; in (3.4) should approximate the (averaged)
Hessian of ¢, along the direction X,_; — x;. This implication partially substantiates
our motivation of introducing second-order methods: although (3.4) is in general
harder to compute than the proximal gradient method, the tracking error can be

potentially reduced by employing a more sophisticated B;.

A Centralized Algorithm Based on L-BFGS-B

As Theorem 3.1 points out, the approach of producing the matrices B; has a ma-
jor effect on the tracking performance of the approximate Newton method (3.4).
However, the Hessian of ¢, is in general a dense n X n matrix, which makes the
scalability of (3.4) questionable as n increases. Another issue is that (3.4) involves
optimization of a potentially nonsmooth function, and in the special case where A is
the indicator function of some convex set X;, we obtain a constrained optimization
problem which cannot be solved by directly applying algorithms for unconstrained

optimization.

In this subsection, we provide a specific algorithm based on L-BFGS-B to deal with
these issues, when the nonsmooth convex function /. is the indicator function of a

rectangular set in R” with a nonempty interior:
hT:I/\’Ta XT:{XERHIETSXSET}.

The L-BFGS-B algorithm [26, 69] is a quasi-Newton method that solves nonlinear
programs with box constraints. It employs two key techniques: the limited-memory
BFGS method to produce the approximate Hessian, and the gradient projection
method! to handle the box constraints. By applying these two key techniques to
the time-varying optimization setting, we propose the following procedure for each
TeT:

1. Produce B; by the limited-memory BFGS method.

! Not to be confused with the projected gradient method.
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2. Use the gradient projection method to get an approximate solution to the quadratic

program

1
. o Tro o 1o . T s
xnelIlRI% qT(x) =8r (x x‘r—l) + 2()6 x‘r—l) BT()C x‘r—l) (3.9)

s.t. x, <x <X

where g = Ve (X-1).

Note that the gradient projection method which will be presented shortly will only
produce an approximate solution to the quadratic program (3.9) in general. Never-

theless, simulation shows that such an approximate solution usually suffices.
We now give a succinct introduction to these two key techniques under the time-

varying optimization setting.

Limited-memory BFGS In limited-memory BFGS, the approximate Hessian B;
takes the form
B = 9.1 — K, M.K”, (3.10)

where K, € R™?? and M, € R**? for some d € N. In practice d is typically
between 3 and 20 and is usually much smaller than n. It can be seen that B; is a

small rank correction of a scalar matrix.

To be specific, we denote
st = Xr — X, yr = Ver(£r) = Ve (£0-1),

and
Y: = [yT—d T yT—l] > S = [Sr—d T ST—I] s

The matrices K; and M, are then given by

K = [Y‘r 19TS‘r] s M, =

where D, € R and L, € R are given by

D, = diag (sz_dyT_d, .. .,sZ_IyT_l),

T P .
St —d—1+iYr—d—1+j> ifi > j,
(Le)ij = { e

, otherwise.
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The scalar ¥, is given by

yZ_lyT—]

T .
yT_lsT—l

For 1 < v < d, the matrices Y;, Sy, D and L, will only be constructed from

9 =

S1,...,8q—1 and yi, ..., yr—1, and consequently ¥, € R™>-D g e R™>-D K ¢
R™2D and M, € RET-DX2-D For r = 1, we let B, = 9yl where 9y > 0
is an initial estimate. For the rationale behind the limited-memory BFGS method
and minor modifications to guarantee the positive definiteness of B;, we refer to
[26, 27, 72].

The gradient projection method The gradient projection method estimates the
free variables of the box constraints in (3.9) and then performs a subspace mini-
mization to provide an approximate solution to (3.9). The estimation of the free

variables is via the generalized Cauchy point. Let

j‘r(t) = PXT [W‘r—l - thT(WT—l)] , We_1 = Pz\’T(je‘r—l)a

and let 7¢ be the smallest minimizer of the piecewise quadratic function g.(X.(7))

over t > 0. The generalized Cauchy point is then given by x¢ := % (£¢). Let

— : .0 F c  _
I = {z e{l,...,n}.xT,i—xT,i orxu.—gm.}.

We then solve
ur = argmin - g-(x; + u)
ueRr” (3.11)
St ury= 0.

It can be immediately recognized that (3.11) is essentially an unconstrained quadratic

program. After obtaining u,, we compute?
iir = Px, [xE+ur| —weey, (3.12)
and generate X, by
Xr = wro1 + arliy,
where «; is equal to 1 or is determined by some backtracking strategy.

Because of the compact representation of the limited-memory BFGS method (3.10),
the search for 77 and the minimization (3.11) can be computed in a very efficient
manner that has time complexity O(d’n + d* + nlog n). More details of the gradient
projection method can be found in [72, Section 16.7] and also in [26, 69].

2 In the case where the ii, generated by (3.12) does not satisfy Vq,(wf_l)TzZT < 0, we set
fir = x{ + ur — wo_1, which is a descent direction of g, as shown in [26]. A backtracking is then
needed to ensure that X, is feasible.
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3.3 Approximate Newton Method: The General Case
Now we consider the general case given by
min  c;(x) + h:(x)
x€Rn
s.t. f"(x) <0, (3.1
freq(x) =0,

where there are explicit equality and inequality constraints. By Proposition 2.1,

under certain constraint qualification conditions, the KKT conditions are given by

T
e () = [ e, (3.13a)
Jpea(x7) | |12
fI(x%) € Nam(22), (3.13b)
f(x7) =0, (3.13¢)

where (x7, A%, ut) € dom(h,) x R” x R™ is a KKT point of (3.1). Just as in Chapter
2, when there are multiple solutions to the KKT conditions, we arbitrarily select one

of them, denote it by z% = (x%, A% pf), and mainly focus on this trajectory in most

part of our study.

We shall introduce two approaches that handle the inequality and equality constraints
differently.

The Penalty Approach

The penalty approach introduces the penalty functions

s = S (1) + Y
i=1 =1

Here [-], := max{0, -} denotes the positive part of a scalar, and k € (2, +o0) is a

el

fixed constant. Then instead of (3.1), we consider the following penalized version

min  F&(x) + he(x), (3.14)

xeR”"
where |
F7(x) = cr(x) + —¢r(x),
KE

and € > 0 is the penalty parameter. The penalized function F;(x) is twice continu-

ously differentiable as we assume « > 2. Then, we can just apply the approximate
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Newton method (3.4), with ¢, being replaced by F. Specifically,

T . T
Ar-1

lar—l

Jme ()CAT_I)

X =argmin | Ve (X-1) + R
T T( T ) Jf:q(-x‘r—l)

xeR”

(X - ﬁT—l)

(3.15)

1
+5 - Zeo1)! B (x = %mp) + he(x),

where 1
o B . o _
Aro1i = € ! [f-rl;'l(xr—l)]+ , i=1,...,m,

k=1
ety =€ sgn (£ () [0 et)[ 5 =

and B: is a positive definite matrix that tries to approximate the Hessian of F;.

On the other hand, we should note that (3.15) tracks a solution to the penalized
problem (3.14), which in general is different from the solutions to the original
problem (3.1). As a result, if we calculate the tracking error with respect to xj,
there will be some additional term in the tracking error bound due to this difference,
which can be regarded as a side effect of the penalty approach. This is similar to
the situation in Chapter 2 where the regularization on the dual variables introduces
additional error. In fact, the similarity is not a coincidence, as we shall show that
the penalized problem is closely related to a min-max problem with regularization

on the dual variables. Let us consider

min  max  Li(x, 4, ) (3.16)
XER" JeR™, yeRm’

with A
LA ) 1= e0(0) + o) + AT 700 + b £27(x)

B[ m’
5 Zl/li|ﬁ+2|ﬂj|ﬁ :
i=1 j=1

where 8 € (1,2) is determined by k™! + 7! = 1. The term

eB-1 m m’
~ | 2 gl
i=1 j=1

represents the regularization added on the dual variables. It’s not hard to see that

(3.17)

LE(x, A, p) is additively separable in the dual variables, and the maximization of
LE(x, A, ) over A € RY, u e R™ can be explicitly solved. Let 1.(x) and fi-(x)

denote the optimal dual variables that maximize L£(x, 4, u) for a given fixed x.
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Then |
Ari(x) = € [fH0] 7T,
1
fir ) = € sen (740 | o
and
max  L2(x, A, pu) = L7 (x, A2 (x), fir(x))
AR}, ueR™

m

ce(x)+€! Z (x)]ﬁ ! ”’(x) +e! Z sgn | f ( eq(x))

i=1

Ul £900

fj.(x)\ﬁj +he(x)

p-1 m . B m’
- I I X
i=1 J=1

() + 21] fir)!

£ |+ o) = FEG) + o)

j=1

where we used the fact that « = 8/(8 — 1). Thus we see that the penalized problem
(3.14) is essentially equivalent to the min-max problem (3.16) in the sense that X; is
a local optimal solution to (3.14) if and only if (%, A(%;), (%)) is a local solution

to the min-max problem (3.16) with regularization on the dual variables.

Intuitively, as the penalty parameter € tends to zero, the solution to the penalized
problem (3.14) should converge in certain sense to an optimal solution to the original
problem (3.1). We shall not provide a comprehensive study of how the difference
of the two solutions change as € decreases. The following two theorems bound this

difference for two special cases, whose proofs are given in Appendix 3.A.

Theorem 3.2. Consider the following convex program
min  c(x) + h(x)
x€eR™

st f(x) <0, (3.18)

T. _ . ’
an—bj, j=1,....,m,

where ¢ : R" — R and f" : R* — R are twice continuously differentiable,
h:R" — RU{+oc0}, a; e R" foreach j =1,...,m’, b € R”. The functions c(x),
h(x) and each component of f"(x) are all convex over x € R". Let X* denote the

set of optimizers to (3.18) which we assume to be nonempty.

Assume that the constraint qualification condition (2.4) holds for (3.18) at any

optimal solution. Furthermore, we assume that there exists some v > 0 such that

(x = Px+(x)" (Ve(x) = Ve(Px-(x))) = v||x = Px-(®)II*,  Vx € dom(h). (3.19)
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Let X denote a solution to the penalized problem

. T B ’
min e+ )+ 2| ]+ ]Z; lalx-b | G20
where € > 0 and k > 1. Then
Vg~ PrEll + Z [ GOl + Z ol % -
1 (3.21)
< (k= 1)€exT ’
K

i=1
where (1%, u*) is any optimal dual variable associated with Px-(Xe).
Theorem 3.3. Let ¢ : R" - R, f" : R" — R™, f* : R" > R™, g™ : R" — RV
and g°1 : R" — RP" be twice continuously differentiable. Suppose x* is a local

optimal solution to the nonlinear program

m]g}l c(x)
st f(x) <0, £e(x) = 0, (3.22)

g"(x) <0,  gx)=0
Suppose the linear independence constraint qualification holds for (3.22) at x*, and
let the optimal dual variables be A* € R, u* € R™, (* € RP and v* € RP'. We
further assume that strict complementary slackness holds for A* and (*, that all
entries of u* are nonzero, and that V> L(x*, 1*, u*, ¥, v*) is positive definite, where
L denotes the Lagrangian

L4, 1 v) = c(x) + AT f7 ) + p f90) + g™ (x) + v g ().

Then there exist € > 0, M > 0 and a unique continuous function % : [0,€) — R"

such that X(0) = x* and X(€) is a local solution to the penalized problem

fjaI(X)) (3.23)

' 1 m . . m’
g e+ o 2 LML+

st g"(x) <0, gl (x)=0

for any € € (0, €), where k > 2 is a fixed constant. Moreover,

x|—=

m m
1 %(€) — x|l SE*'M( A7t ?‘m) . (3.24)

i=1 i=1
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Remark 3.1. Theorem 3.2 considers convex programs, and the bound (3.21) is
“global” in the sense that it holds for any local optimal solution to the penalized
problem (3.20). Theorem 3.3 considers nonlinear programs for which linear inde-
pendence constraint qualification and strict complementary slackness hold at some
optimal point, and the result is “local” in the sense that the bound (3.24) only applies
to penalized problems with € < € where € is guaranteed to exist but not explicitly
specified. [

There is a trade-off when choosing the penalty parameter e: A smaller € in general
leads to more accurate tracking as the penalized problem (3.14) approximates the
original problem (3.1) better, but it also makes the penalized objective function
Ff more ill-conditioned, which could also increase the difficulty in producing the
approximate Hessian B;. The parameter x should not be too large as well, and in

practice we usually choose 2 < « < 3.

The Saddle Point Approach

In the penalty approach, we require « > 2 so that the function Fy is twice continu-
ously differentiable. If we set k = 2, the penalty approach may still work in practice,
but it becomes unclear whether the quasi-Newton method is able to handle the dis-
continuity of the Hessian. In the following, we propose an alternative approach that
is similar to the penalty approach for k = 2 but avoids the discontinuity issue by

employing a saddle point formulation.

It has been shown that for « = 2, the penalized problem (3.14) is equivalent to the

min-max problem

min - max  er(x) + he(x) + AT £ + 1 £29(x) - < (||AL||2 + ||,,¢||2) .
X€R" NeR™ yeRm’ 2
(3.25)

In the saddle point approach, for each 7 € 7, we let 2, = (%, A, A;) to be the

solution to the following saddle point problem:

1
min  max VCT(XAT—I)T(X — £r1) + S(x - )eT—l)TBT(X — Xr-1)
xX€R™ JeRM yeRm’ 2
T .
1 7' (Xeo1) + Jpin(Rroy)(x = Xr-) (3.26)
M f'req(xAT—l) + Jff"(xAT—l)(x - )/C\T—l)

- g (Ilﬂ = ATE + [l - urf‘gllz) + hr(x),
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where

A58 = (1= x)de-1 + X Aprior,

1% = (1= X)fz-1 + X Hprior-
In (3.26), B; is still a positive definite matrix that is updated at each time slot, € > 0
is the regularization parameter, Aprior and pprior are employed as prior estimation of
the optimal dual variables, and y € (0, 1] is a constant.
By comparing (3.26) with (3.25), we can see that, apart from a more sophisticated
regularization that drives the dual variables towards (ﬂ;eg, ,u;eg), the saddle point
approach still employs the “quadratic approximation trick” as in (3.4). It is also
closely related to sequential quadratic programming for static optimziation problems.
But since the min-max formulation is kept, what we obtain is a saddle point problem
whose objective function is convex in x and strongly concave in (4, u). The KKT
conditions on Z; are given by

T

a N a J i"(ﬁr—l) //i‘r A
~Ver(feo1) = Be(fe = £e) = |07 | € Ohe(), (3.27a)
Jff" (£r-1) Hr
f;n(x/\‘r—l) + JfTi" (ﬁr—l)(ﬁ‘r - f‘r—l) - E(/’ir - /I;eg) € NRT (/,i‘r)» (327b)
S Reot) + T pea(Rro1)(fr = £emt) = €(f1e — p7%) = 0. (3.27¢)

These conditions can be written in the form of a generalized linear equation

B ij" ()er—l )T Jffq ()?T—l)T Xr Xr _VCT()?T—I)
_Jfrf"(x’\-r—l) el 0 /’ir € _a];‘r //i‘r + f‘rm(ﬁr—l) + f/l;eg >
_Jff" (%r-1) 0 el jo fr Je (Femr) + Gﬂ;eg

where we denote X; = X, — X_ and
ET(X, 4, /J) = hT(X + xAT—l) + IRT(/I)

When #h; is simple or has special structures, we expect that this generalized linear

equation can be solved much more efficiently than finding a batch solution.

Now let us study the tracking performance of the saddle point approach. For any

positive definite matrix W € R™" and positive scalar €, we define the norm
1/2
. 2 2 2
lzlw.e = (1211, + el + elll?)
for any z = (x, A, u) € R” X R x R™. We use

W= s 25 = 22 lly.c
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to denote the maximum distance between each consecutive optimal primal-dual pair

with respect to the norm || - |lw.. We denote
L) = c(x) + AT f7(x) + u" f(x),
which can be thought of as the Lagrangian of the “smooth™ part of the problem
(3.1).
We also define the following quantities:
A7 = Aprior

/"j— — Mprior

1
M¢(6,W) :=sup sup 5
€T u:||ullw <6 ”u”W

Mg = sup
teT

b

(g ) = o+ = £ ()

€0y 4 ) = Jyea (g + ) = £ <x¢>]

The quantity M (6, W) measures the nonlinearity of the constraint functions fim and

59 within the neighborhood around x; of radius § > 0, which is similar to the
quantity M,,.(0) in the regularized proximal primal-dual gradient method in Chapter
2; W is a positive definite matrix that provides some flexibility in choosing the norm

of the primal variable.

Theorem 3.4. Let W € R™" be a positive definite matrix, and

Ay = supinf{l e R: AW > B;},
TeT

A := inf sup{d € R: AW < B;},
TeT

and define

- (%=1 = x7) = B (VoL (Rt A5 415) = Vo L3 (x5, A5 125)) | 5,
P i=su

reT | X-—1 = x7||B,

2 242 1
//1 oM (5, 1, W 0"M=%(6, A, W)
p = max{p(P) ﬂ_M’l_X} +(1-y) f( m )+ f m
nm

b

/2

24/e 4e

If
Tawe < (1= p)6 = V2ex My, (3.28)
and the initial point 7 satisfies ||20 - zT”/1 we <O, then

PO, we + N2exMy
l-p

||2T -z AnW,e =

3.29
o, We + V2ex My el

l-p

+p° ”20 - Zﬂlﬁmw,e B

forall T € T.
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Proof. Let T € 7 be arbitrary, and suppose that ||)2T_1 - x;"” ww S 0. By (3.27a),
we have

he(x) = e (37)
"4
fir

Jﬂ”()’eT—l)

> — (x5 = £) | Ver (feo1) + Be(fr — £r1) + )
Jff"(xf—l)

while (3.13b) implies that

T
J rin * /l*
P T sl )
Jfreq (xT—]) Hr
Therefore
0> ()27 - x:)T(VCT()?T_l) + BT()?T - )?T_l) - VCT(X?;)
T4 T
+ JfTin ()27_1) /L,- _ JfTin (xj_l) /l;k. ’
Jf:req (XAT_]) ﬂ-r Jf-fq (x:_l) llj.
and we get
A *||2
Ko = xz|lp,
< — (% - xi)T(VcT (%7-1) = Ver (x7) = Bo(R—1 — x7)
T4 T
4 Jﬂn ()i'r—l) AAT _ JfTin (x_i_k_l) /l: (330)
Jpea(Zeo1) | | e Jpea (XE_) | |13
— (= x0) (VL (fomts ) = oL (6 o ) = Be (201 = )
T a
J pin (X7— Ar = A:
— (e =x)" | ()f’ ! N
Jf-req (x-,-_l) Mr — Hr

Now, by (3.27b), we can get

~ T : kS
(ﬂj - /lT) ( ;n(xAT—l) + Jﬂ”(ﬁ‘r—l)(x’\‘r = %r-1) - 6(/11 - /ereg)) <0,
and by (3.13c),
A T o
(A=) £(x) <o.
Thus

A T, . o )
(/17' - /t;) (f;n()?‘r—l) + JfTi”(xAT—l)()e‘r - )e‘r—l) - 6(/17 - /ereg) - fi (x*)) >0,

T T -
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or

2

R T
< (A= 22) T (o) (e - x2)

A T, . .
(e = 5) (M (Rem) + T (o) (65 = $e1) = f(x7))

n T
veldo-ap) (4 -27).

P

(3.31)
Similarly, by (3.27b) and (3.13c), it can be shown that

ellae = | = (A = )" T pea(emr) (3 = x7)

(e = 3) (9 (Bemn) + oo (o) (35 = o) = 29(x3))

reg

e (fr — i) (58 - ).
(3.32)

By summing (3.30), (3.31), and (3.32), we can see that

2 belde-

. fr — ]|
< - (ﬁT—x ) (V ‘E (xT 1’/1T Her \ Ls(x /lrnu‘r) B ()27—1 _xi))

7 -
F (Fet) + T pin (Reo1) (47 = eo1) = £ (x7)
a (%

- -

A — /lj
Ar — p; fTeq ()er—l) + Jf Xr— )( xT—]) - freq(x;-k)
Ao [ace o
+e T it T T
A % re %
Hr = Hr :u‘rg ~ He
T
Xr — X} B; drx
= |, - A el deals
fr — €l d‘r,,u
where we denote
g [ (et = x2) = B2 (VoL (R i) = VoL (5 A2 1)

don | = | € (A" (emt) + T (2e) (3 ) - e ))mfeg X

.
dege) | (£ (Remn) + Ty (o) (65 = Rea) = £2(x0) ) + 4 =

By the Cauchy—Schwarz inequality, we see that

2 ~ —,ui||2

el A -4 ?

o *
Xr—x;

R 1/2
& = ;15 + €l = 41 + el - w31F)

1/2
x (el + € el + €ld”)
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and thus )

B

2

e I, + ellie = P + €l -

< N, + € [ldeall” + e flde,l

By the definition of p®, we have

*
T

A
P) || o P M ||
||dT,X||BT < P( )”xr—l _xj B. < p( ) _/lm ||XT_1 ~ Xl W

and by the definition of M (5, W) and M,, we have

€ (leteal?” + lles)

R 2
M (6, AnW Aoy — A Aprior — A7
O Sl Lt PNl et | IO (s
” Q-1 = p7 HMprior — Mz
S2M2(8, A, W) A -2
F\O> Am . «N12 2 T-1 T 2342
< ———||X-1—x +e(l-y) . +ex M
4e ” T T”W Ar-1 — K7 ‘
A * —/i -1 = 1*
+ (1= )M (8, W) |2y = x2], W I
»:u‘r—l — Hr
L Aot = 4
+ )(MdéMf(é, /lmW) ||xT—1 - xT”/lmW + 2€MdX(1 - X) /j /J* :
-1~ Mt

We also note that

Aeoy = A2

Mr-1 — /Jj-

7 *
/17—1 - /lT

Mr—1 — :uj-

2
AnW

+ €

e =l

1 ‘
< 2_\/E (”)’5-;1 - XT

Therefore

2

Z).

2 2242
< ((p(P) A_M) +(1- X)(SMf((S’ L) e ﬂmW)) [E—a
- V A, 2+/e 4e o Tl w

o~ + ellte = 2P + €l -

A 2
Mp(6, W)\ (| A1 = 45
+ A=)+ (- ) ———=] €|l . i
( 2‘\/E l‘tT—] - /’l‘r
SM (5, 2,,W) Aeoy = A
+ 2 VeMy | —=22 2 gy = x2||, o + (1= Vel r
[ -l e

+€ )(ZM[%

2 2\1/2 ?
N T— +‘V52Xﬂdd),

A~

Aoy = 2

T

S A (CSEE
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where we used

oM (6, 1,W . L=
% Jrms = ], + (1= Ve ﬁf 1 o
T— T
/2
§2M2(5, A, W) PRI Y
f m N % -
< \/E 4—6 ||)CT_1 - X imW + (1 — /\/)26 'a:_i B 'u:;-
12 A ) R L2\ /2
< \/Ep (”ﬁ‘r—l - xT”/lmW +€ ||/Lr—1 - /l‘r +€ ||,UT—1 - M ) s
and so
”27 - Z‘t”/lmW,e <p ”27—1 - Z;k'”/lmW,e +V2ex M. (3.33)
Now, for T = 1, since we have assumed that ||20 - zf A Wee < 0, we see that

||)€0 - xT”ﬂmw < ¢ and we can apply (3.33) to get
21 - ZT”/l,,,W,e < pll2o - ZT”/l,nW,e + V2ex My,

showing that (3.29) holds for 7 = 1. Then suppose that (3.29) holds for some 7 € 7.
We then have

I8 =l = B =l < e =22

< PTuWe t V2exM, o, we + V2exMy

A, W.e + 0, W,e

o (nzo—zﬂumw,;

+
- 1-p 1-p T, W,e
< O,We T \/ZXMd + p.,. (6 _ o2, We t+ \/Z)(Md
- l-p l1-p '

By (3.28),
Taw.e + V2exMy -
1-p B
< 6, and we apply (3.33) to get

Thus we get ||fr - x:+1||/lmW

et = zpallywe < 2 (I = 2l me + Taame) + V2exMa
PO W+ V2exMy

l-p

+ PO, W,e

O, W,e T V2ex M,
l-p

A

<0 — ZTH/ImW,e -

+ \/ZXMd

+p7+l (

_ PO, We T \/ZXMd + pT+l (|
= T

A

<0 — ZT“/lmW,e -

O, We T \/ZXMd
1-p '

By induction we conclude that (3.29) holds for all 7 € 7. O
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The conditions and the conclusion of Theorem 3.4 are very similar to those of
Theorem 2.1 for the regularized proximal primal-dual method. The expression
of the quantities p and p, on the other hand, are much simpler. Some direct

implications from Theorem 3.4 are as follows.

1. The quantity p® plays a crucial role in the tracking error bound (3.29), and its
definition is similar to (3.7) in Theorem 3.1. It’s obvious that p(P ) should be as
small as possible in order to achieve good tracking performance, which implies

that the matrices B, should satisfy
VoL (Rt A5 p1}) = VL3 x5 4 1) = By = ),

or in other words, B; should approximate

m m

Vier(x)+ DAL VAFM ) + Yl V£ (x)

i=1 =1
along the direction £;_; —x;. The appearance of A; and u; in the above expression
adds difficulty in designing quasi-Newton algorithms for finding such B;. In
practice, we may replace them by A,_; and /i1, and employ the quasi-Newton
methods designed for sequential quadratic programming (see, for example, [72,

Section 18.3]) to generate B-.

2. The expression of p implies that the nonlinearity of the constraint functions will
deteriorate the tracking performance. Further study seems to suggest that this
negative effect cannot be eliminated even if the components of f* are convex,
which is possibly due to the fact that all the constraints are linearized in formulat-
ing (3.26) regardless of their convexity. However, if any component of £ (say,

in) is convex and the constraint £ < 0 is easy to handle computationally for
7,1 7,1
each 7 € 7, we may consider solving the following saddle-point problem

. . . 1 . .
min ~ max VCT(XT—I)T('X — %)+ 5(x - xT—l)TBT(x — %r-1)
XER" Jerm-1 yeRm 2

T

A | FrGemn) + T in(Reo)(x = Re-1)
H f‘req(ﬁ‘r—l) + Jffq()?‘r—l)(x - %r-1)

= 5 (M= T = ) + )

to generate 2, where A, A7 © and fT’” are formed by excluding the first components

of 4, /l;eg and fTi” respectively, and

Er(x) = hr(x) + I{x:fi’“l(x)SO} (x).
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One can still apply Theorem 3.4 to this procedure and obtain the tracking error
bound. In the extreme case where all the components of f are convex and f;

is affine for each 7 € 7, we see that we may consider solving

1
min VCT()?T—])T('X - )e‘r—l) + _(x - )/ET—])TBT(X - )27'—1) + h‘r(x)
x€R” 2
s.t. f"(x) <0, £9(x) =0

to get £;. In this case Theorem 3.4 will still apply with p = p®/Ap/ A, 3. Tt
is interesting to observe that we don’t need regularization on the dual variables

associated with convex constraints.

3.4 Comparison of First-Order and Second-Order Methods
In this section we present a toy example to give a preliminary comparison between

first-order and second-order methods for time-varying optimization.

We consider the following time-varying optimization problem:

1
min —x’ Ay(t)x
xeRI0 2 (3.34)

s.t. x e X(1),
where

1+ t 1- t
Ay(t) = % diag(1,2, ..., 10) + %U diag(1,2, ..., 10)U7,

1
<!,
1

Suppose the time period is [0, 27], and the sampling interval is A. Let the sequence

of sampled optimal points be denoted by (xi’A’U)T. We apply both the first-order

for some orthoginal matrix U € RIOX10 and

X(1) = {x eRI0:

Xx; —2cos (t+

i-rm
0

running projected gradient algorithm and the second-order algorithm based on L-
BFGS-B on the time-varying problem (3.34), and get two sequences of points
which we denote by ()?TA’U’I)T and ()GTA’U’Z)T respectively. The initial point for both
algorithms will be the optimal solution to (3.34) for t = 0. For the limited-memory

BFGS representation of B;, we choose d = 3. We are interested in the averaged

1 . .
|27/A] Z e = 2
-

3 In fact Theorem 3.1 will also apply if we let A (x) include the convex constraints using indicator
functions.

tracking error
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A=mn/125 A = /250
first-order | second-order | first-order | second-order
1 0.0207 0.0115 0.0105 0.0034
2 0.0254 0.0100 0.0127 0.0041
3 0.0334 0.0110 0.0154 0.0048
4 0.0270 0.0129 0.0137 0.0042
5 0.0266 0.0140 0.0130 0.0045
6 0.0218 0.0100 0.0096 0.0037
7 0.0216 0.0086 0.0102 0.0027
8 0.0192 0.0096 0.0093 0.0035
9 0.0229 0.0104 0.0112 0.0036
10 0.0213 0.0099 0.0098 0.0040
A = /500 A = /1000
first-order | second-order | first-order | second-order
1 0.0052 0.0011 0.0026 3.8x107*
2 0.0063 0.0016 0.0032 6.7x107%
3 0.0073 0.0018 0.0036 7.4%x107*
4 0.0069 0.0013 0.0035 4.7x 107
5 0.0064 0.0014 0.0032 45x%x107%
6 0.0045 0.0012 0.0022 4.6x 107
7 0.0049 0.0020 0.0024 3.2%x107%
8 0.0046 0.0011 0.0023 4.1x 107
9 0.0056 0.0012 0.0027 42107
10 0.0046 0.0015 0.0022 50x 107

Table 3.1: Averaged tracking errors of the first-order method and the second-order
method applied to the problem (3.34).

for k = 1,2. We randomly generate 10 instances of U, and the resulting averaged
tracking errors are recorded in Table 3.1. It can be seen that the second-order method
achieves better tracking performance over the first-order method for all the instances,
which is expected as utilizing second-order information can facilitate convergence
toward the optimal trajectory. On the other hand, each iteration of the second-order
method involves solving a quadratic-like program, which in general takes more time
than performing a projected gradient step. These observations suggest that second-
order methods should be employed in situations where the sampling interval A needs
to be relatively large due to communication delays, non-negligible dynamics, delays

from sensors, etc. and, as a consequence, first-order methods don’t perform well.
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3.5 Summary
In this chapter, we proposed and analyzed the approximate Newton methods that

incorporate second-order information for time-varying optimization.

We first considered the special case where there are no explicit inequality or equality
constraints. In this case each iteration of the approximate Newton method solves
a convex program that can be viewed as a quadratic approximation of the original
problem. It was shown that good estimation of second-order information is impor-
tant for achieving satisfactory tracking performance. We also proposed a specific
version of the approximate Newton method based on L-BFGS-B that handles box

constraints.

Then, for the general case where there are nonlinear equality and inequality con-
straints, we proposed two variants of the approximate Newton method. The first
variant employs penalty functions to obtain a modified version of the original prob-
lem, so that the approximate Newton method for the special case can be applied. We
showed that the difference between optimal solutions of the original problem and
the penalized problem can be upper bounded under certain conditions. The second
variant can be viewed as an extension of sequential quadratic programming in the
time-varying setting, and regularization on the dual variable is also employed. We
performed a direct analysis of the tracking error bound with respect to the optimal

trajectory and discussed its implications.

Finally, we used a toy example to compare first-order and second-order time-varying
optimization algorithms, which helps us understand the situations where second-

order methods are more appropriate than first-order methods.

3.A Proofs

This section provides the proofs of the theorems that have been skipped in the text.

Proof of Theorem 3.2
Denote T
A= [al . am’] c lexn
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and x* = Px-(X¢). The KKT conditions to (3.18) are given by
(x*, A%, u*) € dom(h) X R™ x R™,
T
J in * /l*
Vet - | 1) [ ] € Oh(x"),
A u
[y <0, AT =0,
Ax" = b,
from which we can see that
T 2
h(xe) = h(x*) > — (% — x9) [ Ve(x*) + f’;x ] . (3.35)

Let
LA, ) = c(x) + h(x) + AT fi*(x) + 1 (Ax = b)
s-1[m m’
sl DU LW B
B \G =
where 8 = k/(k — 1), and
Ti=e' [

i=1,...,m,
k=1

~ ] T T

flej =€ sgn(ajxe—bj)‘a.xe—bj

J

j=1,...,m.
We have shown that the min-max problem

min  max  L(x, 4, u)
xX€R™ 1eR”, ueR™’

(3.36)

is equivalent to the penalized problem (3.20), whose solution is given by (%, Ae, fic).
Then we have

p-1 [ i
— S S
i=1 j=1
-2 |G| & & s
*ge-w| |A%e b]+ a2l 2l

i=1 j=1

By f"(x*) < 0 and the complementary slackness condition *7 f"(x*) = 0,

(e =29 fi(x*) <0,
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and together with Ax* = b, we get
il D QTR I
5 DMl + )l
Jj=1

i=1
) - )] A s S e
A% — Ax* ]+7(Zﬁi + el |

i=1 j=1

) . (3.37)
Ao -1

fe — 1

It can be checked that the optimality condition for (3.20) is given by

_ar
inn (xe)

Ae
e

—Ve(xe) — € Oh(%e),

Tr-~
inn(.’xqe) AE
) e

and therefore

h(x™) — h(Xe) > — (x* = )ZE)T (VC(JEE) +

By combining (3.38) with (3.35), we get

_ T
inn (xe)
A

(% —x") (Vc(ie) — Ve(x*) +
The assumption (3.19) then indicates that

inn(x*)
A

T -

vl|Fe = x| < (% - x*)T(

Summing (3.39) and (3.37), we obtain
A RITE i:
vlIFe =22+ — | D el + D Jfie|
B i=1 j=1
< AL (£ + Tpn(F0) (6" = %) — ()
T (i ~ i R QTE C
AT (M) + ) (e =) = 1) + o | DA+ 3 sl
i=1 j=1
Now, since each component of f in is convex, we have
ST () + T (%) (x7 = %) = f(x*) <0,
S + Jpin(x7) (B = x7) = f™(%e) <0,
and then by A, > 0 and 1* > 0, we get

Tl B T I U Ol R TII IRy
v|[Xe — xX7||7 + 7 Z|/le,i| +Z|,U6,j| < 7 Z A+ I 1E
=1

i=1 i=1 ]:1

3

which is just the bound (3.21). [
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Proof of Theorem 3.3

Let I denote set of indices of active constraints in f”(x*) < 0 and J denote the set

of indices of active constraints in g”(x*) < 0. Without loss of generality we assume
that

I ={L2..,|7}, J={L2,...,191},

and consequently 7¢ = {|J |+ 1,...,m}, T ={|J |+ 1,..., p}. Define u* € RY
and v* € R™ by

1 .
u; = AT, i=1,...,m,

* % k L .
vi = sgn(u))|p;]=T, j=1...,m.

Consider the following set of generalized equations in z = (x, v, v, u, {):

’ T
- ] L e J in
V() + V0 + Z} sen(v))lv; 1V £9(x) + Jj((x;] ‘ ] ~0
—f(x)+ev =0,
—-g“(x) =0,

—fM(x) + eu + Ngm(u) 30,

—¢"(x) + Ngr({) 3 0.
(3.40)
It can be checked that z* := (x*, v*, v*, u*, {*) is a solution to (3.40) for £ = 0, while
for £ = €!/®*=1 > 0, any solution to (3.40) provides a local optimal solution to the
penalized problem (3.23).

Denote K := R+ x R}""?. We introduce the map @ : R, x K — % such that
D(g,7) + N(z) 2 0
is a shorthand form of (3.40). Let
¥(2) == @0, 2°) + Joo(0,2)(z = 27) + N ().

The set-valued map ¥(z) can be viewed as the “linearization” of the set-valued map

®(0, z) + Ny (z) near z*. Now consider the generalized equation w = ¥(z) where
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w € K is some given vector. It can be checked that w = W(z) is explicitly given by
H*(x — x*) + Jf}n(x*)TU* (ur — ) + Jpea(x*) V*(v = v*)
Hgin (X)L = )+ Jgea () (v = 07) = i,
~Jpea()x —x7) = wy,
gea () (x = X) = W
() = x) 4 Nyri(ug) 3 wur, O
—fin(x*) - Tpin () = %) + Nyirei(uge) 3 wi ge,
—Jgfjn(x*)(x -x")+ NRL:N({J') > W g
=gge(x") = g (X)(x = x*) + Npigei(Lge) 3 we e,

where
H* — Vixﬁ(x*, /l*, /J*, g*, U*),

U* = (k - 1) diag (u*’(_2 : K_Z),

1 ,...,I/llIl
k=2
2

and wy, Wy, Wy, Wy, 7, Wy 7¢, Wg, 7, Wy, g are the corresponding subvectors of w. By

k=2

PRI )

*
m/

V* = (k — 1) diag ( vy
the positive definiteness of H*, the linear independence constraint qualification, the

strict complementary slackness, and the assumption that the entries of u* are all
nonzero, we can see that the matrix

H Jpea )V Jgea )T T pn(x) O Jgijn(x*)T'
J ea(x*) 0 0 0 0
Jgea(x*) 0 0 0 0
Jpin(x%) 0 0 0 0
| Jin (") 0 0 0 0

is invertible. Then it can be verified that when ||w|| is sufficiently small, the

generalized equation (3.41) can be reduced to

H Ty @)V JgeaxY T pn () O Jin LT = o ] Wy
Jpea(x*) 0 0 0 0 v —v* wy
Jgea(x*) 0 0 0 0 v=v = wy |
Jf}n(x*) 0 0 0 0 ur —uy Wiu.T

_Jgfjn(x*) 0 0 0 0 {g - {:i}_ Wi
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It’s not hard to verify that this set of equations has a unique solution that depends
Lipschitz continuously on w. In other words, we have shown that ¥-! the inverse of
the set-valued map ¥, has a Lipschitz continuous single-valued localization around
0 for z. It’s also not hard to check that ®(g, z) and Jo (&, z) is continuous over
(g,z) € Ry X K. Therefore by [40, Theorem 2B.1], there exist some £ > 0, M > 0
and a unique continuous function 7 : [0, £) — K such that Z(0) = z* and Z(&) solves

the generalized equation (3.40) for each € € (0, £). Moreover,

m
K
“3
i=1

Then by noting that the first n entries of Z (el/ (K_l)) form a local solution to the

m

KK:‘QM Z

i=1

K
/1* KKTI

1

I2(e) — 2*lle, < M ||@(e, ) — D0, 2¥)

H;

penalized problem (3.23), we get the desired conclusions, with € = &<~ [ |
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Chapter 4

APPLICATIONS IN POWER SYSTEM OPERATION

4.1 The Time-Varying Optimal Power Flow Problem
In this chapter, we discuss the applications of time-varying optimization in power
system operation, with a focus on the time-varying optimal power flow problem and

real-time optimal power flow algorithms.

As mentioned in Chapter 1, in future smart grids, the fluctuations and uncertainties
introduced by large penetration of renewable generation make the operation of smart
grids challenging, while controllable devices provide diverse control capabilities
that can be employed to overcome the challenges. Extensive real-time measurement
data will also become available by smart meters and other advanced measurement
equipment. When time-varying optimization tools are applied for real-time power
system operation, these factors should be taken into consideration to tailor the

algorithms so that the structures and properties of smart grids can be utilized.

We now present the formulation of the time-varying optimal power flow problem.
Suppose we have a single-phase power network! with a topology represented by
a connected graph (N*, &) where N* := {0} UN, N = {1,2,...,n} and & C
N* x N*. Bus 0 will be the slack bus, and the phase angle of its voltage will be
the reference and taken as zero. Let ¢ € [0, T] be an arbitrary time instant. We use
v(t) € RV and 6(¢) € RN to denote respectively the vector of voltage magnitudes
and the vector of voltage phase angles, so that Vi(¢) := v;(t)el® is the voltage
phasor at bus i € N and Vy(¢) := vo(¢) is the voltage phasor at the slack bus. We
use £(f) € R® to record the squared current magnitudes through the lines, where
i (1) denotes the squared current magnitude associated with the edge (i, k) € &. We
use p(r) € RV and ¢(r) € RV to denote the vectors of real power injections and
reactive power injections of the controllable devices respectively, so that p;(¢)+jg;(t)
is the complex power injection of the controllable devices connected to bus i. We
use p(¢) and ¢"(¢) to denote the vectors of real and reactive uncontrollable loads
respectively, and p(z) — p&(¢) and ¢(¢) — g"(¢) then represent the net real and reactive

power injections.

! The basic ideas and principles of real-time optimal power flow algorithms can be applied to
the operation of three-phase networks as well, which for simplicity will be omitted here.
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The relation between v(z), 6(t), £(t), p(t), q(t), p“(¢) and ¢“(¢) is described by

physical laws and usually can be written as a set of algebraic equations (when one

is interested in the steady state behavior) or ordinary differential equations (when

dynamics needs to be accounted for). For steady states, the power flow equations
pilt) = pH@) + (a0 =gk () = D VOV, VieN*

keN*
or

0= —(pi(t) - p; (1))
+ Z Vi(t)vi(t)(Gix cos(0;(t) — Ox (1)) + Biy sin(;(t) — 6x(1))),

keN+
0= —(qi(r) - g-(t))

+ Z Vi) (£)(Gix sin(;(r) — 0k (1)) — Bix cos(6;(t) — 0(1))), Vie N*
keN™*
(4.1a)

are satisfied, where Y;; = Gy + jBix is the (i, k)’th entry of the admittance matrix of

the network, and we let 8y(¢t) = 0. The squared current magnitudes satisfy
0 = =€ (0) + Y (Vi(0) = Vi0))?

= ~6u(t) + 1Y (v2(0) + v3(0) = 20(0)wi(o) cos (61(0) — 04(1))), V(i k) € &
(4.1b)
We abbreviate the set of equations (4.1) as

G (p(t) = p"(1), q(8) = p(2), v(2), 6(1), £(1)) = O, (4.2)
where the vector-valued function G has 2(n + 1) + |&| entries that are given by the
right-hand side of (4.1).

For each bus, there are physical constraints on how much power can be injected
by the controllable devices. We assume that they can be modeled by time-varying
constraints

si(pi(1), qi(1),1) <0, ieNT,
where each s;(-, t) is a vector-valued continuously differentiable function with convex
components over R? for every ¢ € 7, and the set {(p; ;) : si(pi.gint) < O} is
compact. Information about the capabilities of controllable devices can be encoded

in these time-dependent constraints.
The voltages and currents also need to be bounded for operational reasons. We
assume that they are given by

v, < vi(t) <v;, i€ N¥,

Grt) < Gk, (i, k) € &.
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For each bus i, we assume that a cost c¢;(p;, g;,t) will be incurred when complex
power p; + jg; is injected by the controllable devices at bus i into the network at
time ¢. The cost functions can be potentially time dependent. We also assume that
they are all convex functions of (p;, ¢;) and are twice continuously differentiable for
each fixed 7, and that the Hessian of ¢; with respect to (p;, g;) is continuous over
(pi, gi, 1) € R x [0, T].

The time-varying optimal power flow problem we shall consider is then formulated

as

min Z ci(pi- gi, )

pavot =
st. G(p—p"0).q—pH0).v.6,¢) =0,
si(pi» qist) <0, i€ NV
v, <vi<v, ieN'

b < ik, (k) € &.

4.3)

The goal is to find a sufficiently good sub-optimal solution p, € RV", g, e RV, 9, €
RN" 4, € RN and ¢, € R® to (4.3) for each t = 7A. We see that (4.3) is
within the general framework of time-varying optimization?. When a time-varying
optimization algorithm is tailored and applied to (4.3), we call the resulting algorithm

a real-time optimal power flow algorithm.

As usual, we let (p*(¢), g*(¢), v¥(¢), 0%(t), £*(¢)) denote a trajectory of local optimal
solutions to (4.3).

Power System as an Implicit Map

While we can directly apply the regularized proximal primal-dual method or the
approximate Newton method to (4.3), we note that the power flow equations (4.2)
will in general not be satisfied by the resulting solution (p+, Gz, V-, 0., fT). More-
over, we observe that, given a subvector of (p(t), g(t), v(¢), 8(¢), £(t)) with appro-
priate dimension and value, the remaining entries can be determined implicitly by
the power flow equations (4.2). This observation suggests that we can partition
(p(2), q(1), v(1), 6(¢), £(t)) into two subvectors, which we denote by x(¢) and y(¢), so

that there is an implicit function derived from the power flow equations [in some

2 Strictly speaking, the formulation (4.3) assumes that the behavior of the power network can be
described by the steady-state power flow equations for all #, which is an approximation considering
that the power network has its own dynamics that needs to be described by differential equations.
How to incorporate the dynamics will be left for future work.
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neighborhood of (p*(¢), ¢*(¢), v¥(t), 0*(¢), €*(¢))] that maps x(¢) to y(¢). We refer to
g (p*(1).q p y

x(t) as the input variable, and y() as the state variable.

Specifically, we construct two operators

PRV xRV xRN xRN x R® — R%,

P, : RV xRN x RV" xRV x R® — R%,
where dy, d, € Nand d, +d, = 4n+ 3+ |&|, such that (P,, P,) permutes the entries
of the vectors in RV x RVN" x RV" x RV x R€ to form a new vector in R¥+3+18l,

The partition of (p(z), g(¢), v(¢), 6(¢), £(t)) into x(¢) and y(¢) can then be represented
by

x(t) = Px(p(1), q(2), v(1), 6(0), £(2)),  y(2) = Py(p(2), q(2), v(2), 6(2), £(1)).
We assume that this partition does not depend on ¢. Denote

x(1) := Po(p"(1). 4%(1).0,0,0),
yH(@) = Py (pH(1). (1), 0,0,0),
and
x*(t) == P (p™(0), ¢" (1), v (1), 6" (1), £ (1)),
yi(t) == Py(p™ (1), ¢" (1), v (1), (1), £*(1)).

The power flow equations (4.2) can then be rewritten in the form

G" (x(t) = x(1), y(t) - y" (1)) = 0. (4.4)

By [53, Proposition 1], the 2(n + 1) + |E| equations in (4.4) are independent gener-
ically. Then the requirement that an implicit function can be derived that maps
x(t) to y(t) in some neighborhood of (x*(¢), y*(¢)) suggests that d, = 2n + 1 and
dy=2n+1)+|&|

Proposition 4.1. Suppose x*(t), y*(t), x“(t) and y™(t) are all continuous functions
overt € [0,T]. LetU c R¥"*! be open and simply connected such that x*(t)—x"(t) €
U forallt € [0,T], and let V € R**DHEl pe open such that y*(t) — y(t) € V for
allt € [0,T). Let C € U XV denote the path-connected component of

{(xy) e UXV:G"(x,y) =0}

such that (x*(t) - xH(1), y*(1) - yL(t)) € Cforallt € [0,T]. Suppose the following

assumptions hold:
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1. For every x € U, there exists y € V such that (x,y) € C and the Jacobian

Jgr (%, y) is nonsingular.

2. For any (xo, yo) € C and x1 € U, there exists a continuous pathy : [0,1] — C
such that y(0) = (xq, yo) and 7ty o y(t) = (1 — t)xo + tx| for any t € [0, 1], where

7y : C — U denotes the canonical projection that maps (x,y) € C to x € U.
Then there exists a unique smooth map ¥ : U — V such that foreacht € [0,T],
o -xeU, Y@ -y = F @) - xH0),

and
(x, i’(x)) € C, VxeU.

Proof. Let (xg, yp) € C be arbitrary. By the implicit function theorem, there exist
an open neighborhood Uy € U of x(, an open neighborhood Vy € V of yp, and a
diffeomorphism fy : Uy — Vj such that

{(x, fo(x)) : x € Up} = C N (Up X V).

This implies that 7, : C — U is a local diffeomorphism. Then by the assumptions
and [76, Theorem 1.1], n, : C — U is a covering map. Finally, since C is path-
connected and U is simply connected, by [70, Theorem 54.4], we conclude that
my : C — U is a homeomorphism. Let ¥ : U — V be defined by ¥ := ﬂyﬂ;l,
where 7, : C — V denotes the canonical projection that maps (x,y) € Ctoy € V.
It can be verified that ¥ satisfies the properties stated in the proposition. The

smoothness of ¥ is guaranteed by the smoothness of G°. m|

Proposition 4.1 is a version of the global implicit function theorems [22]. From now
on we assume that, for the partition (P, P, ), there exists an open set U C R2n+1
and an implicit power flow map ¥ : U — R2*+D+El that accords with the optimal
trajectory (x*(z), y*(¢)). We denote U(t) := U + x"(¢), and

F(x, 1) := F(x = x“(1)) + yH()
for any (x, ) satisfying x € U(¢).
By modelling the behavior of the power network through the implicit map ¥, we
can reformulate the time-varying optimal power flow problem (4.3) in the form

xren(Lllr(ll : c(x Fx,1),1)

st. x € X(1), (4.5)
h(x, F(x,1),1) <0,
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for some ¢ : R+ x R20+D+El 5 [0, 7] — R, some set-valued map X : [0,T] —
2" and some map h that is defined over R¥"*! x R2+D+I€l 5 [0, T]. Without
loss of generality, we can assume that c(x, y, ¢) is twice continuously differentiable
over (x,y) € R¥"* x R20+D+El " X (1) is convex and compact, and h(x, y,) is
continuously differentiable over (x, y) € R¥"+! x R2*+D+I&l for each r. We see that
explicit power flow equations are eliminated in (4.5), and we only need to optimize

over x = P,(p, q,v, 0, ), whose advantage will be discussed in the next subsection?.

The sampled version of (4.5) will be denoted by
){IEl(lLI} Cr (-xa T?'('x))

T

s.t. xe X,
he(x, F=(x)) < 0.

Remark 4.1. Note that (4.5) is in general not equivalent to (4.3), unless the implicit
function ¥ is the unique implicit function that can be derived from the power flow
equations (4.4) over the feasible set of (4.3). In addition, Proposition 4.1 imposes
conditions on the Jacobian Jge ,(x, y), and consequently imposes constraints on the
partition (P, Py) as well. In practice, the following factors should be taken into

account when we design the partition (P, Py):

1. We have seen in Chapters 2 and 3 that the set inclusion constraint X; € X, will
always be satisfied, while the inequality constraints can be violated for the time-
varying optimization algorithms we propose. Thus for real-world applications,
we usually partition the variables in a way such that x(¢) € X(¢) consists of the
constraints that cannot be violated physically (e.g., lower and upper limits of real
power injections), while a(x(z), F(x(t),1),t) < 0 consists of the constraints that

can be violated temporarily (e.g., limits on the voltage or current magnitudes).

2. It is usually favored to choose x(¢) to be those variables that can be directly
controlled (such as power injections), and y(¢) to contain the conventional power
network state variables (voltage magnitudes and phase angles) and the squared
current magnitudes. In practice, it has been empirically observed that, given
a “reasonable” set of injections, there is a unique solution to the power flow
equations that satisfies the operational constraints in most situations. While
counterexamples do exist [5, 59], recent works [18, 41, 42] have identified condi-

tions under which there is a unique power flow solution within a certain domain.

3 The idea of partitioning variables into two subvectors to eliminate equality constraints has
been proposed in the reduced gradient method [1] and has been used for solving optimal power flow
problems [38].
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As an example, in distribution networks, we usually let

x(t) = (vo(t), p1(2), qi (1), - . ., pu(t), gn(1)),

y(t) = (po(®), qo(0), vi(1), 01(2), . . .. va(1), Ba(0), (€;())i jyes ) -
In transmission networks, the situation is more complicated. Bulk generators are
connected to PV buses whose real power injections and voltage magnitudes are
easier to control directly, suggesting that it is reasonable to put (p;(¢), v;(¢)) instead
of (pi(?), ¢i(t)) in the vector x(¢) for a PV bus; however, one has to pay the price that
the constraint on the reactive power injection could be violated. For the slack bus,
although there are hard physical constraint on the real power injection pg(t), we still
put it in the vector y(¢), as in transmission networks we usually have };ca+ pi(?) = 0
and numerical issues are very likely to occur if we let x(7) consist of all p;(r). We
shall not discuss in detail here heuristic methods that address the issue of violation

of hard physical constraints. [

Remark 4.2. When the partition (P,, Py) is chosen appropriately, it can be the
case that the function 4 depends on x purely through F(x,¢). In other words, the
inequality constraint in (4.5) can be written as hA(F (x,t),t) < 0. We shall denote
the sampled version of / by h.(y) := h(y, TA) in this case. [

From now on we neglect the constraint x € U(¢) in (4.5). In well-designed power
networks, under optimal operations, there should be sufficiently large margins from
voltage collapse and other instabilities. When the partition (P, P,) is properly
chosen, this means that the distance from the optimal solution to (4.3) to the set

{(x’ y) c R2n+1 x Rz(n+1)+|8| . QP (x _ xL(t), y— yL(t)) -0,

Jry (x - X0,y - yL(t)) is singular}
should be sufficiently large, and the boundary of U(¢) can be pushed sufficiently far

from x*(¢) for each ¢. It is then usually safe to neglect the constraint x € U(z) as

long as the tracking error is sufficiently small without considering this constraint.

Incorporating Feedback Measurements
In the previous subsection, we provide a mathematical theory on the implicit power
flow map, which is employed as a model for the power system. In this subsection, we

discuss why we employ the implicit power flow map from an engineering perspective.

Figure 4.1 shows the diagram of the control of a time-varying system. Here the
system’s state variable y(¢) is determined by the input variable x(¢) through the time-

varying relation y(z) = ¥ (x(¢), ). The time-varying components can be introduced
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physical / logical
z(t) system y(t)

input y(t) — }'(a:(t),‘t) state

Tr time-varying Y
components

feedback

Figure 4.1: Diagram of the control of a time-varying system. The system’s input-
state relation is given by ¥, which is influenced by some time-varying components.

by some exogenous sources that interact with the system but are hard to predict.
Sensors are installed that measure the state of the system and collect relevant data of
time-varying components in real-time. The controller uses feedback measurement
provided by sensors to determine a setpoint X, for the system at each sampled time
instant 7. We can readily recognize that Figure 4.1 provides a paradigm of real-
time control of future power networks, where distributed controllable devices are
jointly operated to handle fast-timescale fluctuations and uncertainties introduced
by renewable generation, with the help of real-time measurements provided by

advanced measurement equipment.

The modelling of power systems as an input-state map allows us to better incorporate
the real-time measurement data. Mathematically, the computation of the implicit
power flow map ¥ requires solving the power flow equations. On the other hand,
when real-time measurement data are available, the power network itself can then

be used as a solver for the power flow equations.

To illustrate the basic idea, let us consider an ideal case where accurate measurement
data can be obtained without delays and the dynamics of the power network can be
safely ignored. Then when we want to get the value of ¥ (x, ¢) for some x, we can

apply x to the power network, and then use the sensors to measure the state y.

The use of real-time feedback measurements is a central idea in the real-time optimal

power flow algorithms, and leads to the following benefits:
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1. The power flow equations are a central constraint in the optimal power flow
problem, and most optimization algorithms either explicitly or implicitly solve
the power flow equations. The use of feedback measurement data potentially
helps reduce the computation burden caused by solving the power flow equations

and increase efficiency, which is crucial in the time-varying setting.

2. In practice, it is usually difficult to obtain accurate parameters (the admittance
matrix, very detailed topology, etc.) of the power network. Utilizing feedback
measurement data can potentially increase the robustness of the controller against

model mismatch.

3. Real-time feedback measurements help us closely keep track of the time-varying

components that are hard to predict.

Now, let us assume that we want to modify certain time-varying optimization algo-

rithm, whose iteration is given by
Zr = T(z‘r—l; DT)7
X =1z,

to incorporate feedback measurements to solve the time-varying optimal power flow

problem (4.5). A general framework is given as follows:

Foreacht =1,2,...,|T/A],

1. Measure the input variable, the state variable as well as relevant time-varying
components at time ¢t = TA. Let X; denote the newly measured input variable,
V. denote the newly measured state variable, and D, denote the newly collected

problem data.

2. Construct Z; by replacing the entries of Z,_; associated with the canonical projec-

tion map II such that [1Z; = X;, and keeping other entries unchanged. Compute

27' = T(ET;)V;T7 DT)7

£ = T4,

(4.6)

3. Apply % to the system.

We first note that, in order for the real-time optimal power flow algorithm to work
smoothly, the time spent on the measurement and computation procedure should
be less than A. Secondly, we use a modified version of the operator T, denoted by

T, so that computation of the implicit power flow map 7 is replaced by using the
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measurement data y.. Thirdly, notice that the we use Z; as the starting point for the
iteration (4.6), to make sure that the algorithm uses data that are in accordance with
the implicit power flow map ;. The quantity X, can be different from %,_; because

of the following reasons:

1. For a controllable device, there might be some discrepancy between the control
command it receives and its actual power injection. The cause of this discrepancy
could be, for example, that the settling time of the device is larger than the interval
between real-time updates, or that X(¢) is only an approximation of the actual

operating region. See [13] for some related discussions.

2. Since the feasible set of input variable x(¢) is time-varying, the setpoint X,_p,
which satisfies the constraints specified by X;_1, may not lie in the feasible set
specified by X;. During the period ((r — 1)A, TA), the controllable devices may
need to adjust their setpoints so that the hard physical constraints will not be

violated.

3. The measurement error is not negligible.

The details of how the controllable devices implement the received control com-
mands and how they adjust their setpoints due to changes in physical conditions are

out of the scope of this paper. Here we employ the following assumption:

Assumption 4.1. For any 7, the difference between the setpoint X._ applied at the
end of the last iteration and the measured input variable X, at the beginning of the

current iteration is bounded by
—(ex +¢vU) < X — X < ey + 5, 4.7)

where A is the sampling interval, e, € Rflf is a constant vector, ¢ > 0 is a constant

scalar, and each entry of v € Rﬁif is defined by

v; = sup sup |xl~ - (me(x))i|, i=1,...,d,.

T xeX;

Basically, (4.7) says that the difference X,_; — X; is bounded by two terms. The
vector e, gives an upper bound on the discrepancies between the received control
commands and the measured value of setpoints that are independent of the change
in X;. The vector v characterizes the maximum rate of change of the feasible region
X:, and gv gives an upper bound on how much the controllable devices adjust their

setpoints due to changes in X;.
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Finally, we note that the framework given above assumes that the input variable, the
state variable and relate problem data can all be measured or collected in real-time.
The measurement and collection of these data may require real-time power system

state estimation, which we shall not expand as it is out of the scope of this thesis.

In the next two sections we present two real-time optimal power flow algorithms,
one based on the regularized proximal primal-dual gradient algorithm, and the other

based on the approximate Newton method with the penalty approach.

4.2 A First-Order Real-Time Optimal Power Flow Algorithm

In this section, we introduce a first-order real-time optimal power flow algorithm.

The algorithm is based on the regularized proximal primal-dual gradieng algorithm
discussed in Chapter 2, and is designed for operation of a distribution feeder in
which the power injections at some of the buses are controllable. A similar real-
time optimal power flow algorithm has first been proposed in [35] and generalized

in [14, 36], where regularization on the primal variable has also been introduced.

We choose the partition (P, P,) as

x(t) = (vo(2), p1(1), q1 (1), . . .., (1), (1)),
() = (po(t), qo(t), vi(2), 01(2), . .., vn(8), Bu(1), (ij(1))i jree)-

The slack bus of the distribution network is placed at the substation, which connects
the distribution feeder to the transmission network. For simplicity we assume
that vo(z) is fixed at 1 p.u. We assume that for each time ¢, the constraint on
the power injection of the controllable devices connected to bus i € N is given by
(pi(?), qi(1)) € X;(t), where X;(t) c R? is convex and compact and sufficiently simple
so that the projection onto X;(¢) can be easily computed. The set X(¢) is then given
by

X(1) = {1} x ﬂ Xi(?). (4.8)
i=1
The constraint on (po(t), go(t)) is given by a time-varying box constraint

p,(0) <polt) < Po(0)
4,(1) <qolt) < Gol0).

(4.92)

where po(t), Do(t), qo(t) and py () are known at time 7. We assume that there is no

explicit cost associated with the power injection at the slack bus, i.e., cog = 0.
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The constraints on voltage magnitudes and squared current magnitudes are still

given by

v, < vi(t) <vi, 1€eN, (4.9b)
Gir(t) < €, (i, k) € &. (4.9¢)

By employing the implicit power flow map, the constraints on the state variable y(z)

(4.9) can then be written in the form
h(F (x(1),1),1) < 0. (4.10)

The dimension (number of entries) of 4 will be denoted by m. Note that & depends on
x purely through ¥ (x, ) because of the choice of the partition (P, P,). Moreover,
the Jacobian Jj,,(y,?) is a constant matrix over (y,) € R% x [0,T]. We denote
H = Jh,y(y, l‘).

We notice that when the regularized proximal primal-dual gradient algorithm is
applied to our problem, it’s natural to incorporate measured value of the state

variable, which we denote by y-, in the dual update step (2.10b) as
/’iT = PRT [//i‘r—l + na (h‘r()v/‘r) - 6(21—1 - ﬂprior))] .

On the other hand, in the primal step (2.10a), we need to compute the Jacobian of
ht(F+(%;)), which is equal to HJ# (X;). The computation of the Jacobian J¢ (X;) =
J#(Xr — x“(tA)) can be a daunting task, as the implicit function theorem gives

Jp(x) = = [Ty (5, F )] Jgrx(x F(x)),

which involves the inversion of a large matrix Jge , (x, F(x)). Existing literature has
proposed different methods for reducing the computational complexity. Reference
[33] employed rectangular representations of the power flow equations and reported
improvement in efficiency over traditional methods; [18, 24, 35, 47] employed
particular approximations or linearizations that can be computed offline; [47] also
proposed an iterative approach that converges fast empirically by exploiting the
radial topology of distribution networks; [90] utilized the observation that there will
only be a small number of buses or lines whose voltages or currents violate their
constraints in practical situations. We shall introduce the method in [90] in the next
section. For now, we make the following assumption that there exists a method to

produce an approximate Jacobian efficiently for each iteration:



121

Assumption 4.2. Let T be arbitrary. Let ¥ be the implicit map derived in Proposi-
tion 4.1. Define

06 = | (5de+(x*(t)—xL(t))).

te[0,T]

Then there exist some sufficiently large § > 0, amap J : O(§) x R x R — Rb>ds

and a function ey : Ry, — R, such that we have
|7 (30 700, 0 = )| < ex@rial (4.11)

for any x € O(5), any A € R™ and any 6 € (0, 5].

Moreover, J(x,y, ) is continuous over (x, y) for each A, and the map J is compu-
tationally inexpensive so that each iteration of (4.12) can be completed within the
interval (TA, (T + 1)A).

The first-order real-time optimal power flow algorithm based on the regular proximal

primal-dual gradient algorithm (2.10) is then given as follows:

A

Initialize a, 1, €, Aprior, Ao-
Foreacht =1,2,...,|T/A],

1. At time r = TA, measure the input and the state variables as well as the loads
pH(tA), ¢~(tA), and collect data on the cost functions ¢;(-, -, TA), the sets X;(TA)
and ]_)O(TA), DPo(TA), gO(TA), Go(TA).

Let ; € RV and ¢, € RY" denote the newly measured real and reactive power
injections, and let V; € RN, . € RV, fT e RV denote the newly measured
voltage magnitudes, phase angles and squared current magnitudes, respectively.
Let

Xr = (1L, Pras ety - - > Prws Grn)s

?T = (]51,0, ér,o, ‘\;T,la 07,1, s ‘\;T,na GT,na (f‘r,ij)(i,j)ES)-

2. Compute p; and g, by

N
Pr,i

.| =P«
QT,i

1,7

Pri L
v” - a(vci,‘r(p‘r,ia QT,i)

qr,i

L

L L ) L L by | KD VAR CR Py

A = Pey [ Ay + 0 (e Go) = €At = Apror) ). (4.12b)



122

where J,, 4, denotes the columns of the matrix-valued map J that correspond to
(pi» gi), and xp := xM(TA), yr 1= yH(TA), Xir 1= Xi(TA), €1z () = 6, TA).

3. For each i € N, set the real and reactive power injections at bus i to be p.; and

g~ respectively.

Distributed implementation Suppose for each bus i with controllable devices,
there exists a local agent that operates and measures the controllable devices con-
nected to bus i. Apart from the local agents, there exists a central operator that
collects the measurement data of the voltage phasors, current magnitudes and rel-
evant uncontrollable loads across the network. There are communication links
between the central operator and each of the local agents. Further, suppose that
we use a constant matrix J to approximate the Jacobian J& (the matrix J can be
derived, for example, from the linear DistFlow model [65]). Then the first-order
real-time optimal power flow algorithm can be implemented in a distributed fashion
naturally. Specifically, at time ¢ = TA, the central operator will broadcast the La-
grange multiplier A,_;, and then update the Lagrange multipliers by (4.12b) from
the measured state variable y,. Each local agent stores their corresponding columns
of the matrix HJ offline, and upon receiving A,_, each local agent will carry out the
update (4.12a) individually. This distributed implementation has been suggested in
[35, 36].

Tracking Performance
Now we study the tracking performance of the first-order real-time optimal power

flow algorithm.

We have formulated the time-varying optimal power flow problem as
min c(x, 1)
s.t. x e X(1), (4.13)
h(F(x,1),1) <0,
where c(x,t) is twice continuously differentiable for each fixed ¢ € [0,T] and
V2 c(x,t) is continuous over (x,7) € R>**! x [0,T]. Since F(-¢) and h(-,t) are
both smooth functions for each ¢ € [0,T], the constraint function A(¥(x,1),1t) is

twice continuously differentiable with respect to x for each ¢ € [0, T]. It can also be
checked that V2 _h(F(x, 1), 1) is continuous over (x, ¢) provided that p'(¢) and ¢"(¢)



123

are continuous functions over t € [0, T]. We let

h(F (x,0),1) = f(x, 1) + f*(x, 1)

be an arbitrary decomposition of 4(F (x, 1), t) such that f°(-, #) has convex component

for each t € [0,T], and V2_f¢(x,) is continuous over (x, t).

Similarly as in Chapter 2, we assume that for the problem (4.13) there exists a
Lipschitz continuous KKT trajectory z*(¢) = (x*(¢), A*(¢)) over ¢t € [0,T]. We then
define

_ 1z"(22) = 2*(20)lly d ,
oy =esssup||—z ()| ,
t0el0.T], lt2 — 1] refor] |ldt .
Hh#h
Mg = sup ||/1*(t) _/lprior| > M, = sup ”/l*(t)”’
t€[0,T] te[0,T]

Mu(8) == sup  sup ||D3,f™(x*(t) +u,t)
te|0T]  u:llu||<6,

b

x*(t)+ueX(r)
Mc(6):= sup  sup ||DL fO(x*(0) +u 1),
te[0,T]  u:||ul| <0,
x* (1) +ueX(t)
L#(6) := sup sup ||HJ(,r,x(x*(t) +u,t)|,

te[0T]  w:lull<s,
x*(O)+ueX (1)

D(6,1) := \nLs(0) + M:(0)Ma,
and
L (x, A1) = c(x, 1) + /le"C(x, 1),

1
Hopne(it.1) = / V2. L7 (6) + Ou, A (0), 1) d,
0

1
He(u,t) = /0 2(1 — H)V)Zcxfi"(x,* + Ou, 1) do,

005, a,n, €) = sup  sup
te[0T] u:ljul| <6,
x*(t)+ueX(r)

b

'(1 — aH gne(u, t))z— a(l-nae) Z /l;‘(t)ﬁfic(u, 1)
i=1

SM,e(5
p(6, @, n, €) := | max {p(P)(& a,n,€),(1 - naE)Z} +a(l - nae)\/ﬁT()

1/2

+a?|2 sup  sup Hnel — H pne(u, t)” D(6,n) + D*(6,1) ,
te[0,T] u:l|ul|<0,
x*(1)+ueX (1)

1 —nae \/ﬁa/Lf(d) }
" p@.a.n.€) p6.ain.€))

k(0, a, 1, €) := max {1
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Notice that when taking the supremum over « : ||u|| < ¢ in these definitions, we also
restrict u to lie in the set X(¢) — x*(¢), which is different from what we have done in

Chapter 2. This is because we use X; € X; instead of X._; in the iterations.

For simplicity of analysis, we assume that the measurement noise is negligible when

we collect data at the beginning of each iteration.

Lemma 4.1. Let v be arbitrary, and we assume that Assumption 4.2 holds. Let
%t = (X7, Ar—1), and suppose

. <d

for some & € (0,8). Then if 2; = (%, A.) is generated by (4.12), we have

||ZT - Zj

|22 - zﬁ”n < p@,a,n,€) |z - z}"”,7 + (3, @, 1, €)\naeMy + e (8) || A-—1,
(4.14)
where (8, a, 1, €) is upper bounded by \2 and satisfies

lin&+ k(6,a,m, €) = 1.

Proof. We introduce the auxiliary quantity Z; = (%, ;) by
%o = P, [ - (Verlie) + Ji (3 — <) T4 ).
T = Pey [ Aoy + e (e (F (% = 55) + 35) = €(Aeet = o) )|
It can be seen that 1, = A, as we assume negligible measurement noise on y,. On

the other hand, by employing the same approach as in the proof of Lemma 2.3, we

can show that
|Z- = 22l < (6, a.m ) ||z = 2z, + x(6, w1, €)VinaeMa,

with (0, @, 1, €) satisfying the desired properties. Now we bound the difference
between Z; and Z;. We have
27 - ZTHU = || — %l

<a 23—1 (HJ;E()ET - xi‘) - HJ(X; — xI;, Ve — yI;, 27_1))”

< aey(9) ||/1A‘r—1|

)

where we used

<o
n

g = xk = (g = k)| = e - w0l < 5 -

to employ the bound (4.11) in Assumption 4.2. The desired inequality then follows

from the triangle inequality. |



125

The following theorem then characterizes the tracking performance of the first-order

real-time optimal power flow algorithm.

Theorem 4.1. Let (Z;), denote the sequence generated by the first-order real-time
optimal power flow algorithm (4.12), and suppose Assumptions 4.1 and 4.2 hold.
Define
&1 1= oA + ¢|lvll + lexll,
& = k(6, a,n, €)a\neMy + ae;j(6)M,,
p(6, a,m, €) := p(0, @, n, €) + ane;(0).

Further, suppose there exist parameters ¢ € (0, 5], @ > 0, n > 0and € > 0 such that

(1-p06,a,n,€)0 = & + &. (4.15a)
If initially we have

|2 - 21|, = sl | P (4.15b)

g Ao — 4]
n
then
. . p(0,a,n,€)E + &
||ZT - ZT S -
g 1 _p(d @, 1, E)
+ﬁT(6 a,n E) ||z _ Z* _ p(5’ a, 1, e)éa]/ﬁ(éa a, 1, E) + (502
] s Ifs 1 1 n 1—[5(6,(y,77,e)
(4.16)

forall t.

Proof. For notational simplicity, we just use p to denote p(9, @, 1, €), use g to denote
p(6, @, n, €), and use « to denote (6, a, n, €).

The proof is by induction. By the condition (4.15b), we can apply Lemma 4.1 to get
21 = zil, < pllz - 5], + xvieeMa + aes) | Ao
‘We notice that
17o]] < fld0 = 5[l + [|il} < var [}z = =il + M.
Therefore

e = il < pllz - il + viraeMa + aes) (Villz - ], + M)

=5l -l + &
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which indicates that (4.16) holds for r = 1. Now suppose that for some 7 the

inequality (4.16) holds. Then we have

||Zr+1 - Z;k-+1||7] < ||ZT+1 - 27”7] + ||2‘r - Zi”n + ||Z;k' - Z:i+1||77
P& P + 572) oA

pE+E . .
< llex+svll+ —=——= +p7(||Z1—z1n—
-p

1-p
<&+ P&+ & L ( P(g’l/ﬁtg’z)
1-p 1-p
SéalJr/f>51+~5’z +ﬁ7(5_/?<531//0t@@2)’
1-p 1-p

where we used the assumption (4.7) and the condition (4.15b). The condition (4.15a)
implies p < 1 and 6 > (&1 + &)/(1 — p), and together with the definition of p, we
can further get 6 > (p&1/p + &2)/(1 — p). Therefore

y . pé1+ & pé1/p+ &

lrer =zl s 14 =57+ 5 (‘5 o5
=£1+52+,55§5,

where the last step follows from (4.15a). We also have

]| <

& + &
<\F(p ‘+p2 ﬁ’(”H

E1/p + &

_péilp+ 2))+Mﬁ.
1-p

Then by Lemma 4.1, we get

léver = 22l < P lvet = 21l + K2y + aes@) ]

Sp(gl+/3fa@1+f§°‘2+ﬁf(v _P@ﬁl/Pté‘}z))
1 - 1-p
+ k\naeMy + ae;(6)M,
&+ & E1/p+ &
+a\/_€J(5)(p 1 2 ﬁT (”Z _p ll/l_)i5 2))

+ & E1/p+ &
<p&L+p- péL+ & + &+ ”51—21" —W
1- n 1-p
P +E i1 pé1[p + &
=——=tp | - = |-
1-p 1-p
The tracking error bound (4.16) then follows by induction. O

Compared with the bound (2.24) in Theorem 2.1, the bound (4.16) further takes into

account the effect of employing an approximate Jacobian J(x, y, 1) of the implicit
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Figure 4.2: Topology of the distribution test feeder.

Bus no. 3 6 9 12 | 16 | 19 | 21 | 22 | 25

Normalized area 2 1 1 2 2 2 2 2 2
Rated kVA 200 | 200 | 100 | 200 | 200 | 200 | 200 | 200 | 200
Bus no. 27 | 28 | 29 | 30 | 31 | 32 | 33 | 34 | 35
Normalized area 1 2 2 2 1 2 2 2 3.5
Rated kVA 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 350

Table 4.1: The locations and normalized areas of the PV panels, and the rated
apparent power of their inverters.

power flow map as well as the difference between X;_; and X; as in Assumption 4.1.
It is interesting to see that the error in the approximate Jacobian e;(9) affects the
tracking error bound differently from the bound on the difference £;-; — X;. We can

also see that
p(d, a,m, €)E1 + &

1 -p(6,a,m, €)
gives the eventual tracking error bound.

(4.17)

Numerical Example
In this subsection we present a numerical example of the proposed first-order real-

time optimal power flow algorithm applied to a power system test case.

The test case is based on a single-phase version of the IEEE 37 node test feeder
with high penetration of photovoltaic (PV) systems. The topology of the network
is shown in Figure 4.2. A total of 18 PV systems are installed, and Table 4.1 shows

their locations specified by the bus numbers, normalized areas and their inverters’
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Figure 4.3: Profiles of individual loads p ,i € N, total load };cn p and total

photovoltaic (PV) generation ¥;c s, P-y

rated apparent power. The sampling interval A is 1 sec.

The objective function is given by

cr(p.q) = Z cp(pi —PE,Y)Z + g4}
i€Npy
where Npy denotes the set of buses with PV systems installed, and pf’y is the
maximum real power available for the PV system at bus i at time ¢t = 7A. The term
cp(pi — pf’}/)z represents the cost for curtailment of the real power generated by the
PV system, and cqql.2 represents the cost of injecting reactive power g; by the inverter
at bus i. The cost coefficients are ¢, = 3 and ¢, = 1. Fori € Npy, the set X, is
given by
Xir = {(p,q) €R2:p +¢ <5, 0<p Spff},

where S; is the rated apparent power for the inverter at bus i (see Table 4.1). For
i € N\Npy we set X; = {(0,0)}. We require the voltage magnitudes at each bus
to be within [0.95,1.05] p.u., i.e., v; = 1.05 and v, = 0.95 for each i € N; they
constitute the state variable constraint i, (7(x)) < 0.

The load profiles p]; are based on real load data measured from feeders in Anatolia,

CA during the week of August 2012, and we assume that g~ = 1pL, i.e., a fixed
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Figure 4.4: Illustrations of ||27 = Zi| A7

n’ | Z‘T' - Z‘T’—l”r] and a/|

constant power factor of 2/v/5 for each uncontrollable load. The generation profiles

of PV systems (pf\l])

by the normalized areas [10]. The time period is from 09:00 to 15:00. The load and

ieNpy ATC simulated based on real solar irradiance data scaled

generation profiles are shown in Figure 4.3.

We employ the following constant matrix to approximate the Jacobian
~ -1 ~
J(x, y, ) = Jg(0) = = [Jge, (0, F(0) | Jgr.. (0, F(0)),

i.e., the Jacobian of ¥ when there is no net power injection at each non-slack bus.
The parameters of the algorithm are € = 1072, a = 0.04, n =0.75/€ and Aprior = 0.
In order to evaluate the tracking performance, an optimal KKT trajectory z; is
computed by the conventional projected primal-dual gradient algorithm in the batch

scheme starting from the initial point (£, A) for each .
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Figure 4.5: The voltage profiles ¥-; and v, for i = 1, 27 and 34.

Figure 4.4 shows the resulting tracking error ||27 -7z
x;

below 0.2 for all 7. We also have the following statistics:

” together with [[z7 — z7_, I,

and a| . It can be seen that apart from some spikes, the tracking error is bounded

1 _ 1z -zl 3
— 3 Iz -z, =326%x107% = » ——T1=887x107",
K Z ! K Z llzz 1l

As a comparison, we have K=Y ||z% — Z;_4ll; = 8.55 % 1073, Moreover, the

illustrations seem to suggest that ||27 -7
Z*(rA)||A and ||z

. is strongly correlated with ||zz—z7_,[l; ~

”E in a way similar to the eventual tracking error bound (4.17).

Figure 4.5 compares the voltage magnitudes ¥, ; corresponding to £, and the voltage
magnitudes v . corresponding to x; for buses i = 1, 27 and 34. It can be seen that
the constraint on the voltage magnitude of bus 34 is slightly violated for certain time

instants. The violation is very small though, as simulation gives
1 - — R _
X Z ([vm - v,-]+ + [Ki - VT,i]+) =3.58 x 10 4,
T,

where [-]; denotes the positive part of a real number. The violation is partly a
consequence of the regularization, which drives the dual variables towards zero and

leads to an underestimation of the optimal dual variables.
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We emphasize that this numerical example is derived from real-world data, and the
theoretical assumptions may not apply here. Nevertheless, the simulations results

seem to be in accordance with the theory presented above.

4.3 A Second-Order Real-Time Optimal Power Flow Algorithm

In this section, we introduce a second-order real-time optimal power flow algorithm.

The algorithm is based on the approximate Newton method with the penalty approach
discussed in Chapter 3, and is designed for operation of power networks where
delays incurred by measurement, communication, etc. are significant and first-order
methods do not achieve satisfactory tracking performance. The algorithm can be

tailored and applied in both transmission and distribution networks.

Here for the sake of simplicity we employ the same partition as in Section 4.2,
x(t) = (vo(2), Pl(t)’ ql(t)’ SRR Pn(t)’ qn(t))’
y(#) = (po(t), qo(0), vi(2), 01(2), - . ., va(2), 0u(t), (€1 (1)) i jyee )

but other partitions can also be considered depending on specific situations. This
time we do not fix the voltage magnitude of the slack bus, and assume it can take
values between v, and v just like other buses. We also associate the power injection

at the slack bus with a cost function given by co(po, qo, t)-

Other settings are the same as in Section 4.2. The resulting constraints are given by

x(1) € X(1) = [vy, o] x | | Xito), (4.18)
i=1
and
Py(0) < po(®) < Po(1), g, (1) < go(t) < Go(1), (4.192)
v, <vi(t) <V, Qi€N, (4.19b)
(1) < s (i, k) € E. (4.19¢)

The constraints on the state variable (4.19) can still be written in the form
h(F (x(2),1),t) < 0.

We shall slightly abuse the notation and use po(x, t), go(x, 1), vi(x, 1), 01(x,1), ...,
Va(x, 1), On(x, 1), and £;j(x, t), (i, j) € & to denote the entries of F(x, 1).
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In the approximate Newton method with the penalty approach, we employ penalty

functions to handle the constraints on the state variable. Specifically, let

FE(x) 1= co(po(x, A, go(x, TA), TA) + > ci(pir 41 TA)

ieN
" Z Kl ([Vi(x’ TA) = V]| + [y - vilx, TA)]i)
ieN Vi
+ (l-;)elg %&j [Gij(x,TA) - zij]i
+ o ([Po(x, TA) — I_)O(TA)K + [l_’O(TA) - TA)]I;)
+ eq ([C]o(x, TA) - %(TA)K + [QO(TA) = qo(x, TA)]I;) ,

where k > 2, and €,,, €;;, €, €, are positive constants. We apply the approximate
Newton method to the following penalized version of the time-varying optimal
power flow problem:
min  FF(x)
X
s.t. (i, gi) € Xi(2), (4.20)
Vo € [KO’ V()] .

The procedure of the second-order real-time optimal power flow algorithm is then

given as follows:

Foreacht =1,2,...,|[T/A],
1. Attime t = TA, measure the current input and state variables as well as the loads
PH(tA), g“(7A), and collect data on the cost functions ¢;(-, -, TA), the sets X;(TA)

and BO(TA), Do(TA), gO(TA), Go(TA).
Denote the newly measured input variable by X;.

2. Utilize the new measurement and problem data to compute the gradient
8r = VFTE(XVT)’
as well as other quantities that will be used for Hessian estimation.
3. Let £; be an approximate solution to the following problem:
, L, ] y y
Ileln gZ(X - x‘r) + E(X - XT)TBT(X - x‘r)
st. (png) € Xi(TA), ieN (4.21)

Vo € [KO’ Vo] .
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Here the matrix B; is a positive definite matrix which serves as an estimate of
the Hessian of FfF.

4. Change the setpoints of the devices in the network according to x;.

5. Update the Hessian estimate.

Just as explained in Chapter 3, we do not specify the method of producing the
positive definite matrix B;, and different implementations of this algorithm can use
different methods and result in different tracking performance and efficiency. In
the following, we shall first study the tracking performance of the second-order
real-time optimal power flow algorithm, and then discuss specific implementation
details and propose a distributed algorithm for solving the quadratic approximation
(4.21).

Tracking Performance

In this subsection, we analyze the tracking performance of the second-order real-
time optimal power flow algorithm. We pick up an arbitrary trajectory of local
optimal solutions to the penalized problem (4.20), and denote it by (x:’p)T. We
define

ow = sup [lxe" =P
.

where W € R4 is any positive definite matrix. For simplicity we assume that
measurement noise is negligible when we collect data at the beginning of each

iteration.

Theorem 4.2. Let (X;); be the sequence generated by the second-order real-time
optimal power flow algorithm. Let W € R%*% pe a positive definite matrix, and let
|W| denote the matrix obtained by taking the absolute values of all the entries of W.
Assume that Assumption 4.1 holds, and for the approximate solution X, we assume
that

”i‘r - jZT”W < €50l

for each T for some eso) > 0, where X, denotes the exact solution to (4.21). We also
define

exw = +jel|Wley, vy = VT Wy,

and
Ay :=supinf{d € R : AW > B;},
T

A :=inf sup{d € R: AW < B;}.
T
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If for each T, we have

87! (Ve () ~ Ve (657)) ~ (%, — xi7)

p = sup 7 B < /l—m, (4.22)
T e = 7 |BT Am
then
~ *,p P /lM//lm €50l
|| %- — x7 (ow + suw + exw) +

e — >
b 1= o\ a2 1= o\ Aut [ m

.
Am y P Ow + SUW + exw + €sol
+ | O+ — ||x1 - xl
Am

v 1- 1%Y, /lM//lm
bounds the tracking error for each .

(4.23)

Proof. We first observe that, Lemma 3.1 can be applied to get the following inequal-

ity for each 1

[ -2, < ol - 23], @.24)

Then we prove the bound (4.23) by induction. For the initial time step,

< 1210 = Fullw + [[510 =Py < esor + ym" o 6 = 207,

,/7.
< esol + P /I_M ||xvl - x?p
m

showing that (4.23) holds for 7 = 1.

[

-

Now suppose for some 7 the tracking error bound (4.23) holds. Then

e

< et = Fratllw + [Frar =0y < esot + 25" [T =l

[ « /A 4.25
< €50l + P /1;11 ||36T+1 - x.lrfl By < esol t P /l_M ”)ET+1 - x:fl”w ( )
m
A
< et + oy 2L (et = ielly + 15 = 227y + ow)
m

where we used (4.24). Now by (4.7), we can see that

||va+1 - xAT”W

IA

sup{[lullw : —(ex + ¢v) < u < ex + gv}

sup{||u; + uz|lw : —ex < uy < ey, —sv < up < gu}

IA

sup{|lu1llw + |luzllw : —ex < uj < ey, —sv < up < gU}

sup{||ullw : —ex < u < ey} +sup{||ullw : —sv < u < gv}.
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‘We notice that

sup{|lullw : —ex < u < e,} = sup Zuivvijuj PTex SUS ey
L]
sup ZuilWijluj t—ex Su<Leyr=exw,
V iJ

sup{|lullw : —sv < u < gu} = guw.

IA

and similarly,

Therefore

| X1 — )eT”W S exyw t Suw. (4.26)
Now by plugging (4.26), (4.23) into (4.25), we can show that

P /IM//lm €50l
(ow + suw + exw) +

AT _ *P S vy o - e
||x " XT+1||W 1- P /lM//lm 1 - P /lM//lm

7+1
o An %l_x*,p| _ow + Suw + exw + esol
A P 1~ pAut /2
By induction we see that (4.23) holds for all 7. O

Remark 4.3. The tracking error bound in Theorem 4.2 is with respect to an optimal
trajectory of the penalized problem (4.20). One can further obtain tracking error

bounds with respect to (x}) > an optimal trajectory of the original problem, if the

difference ||x} — x;*||, can be upper bounded. n

Computation of the Gradient

In order to compute the gradient of F;, we need to find the partial derivatives of
vi(+, TA), Gij(, TA), po(-, TA), and go(-, TA) with respect to the entries of the input
variable. As mentioned before, this leads to inverting the Jacobian of the power
flow equations, and although the Jacobian is in most cases sparse, its inverse is not
and the computation will in general be very time consuming as the number of buses

becomes large.

On the other hand, we note that in practical situations, there will only be a small
number of buses or lines whose voltages or currents violate their constraints at
each time instant. Since the derivative of [x]% with respect to x is exactly zero
when x < 0, we only need to find V,v;(X;, TA) and V,.£;;(X;, TA) that correspond to

voltages and currents that have violated their constraints. They will involve only a



136

small fraction of the inverted Jacobian matrix, which could make the computation

much faster.

From now on until the end of this subsection, we consider a fixed time instant T and
omit the time indices of variables temporarily. We write the power flow equation
(4.1) in the form

Po = fOp(VO, V1, 91211)’ q0 = foq(VO, Vi, Gl:n)’

bi = fip(VOa Vims O1n)s Gi = fiq(V(), Vi, O1m), 1 € N,

where we use the subscript 1 : n to denote the collection of entries with indices in
{1,...,n}. The partial derivatives of the functions f,,, f4,, f»; and f;, are given, for
example, by [12, Equations (10.40) and (10.41)], and their computation is purely
arithmetic as long as the measurement data v;, g;, pi and ¢; are available for use.
By viewing po,qo and v;, 8;, i € N as functions of vy, p;., and gq1., and taking the
derivatives of the above equations, we get
Ot Ofin] [OVin  Vim
Ovim 0010 | | Op1n  Oqim
aft  afl | |90 901n
Ovim 001, LOP1n Oqin

= I, (4.27a)

6flpn aflpn avltn _ aflpn
ovin 001, 0 0
T e = e | (4.27b)
Ofin O | |Ln )| Oy
i 001ad L OV dvo
dpo dpo [ afop 6fop OV  Ovig
Op1:n 0qin — Vi 001, Op1n 041 , (4270)
dq0 940 aff ofl | |90 961
Opt:n 0qin LoV, 001n Opt:n  0qin
op]  [OR] [24 O8] [9vim
0 0 ovin 001, 0
R DO S AR D (4.27d)
% aqu 5f0q 8f0q 001,
dvo 0vp Ovin  001p Ivo

where we use the notation

30,‘] c jpx! da _ [5_”‘] c R
i=1,. 1

dai.p
ob

ab
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i Ovia 1 [0S, Of,
Op1n O0qim Ovin 001 -7
001 00w | |oft, o, |~ "
T v I el

Now let

j:{ieN:fUZzijforsomejeNJ’}

U {i € N :i1is aneighbor of the slack bus},
T=Ju{ieN:V2vorv<y}.

Then we have

aVI avI 6flpn aflpn
optn 0qin Ovin 001
(96._‘7 69_‘7 6flqn aflq:n
Opin 0q1n ovin 001,

, (4.28)

iz oo
o Ig

where /7 is the submatrix formed by the rows of I, corresponding to 7, and similarly

for 4. It can be seen that this is a set of | 7| + || linear systems with a common

sparse coefficient matrix, and can be solved efficiently when | 1| + | T | < n.

After we find 0vy/0p1.n, 0vr/0q1:n, 00 57 /0p1.n and 00 5 /0q1.,, We use (4.27b) to

get
Ovin -afll:jn afli?n- - _%
dvg _ Oviin  001p dvo
9910 - aflqn aflqn aflqn
Ovo .m 001, _6_\10
[0V, Ovia] aflpn-
_|0pin Oqin - dvo
061, 061 afe
_aplzn 36]1:n_ __6_\}0.
and so
ovr vy dvr 1 [ Of,
o | _ [0pin Oqua || dvo (4.29)
86 a0y 90y aft
vy [Op1in Oqin] L 9y, |

Then by (4.27c) and (4.27d), and noting that 3 f;’/dv; = f; /06; = df) /v =
0 ﬁ)q /06; = 0 if i is not a neighbor of the slack bus, we get

9po Opo.
Opin 0q1n
a0 9490
Opi:n 0q1n

afy
vy
af
6v]

8f(f7 6v1 aV]

001 Opin 041 (4 30)
6foq 00 g 00 g ’ ’

00 Op1:n 041



138

and
][] (0K | [ovr
0 0 0 00 0
N B S A B D B (4.31)
dao| " logs ||k os || 20g
dvo vy vy 865 | Lo

By the definition of 7 and ./, we can see that (4.28), (4.29), (4.30) and (4.31) give all
the partial derivatives for calculating V ,v;(%;, TA) and V. £;;(X, TA) that correspond

to violated constraints as well as V, po(X;, TA) and V,qo(X;, TA).

A Distributed Implementation Based on L-BFGS
In this subsection, we present a distributed implementation for the second-order
real-time optimal power flow algorithm, and especially for solving the quadratic

approximation (4.21).

We assume that for each bus i with controllable devices, there exists a local agent
that is responsible for operating and measuring the controllable devices connected to
bus i. Apart from the local agents, there exists a central operator that is responsible
for collecting the measurement data of the voltage phasors, current magnitudes and
uncontrollable loads across the network. There are communication links between

the central operator and each of the local agents.

At the beginning of each time instant = 7A, the local agents will measure their
associated power injections, and report the measurement data back to the central
operator. The central operator will collect other measurement data, and then compute

the objective value F¢(X;) and the gradient g-.

We then employ the L-BFGS method to produce and update the approximate Hessian
B, so that B; can be represented by

B, = 9.1 — K, M.K". (4.32)

Here K, € R™?? and M, € R?>*? for some d € N which is typically between 3
and 20, and 9, is a scalar. They are constructed from the
Yri=|yra -+ y‘r—l]’ Sp 1= [Sr—d o Sr-1

where
S; = X — Xqy v := VES(X;) — VFL(X7).

We refer to Section 3.2 for a brief introduction of L-BFGS and to [26, 27] for more

details. It can be seen that B; is equal to a scaling matrix plus a small rank correction,
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and because we use the limited-memory approach, computation involving B; can be
done in a very efficient way even when # is large. On the other hand, the matrix B;
in general is not sparse, making distributed computation quite difficult. We use the

central operator to store and update B; and compute its multiplication with vectors.

The central step of the second-order real-time optimal power flow algorithm is to
solve (4.21). It can be seen that, while B; is in general not sparse, the constraints in
(4.21) on the input variable x are separable, suggesting that some computation can
be done on local agents in a distributed manner. To be specific, we assume that the

feasible region X;(t) is represented by
2 1 7 T
Xi(t) = {x e R°: A;i(t)x < bi(1), 7% Qi(t)x +wi(t) x +ri(t) < 0}, (4.33)

where A;(¢) is a matrix with 2 columns, b;(t) is a vector, Q;(t) is a positive semidefi-
nite matrix, w;(f) € R? and r;(¢) is a scalar. We also assume that X;(¢) has a nonempty
interior4. This kind of specification for the feasible region X;(¢) can cover most of

the situations for optimal power flow problems. We also introduce

1 Vi
A0):=| |, bol0) = 1,

and Qo(¢) := 0, wo(t) := 0, ro(r) := —1.

The problem (4.21) can now be formulated as

1
min gl (x — %) + E(x - )TB(x - %)
X

S.t. A,'X(i) < b;,

1. ‘ ,
5x(z)TQl_x(l) +wiTxi(l) +r,<0,i=0,1,...,n,

where for notational clarity we temporarily drop the time indices, and denote

9 = (pi, qi), O = vy,

4 The proposed implementation can be generalized or tailored to the cases where there are
multiple convex quadratic constraints or where X;(¢) has an affine dimension less than 2.
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The KKT conditions for this problem are given by

T ' "
g+ B —0) + [ AT 4+ vi(Qx 4 wp)| =0

1=

diag(/l,-)(b,- - A,‘x(i)) = 8;'1,
1
—v; ( Ul Oix D + wlx® 4 r) =&, (4.34)

Aix < by, %x(i) 0ix" + wl.Tx(i) +1r; <0,
A >0, v; =0,

with & = 0 foreachi = 0,...,n. Here 1 denotes the vector whose entries are all
1, and we use the notation [Q,] _o to denote the symmetric matrix whose diagonal

blocks are given by Q; foreachi =0, 1,...,

We solve (4.34) by multiple iterations in an interior-point-like fashion. The Newton

step for (4.34) with positive ¢ is given by

. n
(B +[vQilly) 6x + [AiT(Sﬂi + (@i + Wi)(svi]izo
n

=-—-g- B(x - )E) - [ALT/L' + V,'(Qix(i) + W,')]. ,

- diag(/ll-)Al-(Sx(i) + dlag (bl - Aix(i))éﬁi = Sil - d1ag (l’)l - Aix(i))/l,-,
and

: 1
—i(Qix® + wi)6,0) - (EX

(i)TQix(i) + wiTx(i) + r,-) Oy,
LT 5 ) 4 T 0
=g + 7x Oix" +w; xV +ri|v.

It can be shown that this set of linear equations for (Jy, (6, )i (Ov, );‘:0) is equivalent

to
([D,-];;O - KMKT) 5= —g- (ﬂl - KMKT) (x - %)

~ [e (TG 11+ 27 (@ix + )| Lo sy

1=

64 = G (&1 + diag(4)A;6,0)) — A, (4.35b)
Oy, = zi_l (8,- + vi(Qix(i) + w,-)T('ix(i)) -V, (4.35¢)

where we denote
G; = diag (b; — Aix"), (4.36a)

1
Zi = (2 (l)TQ x(l) + WTx(l) + r) (436b)
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and
D; = 91 +v,Q; + ATG; ' diag(A)A; + 27 Vi (Qix® + wy) (Qix? +wi)T,  (4.37)

in which we used the L-BFGS representation (4.32). It can be seen that (4.35b) and
(4.35¢) can be computed in a distributed fashion by local agents after ¢, is solved,
and ¢, can be solved by the central operator after it collects enough information from
the local agents. Based on these observations, we propose the following iterative
method for solving (4.34):

1. The central operator construct @, K and M -1 by the L-BFGS method [26, 27].
The parameter ¥ is then broadcast to each local agent. Each local agent sets the
initial values of xV, A; and v; that are strictly feasible, and initializes the barrier

parameter &;.

2. Each local agent calculates G; and z; by (4.36), and then computes
, , -1
Di_l — (19] + V,'Qi + A?Gi_l diag(/li)Ai + Zl-_lvi(Qix(l) + W,') (Qix(l) + W,')T) ,
u; «— —siDi_l (Al-TGi_ll + Zi_l(Qix(i) + Wi)) ,

and sends x'”), D1 and u; to the central operator.

3. The central operator computes

v (D7 (~g =9 (<) - %)) + KMKT (7)1 - %),
and then solves for ¢, by
geK (M- KTE)_I KT ()" +0). (4.382)
Sy — (u)o+¥ + . (4.38b)
4. The central operator sends ¢, to the i’th local agent for each i.

5. Each local agent i computes

S, — G7 (&1 + diag(A)Ai6,0) — A, (4.392)
Oy, Zi_l (Si + V,'(Q,’x(i) + W,')T5x(i)) -V (4.39b)
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and does the following updates:

20— X+ 6,0, (4.402)
/li — /7.,' + a,-é,li, (4.40b)
Vi «— Vi + aiéyi, (4400)

where a; € (0, 1] is chosen such that the updated x®, A; and v; are strictly feasible.
6. Each local agent updates their barrier parameter &;.

7. Terminate if some stopping criterion is met; otherwise go to Step 2.

In (4.38) we employ the matrix inversion lemma to efficiently solve for 6,. Then it’s
not hard to see that the above procedure is essentially an interior-point algorithm
that seeks the solution to the KKT conditions (4.35). We have carefully chosen
the variables computed for each step, so that the communication between a local
agent and the central operator will only involve a small number of low-dimension
vectors and matrices for each iteration. Moreover, the central operator does not
need to know anything about X;(7). As a result, not only will the communication
burden between the central operator and the local agents be relieved, but also the
information leakage from the local agents to the central operator could be potentially

reduced.

Numerical Example

In this section, we give a numerical example of the proposed distributed implemen-

tation of the second-order real-time optimal power flow.

The power network is a modified IEEE 118-bus system. We adopt the original
topology, line impedances, and generator data which are taken from MatPower [98].
The time-varying load profiles for each bus are shown in Figure 4.6 which span a
period of 6 hours; they are based on the ECO data set [11] and the original load data
of the IEEE 118-bus system. The upper and lower bounds of voltage magnitudes
in the original IEEE 118-bus system are 1.06 and 0.94 p.u. respectively, but in this
simulation we use v; = 1.045 and v, = 0.955 for all i € N™. The corresponding

penalty function is then given by

L Z ([vi(x, 7A) = 1.045]5 +[0.955 — vi(x, TA)]S)

K& ien
with k = 2.5and ¢, = 1.6 X 10~4. In other words, we shrink the bounds on the
voltage magnitudes to [0.955, 1.045] so that it is more unlikely for the original

bounds on voltage magnitudes to be violated.
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Time (h)

Figure 4.6: Load profiles used for simulation.

At time ¢t = 0 we run an offline OPF solver and apply a local optimal solution to
the power network as a starting point. Then we run the proposed implementation of
the second-order real-time optimal power flow algorithm with a sampling interval
A = 5sec. For the distributed L-BFGS algorithm, the number of correction pairs is

d = 8, and we stop the iterations when
16.llco < 107 and max max{|63 Il 3,1} < 107

and max max{||G;Ai||«, zivi} < 1076,
l

or when the total number of iterations has reached 40. We also add a backtracking
step before applying %, to ensure sufficient decrease in the (penalized) objective

value.

In Figure 4.7, we show the curves of the quantities ||)?T - x; i’f’l |,

(FE(xSP) — FE(%,))/FE(x:P) and FE(x;P), where x;P denotes local optimal solu-

tion to the penalized problem. It can be seen that, while the tracking error remains

,p|

*7
|pr - X

2

bounded from above and is relatively stable, it is somewhat large compared to the
quantity ||x:’p - xi’fln. This seems to suggest that the problem is not very well-

conditioned. On the other hand, the relative gap

FE(P) = FEGy)
FE(x;P)
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Figure 4.7: Illustrations of [|£; — x;P||, [lx7® = xP |I, (FE(x®) = FE(£0)/FE(x7P)
and F€(x.P).

is very small for the whole period, and its average value turns out to be 3.19 x 1074,
This suggests that, while the tracking error may seem a bit large, the resulting

sequence of setpoints are still good sub-optimal solutions.

Figure 4.8 shows the voltage profiles of the 9 buses whose voltage magnitudes have
ever violated the original constraints 0.94 < v; < 1.06. It can be seen that for most
of the time the voltages are within the original bounds; only for the period between
0.75h and 1.5 h do we see some relatively apparent violations, and those violations

still remain at an acceptable level.
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Figure 4.8: Voltage profiles of the buses whose voltages have ever violated the
constraints 0.94 < v; < 1.06 for some t.

4.4 Summary
In this chapter, we applied the time-varying optimization algorithms presented in

previous chapters to power system operation.

We formulated the time-varying optimal power flow problem, in which the power
flow equations are central constraints that describe the underlying physics of power
networks. We partitioned the decision variable into two subvectors, one called the
input variable and the other called the state variable, and introduced the implicit
power flow map derived from the power flow equations that relates the input and state
variables. After reformulating the time-varying optimal power flow problem using
the implicit power flow map, we discussed how real-time feedback measurement
data can be naturally incorporated in the framework of real-time optimal power flow
algorithms, so that computation efficiency and robustness against model mismatch

can be improved.

We then presented two real-time optimal power flow algorithms in detail. One is
based on the regularized proximal primal-dual gradient algorithm. We analyzed
its tracking error in the situation where approximate Jacobian of the implicit power
flow map is employed for the primal update. The other is based on the approximate
Newton method with the penalty approach. We studied how to improve efficiency
in computing the gradient vector of the penalized objective function, and proposed
a distributed implementation based on the L-BFGS method that produces and stores

the approximate Hessian by a compact representation.
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Numerical examples were presented for both algorithms. For the first-order real-
time optimal power flow algorithm, we tested its performance on a distribution
feeder test case, while for the second-order algorithm, we tested its performance on

a transmission network test case.
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Chapter 5

CONCLUDING REMARKS ON FUTURE DIRECTIONS

In this chapter, we make some concluding remarks on future directions that are

worth exploring.

Different metrics for tracking performance Throughout this thesis, the metric

for evaluating the tracking performance has been almost exclusively based on

*

er = ||)2T - X;

b

i.e., the distance between the solution generated by the time-varying optimization
algorithm and the optimal solution it tracks. But there are also other metrics for

evaluating the tracking performance as discussed in Section 1.1.

For example, [84] used the fixed-point residual to evaluate the tracking perfor-
mance of several running algorithms; especially, c(x, ) is not required to be locally
strongly convex around x*(¢) for the running projected gradient algorithm to achieve
a bounded fixed-point residual. Another example is [48], which considered online
learning problems with weakly pseudo-convex loss functions, and derived bounds

on the dynamic regret.

These results suggest that, weaker conditions for guaranteed tracking performance
may be derived if we use different metrics for tracking performance, and we are
interested in whether the results or techniques can be applied to more general time-

varying nonconvex problems.

Tracking optimal trajectories that are not Lipschitz continuous In the study
of the regularized proximal primal-dual gradient algorithm, we assume that the
optimal KKT trajectory z*(¢) is Lipschitz continuous, and the Lipschitz constant
plays a crucial role in the tracking error bound. In the study of the approximate
Newton method, we also make the assumption that the distance between consecutive
optimal points is upper bounded. However, in practice it is not always the case that
we can find such a Lipschitz continuous trajectory over the whole period [0, T'].
Reference [49] discusses situations where a KKT trajectory can emerge, terminate

or bifurcate, or several KKT trajectories can merge during the period (0, T'), which
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is not yet covered in our study. There are also cases where the trajectory is only
absolutely continuous, or even only of bounded variation with jumps allowed to
appear. We are interested in whether reliable methods can be developed to deal with

these issues in the time-varying nonconvex setting.

Distributed and asynchronous algorithms in networked systems In this thesis,
we have only considered distributed implementation of the real-time optimal power
flow algorithms with a particular assumption on the structure of the cyber layer
(a central operator with local agents), and we have not yet studied asynchronous
algorithms for optimizing a time-varying networked system. References [64, 86,
95] are some representative existing works on distributed time-varying algorithms.
Specifically, they proposed different distributed running algorithms for the time-
varying consensus optimization problem

m

min ; Cjr(x)s

where each local agent is associated with a local time-varying cost function c;
and the local agents are connected by a communication network with an arbitrary
topology. In [15], the authors proposed an algorithmic framework for tracking
fixed points of time-varying contraction mappings, where only imperfect informa-
tion of the map is available and communication delays and packet drops lead to

asynchronous algorithmic updates.

We are interested in developing and analyzing more general distributed and asyn-
chronous running algorithms for optimizing time-varying networked system, where

the communication graph (the cyber layer) can have a general topology.

Better approaches for handling constraints In this thesis, we handle the con-
straints either by Lagrange multipliers or by penalty functions, and whenever we
introduce Lagrange multipliers there will be an accompanying regularization term
on the dual variable to ensure that the resulting iterations will have a contraction-like
behavior. However, since we essentially modify the original problem to derive the
iterations in both approaches, the resulting tracking error bound has a second term
which is related to the regularization or penalty coeflicient, as can be seen from
(2.27), (3.29) or implied by Theorems 3.2 and 3.3.

On the other hand, we notice that a recent work [78] has proved exponential stability

of the primal-dual gradient dynamics on the augmented Lagrangian. Specifically,
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the paper introduced the primal-dual dynamics

dx
E = _VxLaug(xa A)
da
E = TIV/ILaug(x, A),
on the augment Lagrangian L, defined by
2
[p(ajrx - bj) + /le — /ljz.

Laug(x, ) = c(x) + )

Jj=1

2

2p

where ¢ : R" — R is a strongly convex and strongly smooth function, each a; is a
vector and each b; is a scalar. It has been shown that, under certain conditions, this

primal-dual gradient dynamics will converge exponentially to the solution to
min c¢(x)
X

s.t. ajrxsbj, j=1...,m.

This result suggests that we might be able to obtain linear convergence for the
primal-dual gradient method without altering the original problem by dual variable
regularization or penalty. It is interesting to see whether the techniques can be used

to establish tracking error bounds in the time-varying setting.

Incorporating coupling in the time domain In our formulation of time-varying
optimization problems, each time instant is associated with an optimization problem
that does not explicitly depend on information from other time instants, and each
problem instance can be solved independently without referring to other problem
instances. In other words, there is no explicit coupling in the time domain in our
formulation, which can be limited in some applications. There are already some
pioneering works that consider time domain coupling [30, 34, 37, 61, 62]. For
example, [30] considered online convex optimization with switching cost where the
cost function over the whole period is given by

K

Z cr(x0) + Bllxe = xc-1ll

=1
and analyzed the competitive ratio of the Averaging Fixed Horizon Control algorithm
against the time-varying optimal strategies; [62] considered a similar problem with
the overall cost function being

K

D eeter) + 5 llve = x|

=1
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and analyzed the dynamic regret of the Receding Horizon Gradient Descent algo-
rithm. In these two papers, the source of the time domain coupling is the switching
cost. The paper [37] proposed a Newton-type running algorithm for the nonlinear
optimal control problem

(x-r,u‘r)f:l

K
min Z Lo (xr,ur) + Q(xk)
7=1

s.t. X = fT(-xT—l’ MT)9

for any given initial point xp, and [34] considered the problem of regulating the

output of a linear time-invariant system

dx Ax+ Bu+ B
— = Ax u w,
dt "

y1 = Cix + Dyy,w,

y2 = Cox + Dyyw,

to track the solution to a time-varying constrained optimization problem that op-
timizes the steady-state trajectory of the system. Here the time domain coupling
comes from the underlying dynamical systems. We are interested in generalizing

our theories and algorithms to handle time domain coupling.
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