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Abstract

Online, Time-Varying and Multi-Period Optimization with Applications in Electric Power
Systems

by
Julie Mulvaney-Kemp
Doctor of Philosophy in Engineering - Industrial Engineering and Operations Research
University of California, Berkeley

Professor Javad Lavaei, Chair

Decision-makers often face environments which vary over time and deal with uncertainty as a
result. Problems with temporal variation differ based on how frequently they are solved and
what information about the present or future is available to the decision-maker; each class
of problem poses distinct challenges and requires tailored solutions. In this dissertation, we
design and analyze methods to support decision-makers in these settings, with an emphasis
on applications in electric power systems.

Online optimization, in which a player makes a sequence of decisions aimed at minimizing the
damage inflicted by their adversary, is the first class of problems considered. Here, we shed
light on online nonconvex optimization problems in which algorithms are evaluated against
the optimal decision at each time using the notion of dynamic regret. The adversary’s loss
functions are arbitrarily nonconvex but have global solutions that are slowly time-varying.
To address this problem we first analyze the region around the global solutions to define
time-varying target sets. Then, we introduce two algorithms and prove that the dynamic
regret for each algorithm is bounded by a function of the temporal variation in the optimal
decision. The first algorithm assumes the decision-maker has some prior knowledge about
the initial loss function. The second algorithm makes no assumption about prior knowledge,
and instead it relies on random sampling and memory to find and then track the target sets
over time. In this case, the landscape of the loss functions determines the likelihood that
the dynamic regret will be small. Numerical experiments validate these theoretical results
and highlight the impact of a single low-complexity problem early in the sequence.

Time-varying optimization, in which a series of linked problems are solved sequentially using
information about past decisions, but not considering the future, is the second class of
problems considered. Specifically, we analyze the optimality behavior of solution trajectories
for optimal power flow (OPF) with time-varying load. Despite its nonlinearity, time-varying
OPF is commonly solved every 5-15 minutes using local-search algorithms. Failing to obtain



the globally optimal solution of power optimization problems jeopardizes the grid’s reliability
and causes poor financial and environmental outcomes. An empirical study on California
data shows that, with enough variation in the data, local search methods can solve OPF to
global optimality, even if the problem has many local minima. To explain this phenomenon,
we introduce a backward mapping that relates the time-varying OPF’s global solution at
a given time to a set of desirable initial points. We show that this mapping could act
as a stochastic gradient ascent algorithm on an implicitly convexified formulation of OPF,
justifying the escape of poor solutions over time. This work is the first to mathematically
explain how temporal data variation affects the complexity of solving power operational
problems.

Multi-period optimization under uncertainty, in which decisions for the entire time horizon
are made at once, is the third and final class of problems considered. Within this class, we fo-
cus on the decision-making problem facing hybrid power plant operators when participating
in wholesale electricity markets with the goal of enabling researchers to accurately incorpo-
rate these resources into simulations of future electricity systems. To this end, a stochastic
optimization model is developed to maximize the revenue of the plant, which consists of
a renewable generator and an energy storage resource that appear as a single, combined
unit to the market, while limiting risk due to uncertainty in market prices and generation
levels, through price-quantity bid curves. The uncertainty is represented by scenarios, and
a detailed methodology is provided for creating scenarios which both reflect the type of in-
formation a hybrid operator would have and only require the limited data which is available
in simulation settings. This work advances existing models by allowing greater cooperation
between the generator and storage components while also enforcing market limits on bid
curves’ complexity. Further, the approach ensures economically-sound behavior even when
faced with unforeseen events.
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Chapter 1

Introduction

Decision-makers regularly face environments which evolve over time and deal with uncer-
tainty as a result. Problems with temporal variation differ based on how frequently they
are solved, what information about the present or future is available to the decision-maker,
how actions at one time influence the landscape of the future, and whether that landscape is
designed by an adversary, among other dimensions. Each class of problem poses distinct chal-
lenges and requires tailored solutions. In this dissertation, we design and analyze methods
to support decision-makers in these time-varying settings, with an emphasis on applications
in electric power systems.

The electricity sector is a compelling and timely focus area because it is a vast complex
network of infrastructure, policies and actors that is undergoing a transformation. As gen-
eration profiles shift away from a few large conventional power plants toward a multitude
of smaller distributed energy resources, the size of problems facing system operators in-
creases. Further, uncertainty within these problems is growing as variable renewable energy
sources comprise increasing shares of generation capacity and climate change makes weather,
and therefore electricity generation from these sources, less predictable [107]. To this field,
this dissertation contributes analysis which may help to find better system operating points
more quickly and a tool which enables researchers to incorporate a new type of participant
in models of future electricity markets.

The decision-making problems studied in this dissertation can be posed as static opti-
mization problems in the form of

P(0) = min [(z:0)

subject to x € X(0) (1.1)

or sequences of such problems, {P(@t)}le. Here, x is the n-dimensional decision variable
which the decision-maker selects from the feasible space X'(6) with the objective of mini-
mizing the function f(-;60) : R" — R U {oo}. The vector § € R™ represents the problem
parameters which may or may not be known to the decision-maker and may directly or
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indirectly influence the problem formulation. The following chapters each address a class of
problems within this framework:

e Chapter 2, “Dynamic Regret Bounds for Constrained Online Nonconvex
Optimization Based on Polyak-Lojasiewicz Regions,” focuses on online non-
convex optimization problems. In this class of problem sequences, the feasible space
is known to the decision-maker and independent of 6, that is, X'(6;) = X(0s) = --- =
X(0r) = X. When selecting x;, the decision-maker is oblivious to 6; and therefore
f(-:0;), as well, but has information about {6, }._". In fact, §; may be chosen by an
adversary after x; is selected. However, the adversary’s choice of 6, is limited in the
following way: the optimal solution to P(6;) must be in a neighborhood of the optimal
solution to P(6;—1). This chapter analyzes the nonconvex landscapes of {77(9,5)}:{:1,
proposes algorithms for selecting x; based on knowledge of #;_1, and proves theoretical
bounds on the algorithms’ performance.

e Chapter 3, “Smoothing Property of Load Variation Promotes Finding Global
Solutions of Time-Varying Optimal Power Flow,” focuses on time-varying opti-
mal power flow problems, an important problem sequence for power systems operations
in which electricity supply and demand are matched throughout the network, ideally
in the lowest-cost way, while respecting various physical, operational, and security con-
straints. In this setting, 6;, and therefore f( -;6;) and X(6;), depends on the choice
of x;_1 and is known to the decision-maker when selecting z,. Each problem, P(6,),
is difficult and decisions must be made expeditiously, so the decision-maker may be
resigned to selecting a locally-optimal decision, instead of a globally optimal decision.
Since each local solution to P(6;) spawns a different instance of P(fs), there are multi-
ple possible time-varying problem sequences and corresponding locally-optimal decision
sequences (also called trajectories). This chapter explores local solution trajectories
for time-varying optimal power flow problems both empirically and analytically and
explains how temporal variation in {6;}_, enables these trajectories to avoid poor
solutions over time.

e Chapter 4, “Hybrid Power Plant Bidding in Models of Future Electricity
Systems,” focuses on a static multi-period problem of making bidding decisions in an
electricity market. The market participant operates a “hybrid” power plant composed
of a renewable generator and a battery. In this setting, decisions for the entire time
horizon are made in advance and the single objective function f(-;#) is the summation
of costs at each time step. Here, 6 is stochastic due to uncertainty in future weather
conditions and market prices. This chapter provides a methodology for designing
a discrete set of scenarios which approximate the distribution of ¢ and formulates
P(0) as a stochastic optimization problem. Further, the approach manages risk and
ensures economically-sound bidding behavior even when 6 falls outside of the developed
scenario set, as may occur during a low-probability extreme event.



CHAPTER 1. INTRODUCTION 3

Each chapter is designed to be self-contained — they each contain background, motivation,
and key definitions for the topic at hand — and can be read independently, if desired.

1.1 Related Publications

This dissertation includes material that has been previously published in the following loca-
tions:

e Chapter 2
Main paper:

1. Julie Mulvaney-Kemp, Salar Fattahi and Javad Lavaei, “Smoothing Property
of Load Variation Promotes Finding Global Solutions of Time-Varying Optimal
Power Flow,” IEEE Transactions on Control of Network Systems, 2021

Related paper:

1. Julie Mulvaney-Kemp, Salar Fattahi and Javad Lavaei, “Load Variation Enables
Escaping Poor Solutions of Time-Varying Optimal Power Flow,” IEEE Power &
Energy Society General Meeting (PESGM), 2020

— PESGM Best-of-the-Best Paper Award - Power System Operations, Planning,

and Economics, 2020

— INFORMS Energy, Natural Resources and the Environment (ENRE) Best
Student Paper Award, 2020

e Chapter 3
Main paper:

1. Julie Mulvaney-Kemp, SangWoo Park, Ming Jin and Javad Lavaei, “Dynamic
Regret Bounds for Constrained Online Nonconvex Optimization Based on Polyak-
Lojasiewicz Regions,” IEEFE Transactions on Control of Network Systems, 2022

Related paper:

1. SangWoo Park, Julie Mulvaney-Kemp, Ming Jin and Javad Lavaei, “Diminish-
ing Regret for Online Nonconvex Optimization,” American Control Conference
(ACC), 2021



Chapter 2

Dynamic Regret Bounds for
Constrained Online Nonconvex
Optimization Based on
Polyak-Lojasiewicz Regions

2.1 Introduction

Nonconvex optimization is ubiquitous in real-world applications, such as the training of
deep neural nets [76], matrix sensing/completion [17, 16], state estimation of dynamic sys-
tems [101], and the optimal power flow problem [132]. Moreover, most of these practical
problems are solved sequentially over time with time-varying input data, leading to online
(real-time) versions of the aforementioned examples [6, 101, 112].

In this paper, we study an online nonconvex optimization (ONO) problem whose loss
(objective) function changes over discrete time periods, namely,

minimize  f;(x) (2.1)
XES

where t € Z, denotes the time and S C R" is the time-invariant convex feasible region. At
each time ¢t = 1,...,7T in this ONO framework, the decision maker first chooses an action
x; € S while oblivious to the loss function f; : S — R. Once the action is played, it is
evaluated against f;, which may be chosen by an adversary in response to the action. Then,
the decision maker is granted access to the loss function and its gradient.

The performance of a decision maker, or equivalently an algorithm, in online settings is
typically evaluated by a metric called regret [50]. In this paper, we exclusively focus on the
strictest version of regret, dynamic regret, which is defined as

T
Regf(x1,...Xr) == Y _ filxe) = Y f7, (2.2)

= t=1
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where f; denotes the global optimal objective value of (2.1). Dynamic regret (also called
non-stationary regret) compares the decision maker’s actions to an optimal action at each
time ¢. In comparison, static regret (also called stationary regret or simply regret) compares
the decision maker’s actions to the best fixed action in hindsight:

T T

Reg)(x1,...X7) = » _ filx;) — gleigz fily). (2.3)

t=1 t=1

In general, nonconvex optimization problems are NP-hard. Therefore, commonly used
local search algorithms, such as first-order and second-order descent algorithms, may con-
verge to a spurious local minimum (i.e., a local minimum that is not globally optimal). As
a result, dynamic regret can be arbitrarily high in a general setting due to the inability to
efficiently find a near-optimal point x;. Existing works in online optimization literature have
derived regret bounds in terms of various quantities, such as the temporal variation in the
loss functions [10, 57, 19|, the temporal variation in the gradients of the loss functions [57,
79], and the temporal variation in a decision sequence (also called path length or path varia-
tion) [131, 48, 57, 123, 79, 126]. Details on many of these variation measures used to bound
dynamic regret can be found in [90], where the online convex optimization problem is ana-
lyzed. The existing regret bounds for ONO typically either focus on static regret [122, 83, 51,
127] or require the loss functions to be weakly pseudo-convex which is a restrictive condition
that excludes spurious local minima [39]. Dynamic regret for unconstrained ONO is studied
in [75], under the assumptions that an initial point near the optimal solution is known, the
loss function is strongly convex around the optimal solution, and the decision maker has ac-
cess to second-order information. In [96], the authors of this paper established probabilistic
nonconvexity regret bounds for a variation of the ONO problem in which f; is known to the
decision maker at time ¢, future loss functions are unknown but fixed, the global minima are
“sufficiently superior” to all local minima, and limit points of a continuous-time projected
gradient algorithm can be found precisely. Finally, [30] and [35] explored how variability
in the input data can help ONO solution trajectories escape non-global local solutions over
time, but they did not study dynamic regret and focused on asymptotic regret.

The main goal of this paper is to analyze how the quality of the obtained solutions evolves
in ONO settings where the global solution changes slowly over time. To this end, we first
develop mathematical tools for characterizing the landscape of constrained nonconvex opti-
mization problems and analyze the behavior of the projected gradient descent algorithm on
such problems. There are many conditions in the literature that guarantee linear convergence
of local search algorithms. In the unconstrained case when S = R"”, the Polyak-Lojasiewicz
(PL) condition has been proven to be weaker than other common assumptions (such as
strong convexity, essential strong convexity, weak convexity, and restricted secant inequal-
ity) that guarantee linear convergence [62]. Despite its favorable characteristics, requiring
that a function satisfy the PL condition still significantly restricts the type of nonconvex
functions that one can study. For instance, functions satisfying the PL condition cannot
have local minima which are not globally optimal.
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We leverage the generalization of the PL condition for constrained optimization, called the
proximal-PL condition (originally proposed in [62]), to study dynamic regret minimization in
a nonconvex setting. The first contribution of this paper is to establish a target set for each
time instance with the property that once the algorithm finds a point in the corresponding
target set at a given time, the global minimizers of future problems can be found efficiently.
These time-varying target sets are defined with respect to the proximal-PL condition and
the global solution. We show several important properties of these sets, including linear
convergence to the global minimizer and quadratic growth.

The design and regret analysis of two online algorithms constitute the second contribution
of this paper. Specifically, we equip local search algorithms with memory, random explo-
ration, and multiple gradient queries and establish dynamic regret bounds for each algorithm
in terms of the path length and squared path length of the optimal decision sequence, when
the difference between consecutive points in this sequence is bounded appropriately. The
first algorithm assumes that the decision maker has some prior knowledge about the initial
function and can start at a point that is within its target set. This algorithm ensures bounded
dynamic regret by producing decisions which track the time-varying target sets. The sec-
ond algorithm obviates this initial condition assumption by using random exploration. In
this case, dynamic regret depends on when the decision maker first finds a point within the
corresponding target set, as after that time all decisions will track the time-varying target
sets. Therefore, the relative volume of the time-varying target sets with respect to the en-
tire feasible domain—a measure of how favorable the loss function landscape is-influences
the likelihood that the dynamic regret will be small. In particular, a single low-complexity
problem in the sequence can have a large influence on the outcomes.

The remainder of this paper is organized as follows. In Section 2.2, we analyze the
optimization problem for each fixed time step, focusing on a neighborhood of the global
solution. In Section 2.3, we introduce ONO algorithms, derive bounds on their dynamic
regret, and support the analysis with empirical results. Finally, we conclude the paper in
Section 2.4.

2.1.1 Notations

Let || - || indicate the fo-norm of a vector and | - | represent the cardinality of a set. The
symbols R™ and Z, denote the space of n-dimensional real vectors and the set of positive
integers, respectively. The globally optimal objective value of the optimization problem at
time ¢ is denoted by f;. If there is a unique global optimum at time ¢, it will be denoted as
x;, in which case fi(x;) = f;. The indicator function Is(x) returns zero if x belongs to the
set S and infinity otherwise. We define the projection operator as follows:

[Is(x) := argmin ||x — y||. (2.4)
yeS

The tangent cone of a convex set S at x is denoted as Ts(x). The sublevel set £; is defined
as Li(a) := {x € S|fi(x) < a}. Finally, P[] denotes the probability of the argument.
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2.2 Theoretical Results for a Fixed Time Step

2.2.1 Properties of the Problem Structure
Throughout this paper, we make the following assumptions on the problem structure:

1) The time-invariant feasible region S C R™ is a compact, convex set known to the decision
maker.

2) fi is continuously differentiable on S, but potentially nonconvex in x with many local
minima, for all t € {1,2,...,T}.

— This assumption ensures that the magnitude of the gradient is bounded above by a
positive constant M, for all £ € {1,2,...,T}. That is, supes 1<;<7 ||V fi(X)|| < M.

3) f: has a unique global minimum x} over S for all t € {1,2,...,T}.
4) The first derivative of f; is L-Lipschitz continuous on S for all t € {1,2,..., T}, implying
the following inequality for some constant L:

fi(y)— fi(x) <(Vfi(x),y—x) + gHy—XHQ, Vx,yeS. (2.5)

2.2.2 Proximal Polyak-Lojasiewicz Regions

In the context of unconstrained optimization problems, a differentiable function f; satisfies
the Polyak-Lojasiewicz (PL) condition [97] if the following condition holds for some param-
eter p > O:

SIVAGIP > plfi(x) — £), VxR (2.6

~
PL inequality

If a function satisfies the PL condition and the magnitude of its gradient is small at some
x, then the function value at x will be close to the global minimum. This is the reason
why the PL condition is also referred to as the gradient domination condition [36]. For a
general (unconstrained) nonconvex optimization problem, first-order methods such as gra-
dient descent may not converge to a global minimizer. However, if a function f; satisfies the
Polyak-Lojasiewicz condition, then every stationary point is a global minimizer. Moreover,
PL is one of the most general conditions under which gradient descent offers linear conver-
gence to a global minimizer [62]. Note that, in general, functions satisfying the PL condition
may not have a unique global minimizer.

The top plot in Figure 2.1 shows an example of a nonconvex function that satisfies the
PL condition. On the other hand, the function in the bottom plot of Figure 2.1 manifests
spurious local minima and therefore cannot satisfy the PL inequality for all x for any p > 0.
However, for a given u, we can identify a subset of R that satisfies the PL inequality. The
idea of focusing on regions where the PL inequality is satisfied, rather than only considering
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30

Figure 2.1: The top figure shows the nonconvex function f;(z) = 2% + 3sin?(z), which sat-
isfies the PL inequality with the parameter = 1/32 for all x € R [62]. The bottom figure
shows an example of a nonconvex function that satisfies the PL inequality with the param-
eter p = 1/32 only for x € {[—55.9, —10.2] U [-5.4,5.4] U [10.2,55.9]}. The function for the
bottom figure is given below:

1.3 5.2 oo 1712 _

10 — 32 —6mr — e, ifr < -7
fo(z) = < 22 + 3sin?(z), f—nr<z<nm
1.3 5.2 172 .

3 ST” + 6mr — G, ifr<ax

functions which satisfy the PL inequality over R", leads to our definition of time-varying
target sets in Section 2.2.3.

Next, we return to considering constrained optimization problems. Constrained opti-
mization can be cast in the framework of unconstrained optimization by appending the
objective function with Ig, an indicator function of a convex set S. This indicator function
is non-smooth and convex. Subsequently, a natural generalization of gradient descent to the
constrained case is the proximal gradient method, whose iteration is described by
I

k+1 . k k Hy - Xf
XM = argmin [(Vfy(xF), y — xt) + 2t

: S+ Is(y) — Is(xb)] 27)

for every k € Z, where s is a positive constant. It can be shown that the above algorithm
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is equivalent to the projected gradient descent algorithm:
X =TI (xF — sV f,(xF)). (2.8)

A matching generalization of the PL inequality, namely the proximal-PL inequality, was first
proposed in [62].

Definition 2.1. (Prozimal-PL inequality) For a function f;, define the prozimal-gradient
norm with parameter 8 > 0 as

Bly — x|

Dy(x,8) = —208 myin [(Vft(x),y —X) + 5

+I5(y) — Is(x)]
We say that a point x € S satisfies the proximal-PL inequality with the parameters p > 0
and B > 0 if

5D B) = plhix) — f7). 29)

Note that by virtue of the equivalence between equations (2.7) and (2.8), the proximal-
gradient norm can also be expressed as follows:

Di(x, ) = 25| (Vo). s = SVA() ) + FMtx — 5Vfix) - x| 210

While [62] considers functions that satisfy the proximal-PL inequality at all points in
S, in this work we instead identify a subset of the entire space that satisfies the inequality.
Hereby, we define the time-varying prozimal-PL region, denoted Py(u, 5), as the set of all
x € S satisfying the proximal-PL inequality with the parameters u > 0 and g > 0. That is,

P )= {x €8] 3Du0) 2 i) - 1)} .11

In the remainder of the paper, we assume that the parameters ;1 and [ are chosen to guaran-
tee existence of an open set containing x; for each ¢t € {1,..., T} such that the intersection
of this set with S lies in the proximal-PL region. That is, there exists an open set S (u, 3)
such that x} € (S (u, 8) N'S) C Pi(u, B).

2.2.3 Time-Varying Regions of Attraction and Target Sets

A proximal-PL region can span over multiple regions of attraction associated with different
local minima. Also, note that a region of attraction (RoA) is algorithm dependent. In this
paper, we define RoAs (with respect to the global minimizer) that respect the proximal-
PL inequality under the projected gradient descent method and also under the projected
gradient flow system, a continuous version of the former.



CHAPTER 2. DYNAMIC REGRET BOUNDS FOR CONSTRAINED ONLINE
NONCONVEX OPTIMIZATION BASED ON POLYAK-LOJASIEWICZ REGIONS 10

Definition 2.2. Let RPP and RPS denote the subsets of the discrete and continuous RoAs
that are contained within the prom'mal—PL region at time t:

RPP(u, B,5) := {x | xFH = TIg(xF — sV f,(xF)),

x) =x, ll_r>n x; = x; and {x;}72 C Pi(p, B)} (2.12)
RP; (1, B) = {x | % = Ly (= V fu(x2)), 3:(0) =

Eli)m x¢(0) = x; and x4(() € Py(p, f) VL >0} (2.13)

One can view the continuous-time RoA as the limit of the discrete-time RoA as we take
the step size towards zero. The continuous-time RoA does not depend on any step-size, and
therefore is directly related to the properties of the function. The discrete-time RoA is a
function of the step size and therefore is algorithm-dependent.

Next, we define a region that we call the target set. In subsequent sections, we will show
that if our proposed algorithm enters the target set at any time ¢, then it is possible to
approach the global minimizer and track it at all subsequent times.

Definition 2.3. (Target set) We define our target set for time t to be a subset of a sublevel
set around the global minimizer that belongs to both RPP (i, 3,s) and RPE (u, B, s):

Ti(n, B, 5) := Lo(ar) NRPY (1, B, 5) (2.14)
where ay is the largest o satisfying the following condition:
Li(a) "RPL (1, B, 5) € RPY (1, B) (2.15)

All points in each target set are feasible, satisfy the proximal-PL inequality, and lead to
the global solution under the continuous and discrete projected gradient descent methods
initialized at those points. Theorem 2.1 will show that these target sets are invariant, and
Lemma 2.1 will show that their sizes are nonnegligible. One useful way to measure the size
of a target set is with respect to the global solution.

Definition 2.4. (Reach) Define the reach of a target set as the mazimum distance between
the global minimum and any point in the target set:

,0,8) := max ||x]—x]|. 2.16
i Bos) = _mas i = 2.10

2.2.4 Properties of Target Sets

In [62], the authors showed the linear convergence of the proximal-gradient algorithm when
applied to functions satisfying the proximal-PL condition. In this paper, we show that
initializing the proximal-gradient algorithm in the corresponding target set ensures linear
convergence to the global minimum, regardless of whether the proximal-PL inequality is
satisfied for all feasible points. Additionally, there is an open ball around the global solution
whose intersection with the feasible set S is also contained in the corresponding target set.
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Theorem 2.1. Gwen p > 0,8 > L and a fixed instance of t, consider the problem of
minimizing f; over S (Problem (2.1)) via the projected gradient descent method (2.8) with
the step size s. If x? € Ti(u, 8, ), then the projected gradient descent method with 0 < s <

mm(l, é) converges linearly to the optimal value f7, i.e.,

o) = f < (U= ps) " [£ux) = £, (2.17)
and xY € Ti(i, B, s), where N € {0,1,2,...} indicates the number of iterations.

Proof. The proof is similar to that of Theorem 5 in [62]. Let Fi(x) := fi(x) + Is(x). By
using the Lipschitz continuity of the gradient of f;, one can write:

Fiet) = filxd) + T5(0) + T () — ()
< R+ o) + (VA0 % = x) + 51t = 4+ T () — To(x)

Then, noting that x? € 7;(u, 3,s) C S and L < 1/s, we obtain an upper bound of the form:

Fi(xl) < Fied) + (VA % = x0) + o lxd = <01 + () — Ts(x)
= fi(x}) = 5D} 1/5)

where the equality follows from the definition of x#™ and the proximal-gradient norm.

Finally, we upper bound the equation above by using the facts that x satisfies the prozimal-
PL inequality with parameters ;1 and 8 and that Dy(xy,1/s) > D,(x{, 3) since 1 > j [62]:

Fy(x;) < fi(xt) — nslfe(x)) — £7]-
Since x; is feasible by the definition of projection, we have
fulxy) < fulx)) — pslfe(x) — £,
which subsequently implies
fe(x) = f < (1= ps) [folx]) = f]. (2.18)
Repeating the process for N steps, we have the final result:
) = £ < (L= )™ [ = f7].

Further, by showing a non-increasing objective value in (2.18), it holds that x; € L;(ay).
The definition of RPP(u, 8,5) in (2.12), paired with knowledge that x? € RPP (1,3, s),
guarantees that x; € RPP(u,3,5). Therefore, x; € Li(ay) N RPE (1, B,s) = Ti(u, B, s),
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proving that the target set is invariant under the projected gradient descent method. O]
Theorem 2.1 also gives a lower bound on f; after N iterations:

N
fo(xY) = (1= ps) ™ fulx?)
1-— (1 — ,us)N
For unconstrained problems, a function satisfying the PL condition implies that it also

satisfies the quadratic growth condition [62]. Next, we prove a similar relationship between
the proximal-PL inequality and quadratic growth.

fr> , YNeZ,. (2.19)

Theorem 2.2. (Quadratic growth) The following inequality holds:

VIO =i > @ Ix—xill, Vx € RPC (1, B). (2.20)

Proof: See Appendix 2.A.

While the proof of Theorem 2.2 relies on the continuous version of the projected gradient
flow algorithm, this paper does not require implementing or solving this continuous dynam-
ical system. The algorithms in Section 2.3 use the discrete-time projected gradient descent
algorithm. The next lemma establishes what we will refer to as the robustness property of a
target set.

Lemma 2.1. (Robustness of a target set) The target set Ty(u, 3, s) includes a feasible ball
of radius at least v around the global solution for some r > 0. That is, Iu,B,s,r > 0 :
Ti(w, 8,s) 2 (B(x},r)NS) forallt € {1,...,T}, where B(x},r) :={y € R"|||x;—y|* <r}.

Proof: See Appendix 2.B and Appendix 2.C.

Assumption 2.1. There exists a constant My such that
ft(X)_ft* < MQHX_X:HQv Vx € 7?(”757 8)7 t=1,...,T. (221)

Note that if x; is in the interior of S at every ¢ = 1,...,T, then this assumption is
automatically satisfied due to the assumption that V f; is L-Lipschitz. Specifically, it holds
with My = L/2, which can be derived by substituting x = x* and V f;(x}) = 0 into (2.5). In
the general case, this assumption is similar to f; being 2-order calm at x; relative to the set

Te(p, 8, s) [32, 70, 72)].

2.2.5 Visualization of a Proximal-PL Region and Target Set

To develop intuition about proximal-PL regions and target sets, it is beneficial to visualize
these sets in an example. Consider the optimization problem

3
min f(zy,29) = o] — 42 + 22 + 22, + 2 sin(27xy)

3
+ x5 — 4z + 75 + 215 + 3 sin(2mxy) 4 28.87
st. —1<a1<3, —1<z,<3 (2.22)
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which is depicted in Figure 2.2a. This problem has the optimal value of 0 at x* = (2.75,2.75)
and includes many spurious local solutions.

The proximal-PL region and target set for this problem with the parameters u = 0.5,
5 =250>L and s = % are depicted in Figure 2.2b and Figure 2.2c, respectively. The
proximal-PL region includes a neighborhood of the global solution, as well as points far from
the global solution. However, many points in the feasible set do not satisfy the proximal-PL
inequality, in particular those near stationary points. Observe that the target set is a subset
of RPP, RP® and the proximal-PL region. The symmetry in Figure 2.2b and Figure 2.2¢

is a result of the symmetry in the loss function f.

2.3 Online Projected-Gradient Descent with Random
Exploration

In this section, we leverage the results developed in Section 2.2 to study the ONO prob-
lem (2.1). We introduce and analyze two algorithms for different scenarios:

1. Scenario 1: An initial point in the target region around the global solution x} is known.

2. Scenario 2: No information about the loss functions or their minimizers is known in
advance.

2.3.1 Scenario 1 - Known Desirable Initial Point

Algorithm 2.1 provides a natural approach to solving the ONO problem (2.1) in the setting
where a suitable initial point is known. At each time ¢, the decision maker performs .S;
iterations of projected gradient descent on f;, with the final iteration becoming the decision
maker’s action at ¢t + 1. The assumption is that the decision maker has enough knowledge
about the problem at ¢ = 1 to select an initial point in the corresponding target set and that
the change in the global optimum between time steps is upper-bounded based on parameters
reflecting the functions’ landscapes. The latter assumption restricts the adversary’s choice of
loss function and can be regarded as requiring the global solution sequence to have steadiness.
This assumption is formalized next.

Assumption 2.2. (Steadiness of global solution) The change in the global optimum between
consecutive time steps is upper-bounded by 7 < r, where r is as defined in Lemma 2.1. That
is, fort=1,...,T —1,

xiy — x| < 7, (2.23)
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30

f—j20

(a) Topology of the objective function f
over the feasible set. Observe that this
problem has many local minima.

(b) Points in the grey region satisfy the
proximal-PL inequality for the function
f over the set S = [—1,3] x [—1, 3] with
parameters p = 0.5 and 8 = 250, while
points in the white regions do not. The
unique optimal solution x* = (2.75,2.75)
is identified by a red star.

(c) Tlustration of the target
set and other sets critical to
its definition, where points are
colored based on the most re-
strictive set to which they be-
long. (Recall that Target Set C
(RPPNRPY) € S.) The red
dashed circle demonstrates the
robustness property established
in Lemma 2.1. The length of the
s=[-13x[-1,3 black dashed line is the reach of
the target set.

Target Set

RPP nrPC

¥

X
e BXYT)
— — ——reach

Figure 2.2: Visualization of the proximal-PL region and the target set for the optimization
problem (2.22).
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where w, 3,8, and r collectively satisfy the robustness property in Lemma 2.1 and pi(u, 3, )
is defined in (2.16). Furthermore, assume that Sy is large enough to satisfy the inequalities:

\/2M1 ol Bs) - (L= ps)> (2.24a)
; <
log(11) — log(4My)
5, > luli) Loty (2.24b)

Note that this assumption only limits the change in the global minimizer; the overall
landscape of the function can change arbitrarily. Under this assumption, we will establish
a deterministic dynamic regret bound for Algorithm 2.1. To aid in establishing this bound,
we first prove two lemmas:

i. one showing the convergence in terms of the variables x,

ii. another one proving that once the chosen action x; is within the target region at time
t, all successive actions chosen by the algorithm will also lie within the target region
of their respective time.

Lemma 2.2. Consider a sequence {x;}_, generated by Algorithm 2.1. Under Assump-
tions 2.1 and 2.2, if x, € Ty(u, B, 8) for any t € {1,2,...,T — 1}, then

[[xe+1 — x| < vllxe — x| (2.25)
where
2M5(1 — St 1
v = max \/ 2(1 = pis) < —. (2.26)
t=1,...,T i V2

Proof: From the convergence rate in Theorem 2.1 (specifically equation (2.18)), we have

fi(xe1) = fi < (1 —ps)™ [ft(xt) - ft*}

Applying the quadratic growth inequality from Theorem 2.2 and taking the square root of
all sides, we obtain

i1 = <

ft(xt—H ft \/ IUS St ft Xt) ft*) .

/2 /2
Then, using the definition of M, (2.21), we arrive at
" 2M5 (1 — ps)™ ]
i1 = || < \/ p e = x¢[- (2.27)
=

Then ~, < \/Li since S; > log(p/(4Ms))/ log(1—pus). O
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Algorithm 2.1 Online Projected Gradient Descent with Desirable Initialization

Require: x; € Ti(i, 5,5), 0 < s < min %, %}

1: fort=1,2,...,T do
Play x;
Set zg = x;
for:=1,...,5; do

Query V fi(zi-1)

Perform projected gradient descent update:

z; = llg [Zifl - Svft(zifl)]
7. end for
8  Set xp41 = Zg,
9: end for

The above lemma proves that given a sufficiently large S;, we can make v arbitrarily close
to zero, implying that the iterates can become arbitrarily close to the global minimizers at
different times. The trade-off is between accuracy and computation time, which is driven
by S;. There is also an intuitive trade-off between the step size s and computation time:
smaller step sizes require more algorithmic iterations.

Lemma 2.3. Consider a sequence {x;}_, generated by Algorithm 2.1. Under Assump-
tions 2.1 and 2.2, if x; € Ty(u, B, 8) for anyt € {1,2,...,T — 1}, then x441 € Tir1(, 5, 9).

Proof: It is desirable to show that |x;11 — xj, || <, which ensures that x,,, € B(x},,7).
By Lemma 2.1 (the robustness property of target sets), we have B(x;,,,7) C Tit1(p, 3, 5).
One can write:

i1 = X ll <l = X[+ I = x4

< e — x| +7

2M B, 8)(1—pus)St
< ”Xt-|—1 —X:H +T_\/ 1pt(:u /6 )( I )

L
< \/2(ft(xt+1) — f7) +T_\/2Mlpt(ﬂ7573)(1 — ps)S
u u
_ \/2(1—u8)5’f (hlx)—5) \/QMlpt(u,ﬁ, (1—ps)®
7 u

2M; (1—ps)Se "

<r
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where the second and third inequalities use Assumption 2.2, the fourth inequality applies

Theorem 2.2, the fifth inequality is due to Theorem 2.1, the sixth inequality applies the

bounded gradient assumption from Section 2.2.1, and the last inequality is due to (2.16). O
Now, we present a dynamic regret bound for Algorithm 2.1.

Corollary 2.1. Consider a sequence {x;}_, generated by Algorithm 2.1. Under Assump-
tions 2.1 and 2.2, the dynamic regret satisfies the following inequality for every constant
n>0:

Reg}(x1,....xp) < min{A(1,T), B(1,7)}, (2.28)
where
M
Aty t) == — x|+ L ) Mipu (1,5, 5) (2.292)
t t1+1 ( )
L Vi (x5)||? L 2
B(tl,tg — +77 Z || t_X:—1||2+ t t1 || ft( t)H +( +77)pt1(#7678) (229b)

. t1+1 2n (2=47?)
Proof: The proofs that A(1,7) and B(1,T) each upper-bound the dynamic regret obtained
by Algorithm 2.1 will follow the same lines of reasoning as Theorem 1 and Corollary 1
of [90] and Theorem 2 of [126], respectively. In these works, similar results are proved for
strongly convex functions. In the nonconvex setting considered in this paper, we will utilize
Lemma 2.2 and Lemma 2.3 in our proofs.

Proof of the inequality Reg-(x,...x7) < A(1,T): By the Intermediate Value The-
orem, there exists y € {z|z=wx;+ (1 —w)x;,0 <w < 1} such that fi(x) — fi(x}) =
V fi(y)T (x; —x}). Therefore, by applying the bounded gradient assumption in Section 2.2.1,
we have

T
Regf.(x1, .. xr) < My Y |l = x; |- (2.30)
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Next we establish an upper bound on the summation in (2.30):

T T
D lxe = xill = llxi = xil + ) Il — x|
t=1 =2

T T
<l =xill + ) llxe = xill + ) lIxi = x|
t=2 t=2

T T
<l = x5l = ller = X[+ D e = X1+ Y I — x|

t=1 t=2

T T
o~ X = x| = l[xr = 7| 1 b s
— Yl —xill < S 3 il (231)
< pl(pﬁﬂa S) + 1 ZT: HX* o X* H (2 32>
— 1_/}/ 1_7 — t t—1

The first inequality invokes the triangle inequality. The second inequality applies Lemma 2.2
foreacht = 1,...,T and re-indexes the summation. This application of Lemma 2.2 is derived
by recursively applying Lemma 2.3 to the requirement that x; € T;(u, 5,s). We rearrange
terms to arrive at (2.31) and then apply the definition of the reach of the target set (2.16)
to achieve the final inequality. Combining (2.32) with (2.30) completes the proof.

Proof of the inequality Regh(x,,....xr) < B(1,T): Beginning with the L-Lipschitz conti-
nuity of V f; and basic fact that (HVft(xt)H — n|lx; — x;]])? > 0, one can write:

T
Z - I < ZHVft x| = x| +_||Xt_xt||2

t=1

T T
1 L+n .
< 2—2 IV AP+ —— 5 Z [ =% 1. (2.33)
t=1 t=1

Following similar steps to those used to bound Y, ||x;, — x!|| above, we can establish the
following bound:

- —xif2 2300 I x|
;;;th e T (2:34)

Combining (2.34) with (2.33) and using the definition of the reach of the target set (2.16)
completes the proof. O

Observe that the dynamic regret is a function of the temporal variation in the optimal
decision, a common measure of variation discussed in the introduction. A(1,7T) is a function
of the path length, while B(1,T) depends on the squared path length. The (squared) path
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length is weighted by a function of v that is large when ~ is close to 1/4/2 and is approxi-
mately one when 7 is close to 0. Again, this trade-off between the strength of the dynamic
regret bound and computation time is driven by S;. If some function f; does not have a
unique global minimum, as stated in Section 2.2.1, but instead has multiple disconnected
global minimizers each satisfying Assumptions 2.1 and 2.2 for their associated target sets,
Corollary 2.1 holds under the updated criteria that x; is in the union of target sets (each
target set corresponding to a global minimizer at ¢t = 1).

2.3.2 Scenario 2 - Blind Initialization

The initialization scenario described in Scenario 1 — that a point in the target region is
known at the initial time — is difficult to satisfy in practice. The reason is that the decision
maker may have no information about how their adversary will design f;. In this case, it
is advantageous to ezplore the landscape of f; before selecting decision x;,1. Algorithm 2.2
explores by running the projected gradient descent algorithm from multiple initial points,
which are sampled uniformly at random from S and stored in the set W,.

The goal of exploration is to find a point in a time-varying target set. The decision maker
cannot verify when this occurs, however, since they do not have knowledge of the landscape
of the function. As a result, Algorithm 2.2 utilizes memory, in the form of the set M,, to
make available at time ¢ + 1 points which may be in the target set at time . Once a point in
a time-varying target set is sampled, memory ensures that the decision maker has at least
one initial point (a point in the set )};) in the target set of each future time step. Specifically,
if y¥ is in the target set for time t, the first while loop condition paired with the construction
of M,,, guarantees that z* is used as an initial point at time ¢ + 1, and the second while
loop condition ensures that z* is in the target set for time ¢ 4 1. This tracking guarantee is
formalized in the following lemma.

Lemma 2.4. Consider sequences {x;}_, and {V;}_, generated by Algorithm 2.2. Under
Assumptions 2.1 and 2.2, if z§ € (T;:(11, B,8) N Vy) for any t € {1,2,...,T — 1}, then z* €
(Ter1 (1 By 8) N Vi)

Proof: The number of iterations IF is at least as large as S;. Therefore, applying the same
logic as the proof of Lemma 2.3, we know that Z];k € Ti1(w, B, 8). By Theorem 2.1, we have
t

fu(zd) > fulzh) > - > fi(zl) > ft(z’;f) with zf = zF,, only if z¥ = x}. This implies that

zt = 7. It remains to show that z!' € V1. If 2¥ = x4, then 2} € V1. Otherwise, since
t

zt € T;(u, B3,s), it holds that ¢, < fF + ¢ < ¢ + ¢, which implies z¥ € M, C Viy1. As a

result, z¥ € V.1, which completes the proof. O

Since Algorithm 2.1 is a deterministic algorithm, the dynamic regret bound established
in Corollary 2.1 is deterministic too. Algorithm 2.2 relies on sampling, and therefore its
associated regret bound should be probabilistic. In the following culminating theorem, we
provide an upper bound on the dynamic regret accrued using Algorithm 2.2 and a lower
bound on the probability with which this bound holds.
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Algorithm 2.2 Online Projected Gradient Descent with Random Exploration

Require: x; € S, My =0, m; =0, 0 < s <min{;, 3}
1: fort=1,2,...,7 do

2:  « Play x;

3.« Create W; = {w},..., w!} by uniformly sampling ¢ random points from S
4« Set Y, =W, UM, U{x/} = {y}, ...,y

5 fork=1,2,...,9g+m;+1do

6: - Initialize z§ = y¥, z*¥ =y* ¢, =00, by = —0
7: «Seti=1

8: while gk—l_)k>eori§5t do

0 - Query V f(z_,)

10: - Compute zf = I [zF | — sV fy(z} )]

B - Query = (e)

12: if ¢ < ¢* then

13: ezt =zF ¢ =cF

14: end if '

15: b= (fula) = (1= pus) filz) ) /(1= (1= ps)')
16: - Update by, = max{by, b}

17: - Update 1 =1+ 1

18: end while

19: - Set IF =i

20:  end for

21:  « Let K = argmin, ¢;, and set x;,; = 2z

22:  « Store in memory all other points in {zf}zznt“ which could be in the proximal-PL

region at time t:

Mg ={z" ¢, <cp +e ke{l,....q+m+1} \ K}
23:  myyp1 = |[Myq|  (Note: myyq < qt)
24: end for

Theorem 2.3. Consider a sequence {x;}I_, generated by Algorithm 2.2. Under Assump-
tions 2.1 and 2.2, the dynamic regret satisfies the following probabilistic bound for all T €

(1,....T}:

P[Reg%(xl, ...,x7) < Regt_ (x1,....x7_,) +min{A(T,T), B(T, T)}] (2.35)
Ll Vol(Ta(s, 5.5)) )
=T )

t=1

where Vol(-) indicates the volume of the set. This theorem relates the dynamic regret at
time T' to the dynamic regret at an earlier time T', the variation within the optimal decision
sequence after T', and the relative sizes of the target sets through T'.
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Proof: The probability that a point located in the time-varying target set Ti(p, 5, s) appears
in ), by time 7T is related to the volumes of T;(u, 5, s) and S because, at each time step, ¢
initial points are selected from S uniformly at random. Hence,

P [V N Ti(i, 8, 5) #0 for some te{1,...,T}] (2.36)
> P W, N Tip, B, s)#0 for some te{l,...,T}]

_p [U i e ﬁ(u,ﬁ,s)]

t=14i=1

=1-P[w, ¢ Ti(u,B,s) Vt=1,...,T,Vi=1,... q]
_ H( Vol(T: ’éf >>> (2.37)

Now, we will show that if J, N T;(u, 3, s) #0 for some t€{1,..., T}, then the dynamic regret
is upper bounded by the expression in (2.35). Applying Lemma 2.4 and Corollary 2.1 yields
that

’lﬂl

T
Reng(xl,...,x )= (fi(xy) )+ (fi(xy)
t=1 t=T

:Reg%fl(xla o 7XT—1) + Z_ (ft(Xt) -
§Reg%_1(xl, ce X))+ mzn{A(T, T),B(T,T)} (2.38)

This completes the proof. O

Observe that the strength of this probabilistic bound depends on the landscape of loss
functions around the global solution through the volume of the target sets. In particular, one
can analyze the role that a “lower-complexity problem” at some time 7" plays in determining
the complexity of the entire online nonconvex optimization. As an extreme but important
case, suppose that there is a time 7' € {1,..., T} such that fz is convex. Then the dynamic
regret bound (2.35) holds with probability 1 since T;(u, 8,s) = S. In other words, the exis-
tence of a single convex problem, in between the sequence of nonconvex problems, is enough
to break down the NP-hardness of solving nonconvex problems for all future times, under
the steadiness of the global solution assumption. On the other hand, if the global solution
is extremely “sharp” at all times, it is unrealistic to expect any algorithm with limited com-
putation time to find the global solution. Thus, dynamic regret could be arbitrarily large
in this case. Indeed, the target set of a sharp minima is small and therefore the probability
of satisfying the dynamic regret bound in (2.35) is low, as expected. If some function f;
does not have a unique global minimum, as stated in Section 2.2.1, but instead has multiple
disconnected global minimizers each satisfying Assumptions 2.1 and 2.2 for their associated
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target sets, Theorem 2.3 holds with the union of target sets (each target set corresponding
to a global minimizer at t) replacing the single target set Ty (i, 3, s).

Choices for the step size s, number of iterations S;, and number of samples ¢, represent
trade-offs between regret bound strength and computation time. As discussed in Section
2.3.1, a smaller step size requires more algorithmic iterations to satisfy Assumption 2.2.
Increasing the number of iterations may increase the time to execute the while loop (line
8). However, larger values of S; improve the upper bound on dynamic regret in (2.35) by
reducing 7. Increasing the number of random initial points improves the probability with
which (2.35) holds, but also increases computation time of in the inner for loop, which is
executed up to qt + 1 times.

2.3.3 Empirical Study of Algorithm 2.2

The objective of this section is to support the results of Section 2.3.2 through numerical
analysis. We will illustrate the performance of Algorithm 2.2 on online function sequences
which satisfy the assumptions in Section 2.2.1 and Assumptions 2.1 and 2.2. To demon-
strate the role that a single comparatively low-complexity problem can play in a sequence
of nonconvex problems, we will consider two cases:

A) “No low-complexity problem”: In this case, {f; : R* — R}{°, each have many local
minima over S = [—1, 3] x [—1, 3] and the target sets’ volumes represent between 2.47%
and 4.14% of the feasible space. The geometry of f1,..., fs, which are representative
of the entire sequence, is shown in Figure 2.3.

B) “Lower-complexity problem at time 4”: In this case, {f; : R* — R}}2, is identical to
Case A at every time period except ¢t = 4. The target set corresponding to f; covers
20.7% of the feasible space. Meanwhile, x} is the same in both scenarios.

The parameter choices and key problem constants for these two online optimization problems
are summarized in Table 2.1.

S | B s € r | Si(mazx) | L | My | ||xf—x;_]|
[—1,3]2 | 0.5 | 289 | 0.0031 | 0.1 | 0.29 7060 289 | 140 0.22

Table 2.1: Parameter and constant values for the empirical study of Algorithm 2.2

We conducted 500 trials of Algorithm 2.2 on Case A and Case B for 3 different sam-
pling rates: ¢g=1, ¢=2, and ¢ = 5. Figure 2.4 plots the empirical probability that
Vi 0 Ti(u, B,8) # O versus the theoretical lower bound provided in Theorem 2.3. (Note
that, by Lemma 2.4, this is the same as the probability that Y, N T;(u, 3,s) # () for some
te{l,...,t}.) For the same value of ¢, the two cases are identical for t = 1,2, 3 and diverge
at t = 4 as a result of the “easy” problem in Case B. These results support Theorem 2.3.
A gap between the lower bound and observed likelihood of initializing in the target region
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Figure 2.3: Contour plots of fi,..., fs for Case A. The red star marks the unique global
minimum of each function.

is expected, since the lower bound does not account for the possibility that x; or a memory
point may be in the subsequent target set. The dynamic regret and optimality gap over time
is shown in Figure 2.5. Regret accumulates quickly until the target set is found and then
accumulates slowly as Algorithm 2.2 starts tracking the global solution.

2.4 Conclusion

In this paper, we defined proximal-PL regions and target sets, characterized their proper-
ties, and used this new knowledge to propose and analyze algorithms for online nonconvex
optimization problems. Linear convergence to the global minimizer and quadratic growth
are the two key properties of the target sets that we established. Since dynamic regret can
be arbitrarily large when there are no restrictions on the loss functions, we constrain con-
secutive functions to have global solutions which are not too far apart, but do not limit the
variation in the loss functions otherwise. In this setting, we propose two online algorithms.
Algorithm 2.1 is relevant when the decision maker has a good initial point, and it provides
a deterministic dynamic regret upper bound as a function of the temporal variation in the
optimal decision sequence. Algorithm 2.2 utilizes exploration and memory to be relevant
regardless of the initial point. It provides a probabilistic dynamic regret upper bound, which
is also a function of the temporal variation in the optimal decision sequence. The strength
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of this probabilistic bound depends on the loss function landscapes. For example, the bound
holds with probability 1 in the special case where one of the loss functions in the sequence
is convex. Empirical studies support these bounds.
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Figure 2.4: Empirical validation of Theorem 2.3 probability bound
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Figure 2.5: Empirical regret resulting from Algorithm 2.2
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Appendix

2.A Proof of Theorem 2.2

Take the function f to be any f;, t € {1,...,T}. Define the function g(x) := /f(x) — f*
and .

() = o) (~5 V7)) W20 (239
with x(0) = x. Then, by the fundamental theorem of calculus, we have

o = [T e [ EO)
FO0 =T = a0 =gfx) = = [ Galott) at = - [ S22

0
The following lemma will be used to establish a lower bound on the term inside the
integral.

x(0)de (2.40)

Lemma 2.5. Consider the projected gradient flow (2.39) with x(0) € S. There exists a
unique solution x({) to this projected dynamical system, and

NG

(VF(x(0)), %(0)) = 5 lim D(x((), h) ===,

(2.41)

Proof: The existence and uniqueness of the solution of the projected dynamical system
(2.39) is guaranteed by [92, Thm. 2.5] under the assumptions in Section 2.2.1. Let {x(¢)}>0
denote the unique solution to (2.39), and

x(6) = T (x(6) — $9/1x(0)

= argmin {(y —x(0),Vf(x(0)))e+ M}

yES 2

Then, it follows from [53, Sec III Prop. 5.3.5] that

lim X (0) — x(¢)

el0 €

= e (~ 5 0)).
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where Ts(x(¢)) is the tangent cone of S at x(¢) € S. By the definition of the proximal-
gradient,

lim D(x(¢), h) = leig)l D(x(?),B/e)

h—o0
= tim =% i [(V(x(0) y ~x(0)) + 1|y ~x(O)]

min [(F6e(0)), y—x(O)e+ 5 Iy <O

el0 €2 yes

. —2p - B—
=lim— (V1 (x(0), () =x(0))e+ S [Re () =x(O)]"]
: B .
— 20| (VF(0), %(0) + SO
where the last equation is due to the continuity of || - ||2. Rearranging the above equation
yields the desired result. ]

Returning to the proof of Theorem 2.2, next we establish a lower bound on the term
inside the integral in (2.40).

ST (0 = = s (9 (O) o (- 5VS06(6) )
= ! i 1m X é _l X ’
= 590 \ 25 D <€>7h>+2HHTS<xw»< FVI(0) )

1 (Dx(0).8) 8 1 i
"0\ 25 5‘%“ VI >

1 %Q(X(f))“rg‘Hﬂrs(xw))(—%vf(x(@)) >
z\ﬂnm L9 ()))'.

The first equality follows from the definition of the gradient flow system and the second
equality is due to Lemma 2.5. The first inequality holds because of Lemma 1 of [62]. The
second inequality applies the fact that x(¢) satisfies the proximal-PL inequality with the
parameters p and (. The third inequality is the result of the arithmetic-geometric mean
inequality. Finally, substituting this lower bound into (2.40) gives

T2 3| [ s (- 5V sex(00) 0

de \f Jx x|,

This completes the proof. O
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2.B Proof of Lemma 2.1

In this proof, the dependency of the sets RP? and RP? on the parameters (1, 3, s) has been
omitted in order to simplify notation. The assumption at the end of Section 2.2.2 establishes
the existence of r; > 0 such that (B(x},r1) N'S) C Pi(p, F). It can be concluded from
Proposition 8.5 and Lemma 8.3 in [49], and the initial assumptions that f; is continuously
differentiable and S is compact, that the projected gradient flow system described in (2.13)
converges to the set of critical points of (2.1) and the sublevel sets of f; are invariant under
this system. Define [; as the second-lowest objective value among all critical points of (2.1).
Since f; < l;, there exists an 5 > 0 such that

(B(x},715) NS) C Ly(1;) and
(B(x;,min{r,m})NS) c RPY.
Meanwhile, Lemma 2.6 (see Appendix 2.C) and its proof show that there exists an open

set SP € RAP such that xF € SP € (B(x},€) NS) for arbitrary e. Take € = r;. Then by
definition of an open set, for some r3 > 0,

(B(x},r3)NS) C SP c RPP.

If ap > f}, then Li(cy) D (B(x},74) N S) for some 74 > 0, and r = min{ry,r9, 73,74}
satisfies Lemma 1. Thus, it remains to show that Jaj > f; satisfying statement (2.15), since
ay > o). Define 7 := min{ry, ro, 73} and take o = f; + 7 /2. By Theorem 2.2,

ly —xi|I> <7 Vy € Li(a)
which is equivalent to
Li(a}) C (B(x;,7)NS).

Therefore, £(c}) = Li(c}) N RPY C RPY, completing the proof. O

2.C Capture property

Lemma 2.6. Let f be a continuously differentiable function on a compact, convex set S.
Let {x*} be a sequence of points in S satisfying f(x*t1) < f(x*) generated by the projected
gradient descent method x*1 = Tlg(x* — sV f(x*)), which is convergent in the sense that
every limit point of such sequences is a stationary point of f(x). Let x* be a local minimum
of minges f(x), which is the only stationary point within some open set. Then there exists
an open set B containing x* such that if x* € B for some k > 0, then x* € B for all k > k
and {x*} — x*.
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Proof: Let p > 0 be a constant such that
Fx) < (%), ¥x £ X with [x —x"]| < p.
For every § € [0, p|, define
¢(0) = _min  f(x) = f(x).

{x|6<]lx—x*||<p}

Note that ¢(d) is a monotonically non-decreasing function of §, and that ¢(5) > 0 for all
d € (0, p]. Given any € € (0, p|, let 7 € (0, €] be such that

1
B

[x = x| <7 =x=x"+ Z[Vf(x)] <e

Consider the open set
B={xeS|[x—x"|<e f(x)<[f(x")+a(r)}
We claim that if x* € B for some k, then x**! € B. In order to prove the claim, assume that
x* € B. Then,
o(|Ix" —x||) < f(x*) = f(x") < o(r),
where the first inequality is due to ¢([|x* — x*||) = min ek x| <xox|<p} f(X) — f(x*) <
f(x*) — f(x*) and the second inequality is due to the fact that x* € B. Since ¢(-) is mono-

tonically non-decreasing, the above statement implies that ||x* — x*|| < r, which means
that

. 1
%" — x*|| + EIIVf(X'“)II <e (2.42)
We also know that

" = x| = [ = xF) 4 (xF = x|

< e = x4 x|

= |[Ts(x* — %Vf(xk)) — Ts(x") | + [|x" — x|

< (x* - %Vf(x’“)) — x|+ [ — x| (2.43)
- II%Vf(X‘“)H - x| <

where equation (2.43) follows from the non-expansive property of the projection opera-
tor (when projected onto convex sets) and the final inequality follows from applying equa-
tion (2.42). Therefore by induction, this implies that if x* € B for some k, we have x* € B
for all k > k. Let B be the closure of B. Since B is compact, the sequence {x*} will have at
least one limit point, which by assumption must be a stationary point of minyes f(x). The
only stationary point of minyeg f(x) within B is x* since ||x — x*|| < ¢ < p for all x € B.
Hence, x* — x*. ]
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Chapter 3

Smoothing Property of Load
Variation Promotes Finding Global
Solutions of Time-Varying Optimal
Power Flow

3.1 Introduction

Optimal power flow (OPF) is a large-scale optimization problem at the core of the daily
operation of power systems world-wide. OPF aims to find a cost-minimizing operating point
for a power system, subject to various operational and security constraints [91]. The OPF
problem is challenging because of its nonconvexity and the frequency at which it is solved [8].
Because demand across the system is constantly in flux, the OPF problem is solved every
few minutes to match the system’s power generation with its latest demand profile. Noncon-
vex constraints in the AC model of OPF are the main impediment to solving the problem
efficiently and optimally. Physical laws govern these constraints, indicating nonconvexity
is inherent to the problem. In power systems [13, 128] and in machine learning [129], such
nonconvexity is known to give rise to poor local solutions. To realize the vision of sustainable
and resilient power grids, there is a pressing need to address the nonconvexity and timescale
of both existing and emerging optimization problems for the control and operation of the
grid. Since these problems are all built upon the power flow equations, we focus on OPF in
this paper.

With the goal of addressing the underlying nonconvexity of the problem, a recent line
of research has focused on approximating the problem as a single or sequence of convex
optimization problems. These works include quadratic convex [22], second-order conic pro-
gramming [66], and semidefinite programming [73, 108, 61] relaxations. Despite desirable
theoretical guarantees, the convex relaxations of OPF suffer from two major drawbacks:
1) Their global guarantees often come at the expense of higher runtimes or overly compli-
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cated implementations; 2) They do not account for the time-varying nature of demand. This
time-varying property poses additional constraints on the ramping capabilities of generators,
which in turn gives rise to coupled optimization problems.

On the other hand, research on multiperiod OPF, such as [68, 45], and dyanamic OPF,
such as [42, 23], endeavors to solve multiple such time-coupled OPF problems simultane-
ously. This leads to large problem formulations which are still nonconvex in nature. As a
result, solution strategies for these problems often rely on the convex relaxations discussed
previously in combination with receding horizon approaches or nonlinear programming algo-
rithms, which lack global optimality guarantees [68]. Another drawback is that the data for
all time periods must be specified at the outset. In practice, forecasts may not be adequately
accurate far in advance.

Real-time OPF is another approach which targets the timescale of OPF. In [110] a real-
time algorithm is used to track the optimal solution every few seconds in between traditional
OPF updates, which occur on a slower timescale ranging from every 5 to 30 minutes. It uses
new measurements of the decision variables’ values and constraints at every time step in
order to compute a correction and track the optimal solution. The correction is computed
by solving a quadratic optimization problem with one iteration of a quasi-Newton algorithm.
This has the advantage of responding quickly to fluctuations, but does not replace the need
to solve OPF on the traditional timescale. Other faster-timescale approaches to OPF-related
problems include [26, 12, 38].

In this work, which is positioned between MPOPF and real-time OPF, we consider time-
varying OPF with ramping constraints in an online fashion, where the load profile changes
over time. Unlike the previous convexification techniques, we solve the problem sequentially
using a simple local-search algorithm. Due to the nonconvex nature of the problem, the
local-search algorithm may return a spurious (non-global) local solution, thus leading to a
potentially large optimality gap. Previously in [34], we made the observation that for a
small system with time-varying demand, the solution trajectories of the time-varying OPF
stemming from four initial local solutions could converge over time. Here, we present an
extensive empirical study on a larger system with 16 spurious solutions using California load
data, and show that all feasible local solution sequences (also called trajectories) converge in
cost and value to the best solution. Notably, this phenomenon occurs despite the fact that
the problem has multiple point-wise poor local minima at key times. For this system, we
show that there is an escaping period in which different local solution trajectories converge
to a solution with lowest cost, followed by a tracking period in which the local trajectories
closely track the global solution.

This observation leads to an important phenomenon in time-varying OPF: load variation
enables the local solution trajectories to avoid poor solutions over time.! In other words,
despite the highly nonconvex nature of the OPF problem at any given time, our numerical
algorithm acts on an implicitly smoothed and well-behaved variant of the problem, thereby

INote that with constant (time-invariant) load, all the local solution trajectories will remain unchanged
over time.
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avoiding the undesirable local solutions over time. We will formalize this statement in the
paper by providing a backward-in-time mapping from the globally optimal solutions of OPF
at a given time (namely, end of the escaping period) to the set of desirable initial points. By
leveraging its special structure, we show that the proposed backward mapping may act as
a stochastic gradient ascent algorithm on an implicitly convexified formulation of the OPF
problem, which in turn explains why local solution trajectories could avoid poor solutions
over time. This work is the first studying the role of data variation in reducing the complexity
of power optimization problems. Since it relies on simple local search methods, the solution
techniques have extremely low memory and time complexities and can also be implemented
in a distributed setting to accommodate the distributed nature of future grids [5].

3.2 Empirical Study of Time-Varying OPF

In this section, we analyze the local solution trajectories of time-varying OPF primarily
for a 39-bus system. A secondary analysis on a 9-bus system is also shared to highlight
that the observed behavior is not unique to the 39-bus system. The solution trajectories of
time-varying OPF are constructed by sequentially solving a series of optimization problems
with time-varying demand levels using a local-search algorithm. California load data and
synthetic load scenarios are used to determine demand levels over time. To prevent the
solution from changing abruptly over a short period of time, the sequential optimization
problems are coupled via so-called ramping constraints, as we explain below.

3.2.1 Model and Algorithm Details

To examine the behavior of different local solution trajectories, we consider a modified version
of the IEEE 39-bus system, as introduced in [13]. Specifically, the real and reactive power
demands are reduced by 50%, voltage limits tightened from +/-6% to +/-5%, and the cost
functions associated with all generators are assumed to be linear. The OPF problem for this
system with a generation cost-minimizing objective and fixed demand values is known to
have 16 local solutions. In this work, we take into account the time-varying nature of the
load and scale all demands proportionally to a given load profile. Finally, we introduce the
ramping constraints that limit the change in power generation for each generator over time.

Starting from the 16 known initial local solutions, we constructed the sequences of lo-
cal trajectories using the MATPOWER optimization toolbox [130] and fmincon sequential
quadratic programming solver? in the following procedure. We ran Algorithm 3.1 for all 16
initial local solutions and obtained 16 different solution sequences, which are called discrete
local trajectories [34].

2Note that unlike many interior point methods that require strictly feasible initial points, fmincon
sequential quadratic programming gives a second-order critical point even if the initial point is not strictly
feasible.
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Algorithm 3.1 Algorithm for obtaining discrete local trajectories

Input: Power system model with a fixed initial point x¢, demand curve, ramping constraint
specifications
Output: Discrete local trajectory {x;}X,
: Initialization : ¢t =1
: for every 15-minute time increment over 24 hours do
Set demand constraints for each bus according to the demand curve at time ¢.
Set generator production limits based on x;_; and the ramping constraint.
Solve the resulting cost-minimization OPF problem with fixed demand and initial
point x;_; using fmincon. Upon feasibility, collect the solution as x;.
end for
return {x;}7

ANl

3.2.2 Behavior of Discrete Local Trajectories for a 39-bus
System with California Data

In this example, the shape of the demand curve is based on the California’s net load for
an average day in August 2019 [15] (Fig. 3.2.1). The reported actual hourly net load data
was interpolated linearly to produce a net load estimate for each 15-minute interval within
24 hours. The curve is normalized and shifted so that time 0 represents 3:00 a.m. Here,
the maximum magnitude of allowable change in power generation between two consecutive
time steps is 10% of the capacity of each generator. All 16 discrete local trajectories remain
feasible throughout the span of twenty-four hours. (This is not guaranteed, as local search
may not always find a feasible point or such point may not even exist.) Fig. 3.2.2 shows the
point-wise distance between these feasible trajectories and the feasible trajectory with the
lowest cost (labeled as Trajectory 2). Interestingly, all 16 trajectories converge to Trajectory
2 within nine hours.

Based on this observation, one may speculate that the problem becomes devoid of spuri-
ous local solutions over time. This is not the case for the considered problem. We uniformly
searched the feasible region of the problem without ramping constraints and verified that

Demand scaling fa

0 10 15 20 25
Time (hours after 3:00 a.m.)

Figure 3.2.1: Average daily net load for California during August 2019 [15]
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Figure 3.2.2: Solution convergence for points on discrete local trajectories

there are multiple point-wise spurious local solutions for the point-wise (single time instance,
without ramping constraints) OPF problem at different times. In particular, there are many
local solutions around the escape time (hour 9) when the discrete local trajectories merge
into one trajectory. Fig. 3.2.3 shows the normalized objective cost values for different discrete
local trajectories, alongside the costs of the discovered point-wise local solutions. Despite
the existence of multiple sub-optimal operating points at different times, the discrete local
trajectories initialized at various local solutions result in the lowest cost values over time.
Fig. 3.2.4 examines the active and reactive power generation for two representative genera-
tors. This figure shows that the problem has point-wise local solutions with a wide range of
generation levels, highlighting the importance of finding the solution with the lowest cost.

Observe that most of the spurious point-wise local solutions have sharp and random
nature. In other words, they appear at different time-steps with various cost values, and
then quickly disappear after a short period of time. This implies that the landscape of
OPF may be highly nonconvex at any given time step. However, it can be observed that our
numerical algorithm is not affected by such sharp local solutions. To explain this phenomena,
we will show in Section 3.4 that the data variation enables the solver to act on a smoothed
verston of the problem that is devoid of sharp local minima.

3.2.3 Behavior of Discrete Local Trajectories for a 9-bus System
with California Data

In this example, we consider a modified version of the IEEE 9-bus system with 4 known local
solutions to the OPF problem, as introduced in [13]. Specifically, the active and reactive
power demands are reduced by 40% and the lower bounds on reactive power compensation are
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| O  Point-wise local solution |
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Figure 3.2.3: Cost for points on discrete local trajectories and point-wise local solutions (for
a single instance of OPF), relative to the cost of the best trajectory

tightened to -5 Mvar. The demand data is a normalized and shifted version of California’s net
load for an average day in May 2019 [15] (Fig. 3.2.5a). Fig. 3.2.5b shows the relative objective
cost values for different discrete local trajectories, alongside the costs of the discovered point-
wise local solutions, produced using Algorithm 1 with a 5% ramping constraint. Again, we
observe that the load variation enables all trajectories to converge to the optimal trajectory.

3.2.4 Impact of Load Variation on 39-bus System

Next, we consider discrete local trajectories for three different load profiles on the same
39-bus system. Isolating the impact of load variation enables insight into how variation
creates trajectories that avoid poor solutions, as occurred in the previous examples. The
three demand curves used are sinusoidal functions with amplitudes representing 5%, 10% and
12% deviation from the initial load, as shown in the left column of Fig. 3.3.1. The ramping
constraint (i.e., maximum magnitude of allowable change in power generation between two
consecutive time steps) is 5% of the capacity of each generator. In each scenario, all 16
discrete local trajectories remain feasible throughout the time horizon (100 steps).

The results show that larger magnitudes of data variation lead to fewer poor solutions over
time. At 5% variation, 4 trajectories remain at 4 different poor solutions, while the remaining
12 trajectories converge to the best solution. At 10% variation, 3 trajectories converge to the
same poor solution, while the remaining 13 trajectories converge to the best solution. At 12%
variation, all 16 trajectories converge to the best known solution. These results are displayed
in the center column of Fig. 3.3.1, which shows the distance between each trajectory and
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Figure 3.2.4: Real and reactive power output of select generators: points on discrete local
trajectories and point-wise local solutions

the trajectory with the lowest cost, along with discovered point-wise local solutions. The
search for point-wise local solutions is done every fourth time step due to the significant
computational effort required to repeatedly solve the problem from a range of initial points.
Fig. 3.3.1 (right column) compares the number of point-wise local solutions with the number
of distinct? trajectories over time. In these three cases, the number of distinct trajectories
decreases until it plateaus at the minimum number of point-wise local solutions found over the
entire period. This offers one potential explanation of how load variation creates trajectories
that escape poor solutions: In exploring a range of static problems, you may encounter one
or more times at which the problem has a favorable landscape*. At such times, the coupled
problem may escape a poor solution. Eventually, the number of poor trajectories is limited
by the number of spurious point-wise local solutions of the most favorable landscape.

3.3 Mathematical Analysis of Time-Varying OPF

The case study in Section 3.2 reveals an important property of the time-varying OPF prob-
lem: In the escaping period, different discrete local trajectories converge to the operating

3Solutions are considered distinct if the real or reactive power output at any generator differs by at least
1 MW or 1 MVAr, respectively, or if the voltage magnitude or angle at any bus differs by at least 1073 p.u.
(345V) or 1072 radians, respectively.

4The number of spurious point-wise local solutions is an indicator of how difficult a given static OPF
problem is. If only one point-wise local solution is found, the problem may be convex. However, the search
is not exhaustive, so other local minima with small regions of attraction may exist.
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Figure 3.2.5: Data and results for an empirical study on a 9-bus system

point with the lowest cost. Then, in the tracking period, the discrete local trajectories track
these globally optimal operating points, even if the load profile changes gradually over time.
Such tracking period has been studied in [86, 111], but the striking feature of power systems
is the existence of escaping periods.

To better understand this phenomenon, we analyze the problem structure mathemati-
cally. First, we reformulate the time-varying OPF as an unconstrained optimization problem
to enable the analysis. Using the derived unconstrained problem, we introduce a backward
mapping that characterizes the dynamics of the discrete local trajectories over time. We
show that the convergence of different local trajectories can be explained by the expansive
property of this backward mapping. Finally, in Section 3.4 we draw a novel connection
between our derived mapping and stochastic gradient ascent and use this insight to explain
that the behavior of the trajectories may be driven by some low-complexity averaged model
over a period, rather than the high-complexity OPF problems at each step.
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Figure 3.3.1: Three scenarios highlighting the role of load variation. The three plots for each
scenario are (left to right): load profile input, resulting discrete local trajectories and point-
wise local solutions (for a single instance of OPF), comparison of the number of point-wise
local solutions to the number of distinct discrete local trajectories.

3.3.1 Unconstrained Model for OPF with Fixed Demand

The AC model of OPF in a single time instance with fixed and predefined demand values
can be written compactly as an optimization problem with both equality and inequality
constraints:

min f(x) (3.1a)
s.t. h(x) =d € R" (3.1b)
g(x) <0eR™ (3.1c)

Here, x is the concatenation of the voltage angle and magnitude at each bus, as well as the
real and reactive power generation outputs for each generator. The equality constraint (3.1b)
ensures that the generated power meets the demand, where d is the vector of real and reactive
demand at each bus, and respects the underlying structure and physical constraints of the
network. The remaining constraints in the problem—including the upper and lower bounds
on the voltage magnitudes and degrees, power generation, and line flows—are captured
by the inequality constraint (3.1c). It is easy to verify that p > n. We refer the reader
to [91], [13] and [73] for more information on the exact formulation of the problem. Note
that f(x), h(x), and g(x) are continuously differentiable (piecewise linear cost functions can
be reformulated as such).

In order to analyze this optimization problem theoretically, it is desirable to convert it
to an unconstrained problem. First, we enforce the inequality constraints (3.1c) through a
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penalty in the objective function:

min f()+ 6 (o)) (3.2a)
s.t. h(x) =d cR® (3.2b)

where 3 > 0 serves as the penalization parameter, g;(-) is the i*" element of g(-), and
[y]" denotes max(y,0). This choice of quadratic penalty function is inexact, meaning that
problem (3.2) is an approximation of problem (3.1). However, as /3 increases, each global
minimizer of (3.1) approaches a global minimizer of (3.2) under mild regularity conditions [9].
Second, we use the implicit function theorem [9] to complete the transformation to an un-
constrained model. Consider a feasible point x, satisfying the Karush-Kuhn-Tucker (KKT)
conditions for (3.2). Assuming that constraint qualifications hold at x,, this vector can be
partitioned into two sub-vectors x,” € R™ and x,® € RP~" such that the Jacobian of h(x,)
with respect to x? is invertible. Therefore, the implicit function theorem guarantees the ex-
istence of a unique differentiable function ¢(-) such that x? = ¢(x%) in a local neighborhood
of x,. Given such function, Problem (3.2) can be re-written as (see [9]):

m

min  f(6(x"),x") + 8 ([g:(6(x"), x")]*)" (33)

xReRp—7
=1

Enforcing the equality constraint (3.1b) directly using the implicit function theorem instead
of through penalization will be advantageous when we move to the time-varying setting.
Namely, it avoids amplifying the demand variation as scaling by a large penalization param-
eter would do. This is not an issue for the inequality constraint (3.1c) because it does not
vary in time.

Remark 3.1. Note that (3.3) cannot be formulated explicitly, due to the unknown nature
of the local solution x, and the function ¢(xT). Instead, this formulation serves as an
intermediate step to analyze the behavior of discrete local trajectories over time. In other
words, one would solve the OPF problem directly in practice, and the surrogate problem (3.3)
1s designed to understand the properties of OPF.

3.3.2 Unconstrained Model for Time-Varying OPF

The above analysis reveals that, under some technical conditions, the OPF problem with
fixed load can be modeled as an unconstrained optimization problem (with a controllable
approximation error). In this subsection, we extend our analysis to time-varying OPF where
demand changes over time and the problem must respect ramping constraints. As previously
stated, ramping constraints ensure that the solution does not change too drastically from one
time step to the next. One way to softly impose ramping constraints is through a proximal
method, which penalizes the distance between the current and previous solutions in the



CHAPTER 3. SMOOTHING PROPERTY OF LOAD VARIATION PROMOTES
FINDING GLOBAL SOLUTIONS OF TIME-VARYING OPTIMAL POWER FLOW 40

objective function of the optimization [31]. Time-varying OPF with K equally-spaced time
steps to = 0,t; = At,....,tx = KAt (At > 0) can be written as the following sequence of
optimization problems:

2
Rmin fr. (¢, (XRk), XR’“) + « HXRk — X*i'il
Xk eRP—7 2

+ ﬁZ([gi (e (x), x")[ ) (3.4)

T T
for k =1, ..., K, where o > 0 is a penalization parameter and x,; = [(x*ikl) (x*i’i1> }

denotes an arbitrary local solution to Problem (3.4) obtained at time t;_;. In light of its
dependence on x, xP* is not regularized in this approximated model. Due to the time-
varying nature of the demand, the functions f;, (-) and ¢, (-) may change over time, hence
they are indexed by time step.

To simplify the analysis, assume that the partition (By, Rx) does not change over time,
i.e., we have By = B and R, = R for k =1, ..., K. Then problem (3.4) can be written as

. = 2
Juin, B+ 33 (Gn)") v~ aall (35)
T (2)

for k = 1,...,K, where z = x®, 7z, = x*i’il, Fi(z) == f1, (¢, (2),2), and Gy ,(z) =
gi (¢1,(2z),z). If the partition changes, then the time interval [0, K'At] should be divided into
sub-intervals, each with a constant partitioning of x. In this case, the argument presented
in Section 3.4 applies to each sub-interval.

3.3.3 Backward-In-Time Mapping

The above analysis reveals that a local-search algorithm used to solve the time-varying OPF
implicitly aims to recover a stationary point of the unconstrained problem (3.5). Therefore,
we focus on (3.5) in our subsequent analysis. Consider a given time step T'At, representing
the end of the escaping period. Then, a sequence of stationary points {z;}i_, for (3.5)
satisfies

0= VIk(zr) + 2a(zg — zk—1) (3.6)

for every k = 1,2,...,T (where V is the gradient operator). Note that I'x(-) is differentiable.
Therefore, given the solution z;_;, this equation defines an implicit nonlinear formula for
obtaining z, which cannot be written in closed form. However, going backward in time, one
can express zj_1 in terms of zy:

1
Zr 1 = Zg + ﬁvm(zk) = Mk(Zk) (37)
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This gives rise to the following end-to-end backward mapping from zr to the initial point z,
via the composition operator o:

Zy — M1 @) MQ O---0 MT(ZT) (38)

Provided that the mapping M; o --- o Mp(z7) is expansive enough when applied to a
small neighborhood of a global solution of OPF at time T'At, a large set of initial points
(even multiple local solutions of OPF at time 0) are guaranteed to converge to that small
neighborhood of the globally optimal solution of the problem at time T'At. This expansive
nature of the mapping implies the escape of spurious local solutions between time 0 and
time TAt. The global solutions at future times after TAt will be tracked successfully if the
data variation is not too high [86]. This expansive property can be observed in the empirical
study conducted in Section 3.2 on the modified IEEE 39-bus and 9-bus system under both
California load data and synthetic sinusoidal loads.

3.4 Connection to Stochastic Gradient Ascent

This section aims to explain how data variation plays a key role in escaping spurious local
solutions of time-varying OPF. Specifically, we will show that the backward mapping (3.7)
can be treated as a variant of stochastic gradient ascent on a smoothed version of the function
['r(z). This gives rise to the following important observation:

A certain level of stochasticity in {Tx(z)}I_, over time may enable the stationary points
{z}1_, to escape “sharp” local minima over time.

To explain this phenomenon, we first introduce the smoothing property of the stochastic
gradient descent (SGD) algorithm.

Smoothing property of SGD: Recently, [65] proposed an alternative viewpoint to SGD
and its ability to avoid spurious sharp local minima. Given an initial point zg, suppose our
goal is to find a global minimum of a (time-invariant) function I'(z) using SGD. Accordingly,
the iterations of SGD can be written

Zpr1 = 2z — (VI (zg) + wi) Vk € {0,1,2,...} (3.9)

where w; is a bounded random variable with zero mean and 7 is a predefined step size.
Upon defining z; = z;, — nVI'(z), one can write the above iterations (3.9) in terms of the
intermediate sequence {zy}:

ik—H =7 — nwy — T]VF(Zk — nwk), Vk € {0, 1, 2, . } (310)

To analyze the average behavior of SGD, consider the evolution of E,, (Z4+1), where the
expectation is taken over wy conditioned on {wy,...,w_1}. Hence,

Ewk [ik—i-l] =7 — UVEwk [P(ik — nwk)] ,Vk c {0, 1, 2, ce } (311)



CHAPTER 3. SMOOTHING PROPERTY OF LOAD VARIATION PROMOTES
FINDING GLOBAL SOLUTIONS OF TIME-VARYING OPTIMAL POWER FLOW 42

Therefore, on average, SGD acts as the exact gradient descent on the surrogate function
E,, [['(zx —nwg)]. Comparing this function with I'(z), one can verify that the former is
a smoothed version of the latter, where the smoothness is due to the convolution of I'(z)
with the probability density function of the random variable wy. As illustrated in [65], such
convolution may give rise to (one-point) strong convexity of E,, [I'(zy — nwy)| with respect to
the globally optimal solution, which in turn guarantees the convergence of {Z;} (and hence
{zr}) to a small neighborhood around the global solution, even in the presence of sharp
local minima. A key takeaway from this observation is that I'(z) can possess multiple sharp,
poor local minima, and yet its smoothed version E,, [I'(Z; — nwy)] may be devoid of such
solutions.

Time-varying optimization and time-varying OPF: Returning to time-varying
OPF and the backward mapping (3.7), we assume that the variation in {VIT';(z)}1_, follows
a stochastic process indexed by the time k. In particular, we write VI'y(z) — VI'y11(2) =
Ck(z) + wg, where (x(z) is a deterministic, time-varying function and wy is a bounded ran-
dom variable with zero mean. Such assumption is realistic in power systems, where demand
can be modeled as a deterministic, time-varying function capturing the average demand be-
havior, together with an additive stochastic term accounting for its random nature. The
iteration (3.7) is equivalent to

1
Zy =Zpy1 + %VFT(ZIC—H)
T—1
1 (3.12)
t 5 Z (VT (Zps1) = VI -41(2k41))
T=k+1 -

Cr (Zhg1) —wr

which can be written as the following dynamical model:

1 1
Zp = Zi1 + %VFT(Zk—H) + £Vk+1(zk+1) (313&)
Vit 1(Zrt1) = Ukr2(Zeg1) + Gt (Zeg1) — Wi (3.13b)

where vy 1(24+1) is referred to as the variation process. In particular, (3.13b) defines ex-
plicit dynamics for the variation process comprised of three parts. The first term vy o(Zg11)
captures the correlation between the variation processes at times ¢;,; and ¢x.o. The second
term (jy1(zr+1) captures the bias that is added to the variation process at time t;, 1. Lastly,
the third term wgq ~ W(z41) is an independent noise injected into the variation process
at time x4 (also referred to as effective noise). Comparing (3.13) with (3.9), one can verify
that (3.13) reduces to stochastic gradient ascent if vy 2(zgs1) + Crr1(2zry1) = 0. Therefore,
if wi41 dominates the first two terms, (3.13) resembles an approximate version of stochastic
gradient ascent applied to I'r(z); otherwise, it is a biased and correlated version of SGD [20].
Similar to (3.11), this implies that, on average, the points generated via the backward map-
ping (3.7) would be close to the iterations of the gradient ascent on the smoothed version of
I'r(z). Now, assume that despite the possible existence of multiple spurious and sharp local
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minima in {T4(z)}?_,, the smoothed version of I'r(z) after convolution is strongly convex.
This together with the expansive nature of gradient ascent on strongly convex functions [103]
yields that the end-to-end backward mapping (3.8) is expansive, and the discrete local tra-
jectories can escape poor local solutions over time. We formalize and rigorously analyze this
intuition in the next subsection.

3.4.1 Theoretical Analysis of Dynamics

For simplicity of notation, we define n = i Furthermore, suppose that z* denotes the

globally minimum point of I'z(z). Without loss of generality, ||v]| is used to refer to the
2-norm of the vector v. We make the following assumptions for the dynamical model (3.13):

Assumption 3.1 (Smoothness). The following statements hold:

- The function T'r(z) is L-smooth, i.e., we have

IVIr(x) = VIz(y)l < Llx —y| vx,y € R (3.14)
- The functions (;(z) are l-Lipschitz for v =1,--- T — 1, i.e., we have
16:(x) = Gl < llx -yl Vx, y € R"™. (3.15)

Assumption 3.2 (Implicit Convexity). There exists z* such that the following statements
hold:

- (One-point strong convexity of convolution) For everyy, there exists ¢ > 0 such that

(2" =y, ~VE,uw@y) [r(y — nw)l) = clly — 2| (3.16)

- (Bounded one-point curvature of convolution) For ever there exists ¢ > 0 such that
y4 vy,

(z"—y, — ZEWNW G (y—mw)]) == lly —z"* (3.17)

T=k+1
for every k € {0,...,T — 2}.

The existence of L and [ which satisfy Assumption 3.1 can be verified for the uncon-
strained model of the time-varying OPF. Meanwhile, Assumption 3.2 implies that the con-
voluted variant of the objective function at time 7" is one-point strongly convex. We note that
such assumption may not be easily verifiable for the time-varying OPF. However, our simula-
tions strongly support the fact that most of the spurious local solutions in time-varying OPF
have a sharp nature, and therefore, they are likely to be absent in the convoluted (smoothed)
landscape of the problem.

Under these two assumptions, we present the main theorem of this paper.
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Theorem 3.1. Suppose that ¢ > ¢’ and there exists v > 1 such that ||w|| < r for every t.
Define X :=n(c— ), and assume that 2n*L < 1. Then, under Assumptions 3.1 and 3.2, the
following inequality holds:

E [||zo — z*Hz} 8n?rT?
P — = 1
lzr—=2"|" < 1—2n2L< o Ty (3.18)
where
4 4 1\? n*r?(1 + 2))?

A proof for Theorem 3.1 is provided in appendix 3.A. A number of observations can be
made based on this theorem. Not surprisingly, the provided bound on ||z —2*|| depends on
the accuracy of the initial point ||zg — z*||. However, the effect of this initial accuracy dimin-
ishes exponentially fast with respect to T. Moreover, as T" — oo, the following asymptotic
inequality holds:

D

* 12
—  —
lzo=2"I1" < 7557

(3.20)
which is independent of the initial point. Another implication of this asymptotic bound
is that, for any value of 7T, Theorem 3.1 can only guarantee the convergence of zr to a
neighborhood of z*. This is not surprising if we consider the non-diminishing nature of n
and its connection to SGD, as delineated in the introduction of Section 3.4. Indeed, similar
results on SGD show that, with non-diminishing step-sizes, the iterations of the algorithm
may only converge to a neighborhood of the globally optimal solution [65]. Finally, it is
worthwhile to study how D depends on different parameters of problem, namely n, r, [, L,
and ¢ — . Equation (3.19) reveals that D is a decreasing function of ¢ — ¢’. Combined with
Assumption 3.2, this implies that one-point strong convexity of I';(z) for t =1,...,7 has a
favorable effect on ||zp—z*||. Similarly, it can be seen from (3.18) and (3.19) that ||z —2z*||
decreases as [, L, and the noise values’ magnitude (characterized by r) shrink. However,
notice that Assumption 3.2 may not be satisfied for small values of noise. Finally, D does not
have a monotone behavior with respect to n. In particular, it can be verified that D — oo if
n — oo orn — 07. Recalling (3.5) and n = i, this implies that over- or under-regularization
may lead to large values for ||zr—z*||. This observation is in line with Example 1 of [34],
which shows that both small and large regularization may cause the solution trajectory to
remain trapped at spurious local solutions of a time-varying optimization.

3.4.2 Illustrative Example on a 2-bus System

In this subsection, we analyze the effect of the load variation on the landscape of a 2-bus
system. Our goal is to visualize the smoothing effect of the load variation on the objective
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(P{, Q) (P, Q%)

g—1ib

(P, Qf) P,
Figure 3.4.1: The 2-bus system. Here, i = /—1.

function, thereby verifying the assumption on the implicit one-point strong convexity of the
convoluted objective function. Consider the simple 2-bus system illustrated in Figure 3.4.1.
Assume that both buses are equipped with generators, and they are connected via a single
line with admittance g —ib. The time-varying load connected to the first bus has both active
and reactive power demands, while the time-varying load connected to the second bus is
purely active. At any given time k, the point-wise OPF (without ramping constraints) can
be formulated as follows®:

min f1(PY) + f2(F) (3.21a)
s.t. P — Pl =|v1[>g+]|v1[|va|bsin(A0) — vy [|va]g cos(AG) (3.21Db)
P§ — Py =va|*g+|v1||v2|bsin(A) — |v1| [va|g cos(AF) (3.21¢)
Qf = Q1= [v1 g —[v1[[va] g sin(AG) —[v1][vs]b cos(AF) (3.21d)
9= va|?g—|v1||v2] g sin(AG) — |1 ||v2]b cos(A) (3.21e)

Vi <y | < Vmax s pmin gy | < pmex (3.21f)
Pt < PY < P, P < P < PR (3-21g)
QU < QI < QP, QEn < 0 < Qe (3.21h)

where P?, Q7. |v;|, Af are the variables for active power generation, reactive power gener-
ation, voltage magnitude at bus i, and angle difference between buses 1 and 2 respectively.
Moreover, P, Q. are the active and reactive load parameters at bus ¢ and time &, re-
spectively. To simplify our subsequent analysis, we assume that the voltage magnitudes at
both buses are equal to the their nominal values, i.e., |v;| = |va] = 1. Therefore, accord-
ing to (3.21b)-(3.21e), the variables (P, Py, Q{, Q%) can be written in terms of the angle
differences Af. In other words, P/ = pi(Af, Ply), P5 = pa(A0, Py, QF = ¢1(A0,QL),

5For simplicity, we omit the apparent power flow limits on the line connecting the two buses. Moreover,
to streamline our subsequent analysis, we avoid the index k for the variables.
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Q) = q2(A0) where
pi(AG, Py) = Pl + g+ bsin(Af) — g cos(AF)
p2(AG, Pyy) = Py + g + bsin(A) — g cos(AF)
q1 (A0, Q p) = ll;k + g — gsin(Af) — bcos(Af)
@2(Af) = g — gsin(Af) — bcos(AH)

Based on these simplifications, the OPF at time k can be re-written as

min fi(p1(A0, Piy)) + fo(p2(A0, Pyy)) (3.22a)
s.b. P < pi (A, Pl) < PR, (3.22b)
Py < py(AG, Py) < Py (3.22¢)
QM < 1(A, Q) < Q™ (3.22d)
Q3™ < g2(A0, Qyy) < Q3™ (3.22¢)

Moreover, suppose that the upper and lower bounds on the active and reactive power gen-
erations are chosen such that all inequality constraints in (3.22) remain inactive, except for
lower bound on the reactive power generation, i.e., @™ < ¢1(Af,Q},,). Similar to (3.1), we
convert (3.22) to an unconstrained optimization by removing this constraint, and instead,
penalizing its violation in the objective function. Based on these modifications, we arrive at
the following nonconvex and unconstrained optimization problem:

Hiieﬂ [ (A8) =fi (pl(Aea Pll;k)) + 2 (pz(Aea P2l;k)) + <[Qmin — qi (A, Qi;k)ﬁ)z (3.23)

Suppose that g —ib = 0.01 —i0.1 and Quin = —0.181. Moreover, suppose that fi(P{) =
2(P7)2 4+ 2P} +1 and fo(PY) = 0.1(Py)? 4+ 0.1P) + 1. Finally, the penalization parameter (3
is set to 500. Figure 3.4.2a illustrates the objective function at the final time 7" as a function
of Af for the choices of P{,;, = PL; = 0.5, and Q}.; = Qb = 0. Note that the objective
function has one global minimum, one strict local minimum, and one local maximum within
the interval —2 < A6 < 1.5.

Next, we illustrate the effect of load variation on the landscape of this optimization prob-
lem and verify Assumption 2. We empirically compute the function E, .y ag) [I'r7(A — nw)]
introduced in Assumption 3.2 when the active and reactive loads are chosen according to
the following rules:

- P, and P}, are chosen uniformly at random from the interval [0.005,0.55].
- Q4 = 0 and Q) is chosen uniformly at random from the interval [—0.02, 0.18].

Setting n = 2, for every £ = 0,1,..., N = 10,000 we randomly generate the active and
reactive load values based on the aforementioned rules, and compute I'y(Af) and VI'y(A6).
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Figure 3.4.2: (a) The objective function at ¢ = T', (b) instances of the objective function
for different values of the load, (c) the convoluted and pointwise objective functions, (d)
realizations of Af — nw showing the effective noise of the load variation at different A6
points.

Figure 3.4.2b shows realizations of I'y(A#) for different values of k. Then, for every k =
0,1,...,N — 1, we compute the gradient difference VI'y(Af0) — VI'y11(AB), capturing the
effects of the bias (x(Af) and the effective noise wy ~ W (AF). Since the load distribu-
tion is the same at every time, we have E[I't(Af#)] = E[['x11(A0)]. Hence (x(Af) = 0 for
every k. Finally, we approximate E,wag) [I'7(Af — nw)] with its empirical counterpart
~ iV:Bl L7(A0 — nwi(A6)).° The resulting function for —2 < Af < 1.5 is depicted in Fig-
ure 3.4.2c. It can be seen that, unlike I'7(Af), the convoluted function is devoid of spurious
local minimum. In fact, it is one-point strongly convex, thereby verifying Assumption 3.2
on the implicit convexity of the convoluted objective function.

3.4.3 The Effect of Expected Gradient on The Noise Variance

Another interpretation of the smoothing effect of the noise is based on the average behavior
of the objective function. The expected objective function takes the expectation directly over
the load’s randomness, whereas the convoluted objective function’s expectation is taken over
a random perturbation of the variables. Because the demand distribution has a direct and
immediate physical interpretation, while the effective noise does not, the expected objective
function and its gradient are easier to compute or approximate. We will show that the
variance of the effective noise E i ag)l||w||?] at a given point Af depends on the gradient
of the expected objective function. In other words, a large gradient of the expected objective
function at A6 leads to a high variance E |w|[?], which in turn yields a smoother

E,w(xo) FT(KG - nw)} Figure 3.4.2d precisely shows this behavior. In particular, the

local minimum Af = 0.6 of I'p(A#) disappears in E,, wag) [['7(A0 — nw)] due to the high
variance of the additive noise w at A = 0.6 (shown with red circles). On the other hand,

W W (AD) [

SNote that, due to the law of large numbers, the empirical average converges to the expected value as N
tends to infinity.
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the additive noise at the global minimum Af# = —1.4 is infinitesimal due to the fact that the
gradient of the average function remains close to zero at A9 = —1.4. We will now formalize
this intuition.

To better elucidate the relationship between the effective noise variance and the expected
gradient of the objective function, consider an n-bus system with the following properties:

- Every bus i is equipped with a generator.

- The upper and lower bound constraints on the reactive power generations, and the
upper bound constraints on the apparent power flows at different lines are inactive.

- The voltage magnitudes are set to their nominal values.

The above assumptions are made to simplify our subsequent presentation. Note that the
problem is still highly nonconvex due to the nonconvex power balance equations and the
upper and lower bounds on the active power generations. Let p;(0) = PY — Pil; x be the net
power injection at bus 7 at time k, where # € RV =1 is a vector collecting the angles at different
buses, except for the slack bus. Then the unconstrained objective function can be defined as
Ty(0) = 320 cilpik(0) + PLy.), where ¢;(pix(0) + PL;,) is a linear combination of the cost of
generation and the penalties on the violation of the lower and upper bound constraints on
the active power generation at generator ¢. Moreover, suppose that Pz-l;k = P, + ~;, where P
is a vector collecting the nominal loads, and v is an isotropic random vector with a known
distribution P such that E[y;] = -+ = E[y,] = ¥ # 0. In other words, the variations
in the load are biased. For simplicity of presentation, we abuse the notation and write
[(0; P+ ~*) = Tw(6), where v* ~ P is a realization of the randomness in the load at time
k. Define the linearization of I'(f; P + ~) around P as

Tpin(0; P + ) = T(0; P) + VpI'(6; P) '~ (3.24)

For small values of v, the linearized function I'i,(6; P + v) is a good approximation of
['(0; P + «). In particular, under mild conditions on I', the Mean Value theorem implies
that T'(0; P + ) = i (6; P + ) + O(7?). Note that while 'y, is linear in terms of v, it is
potentially nonconvex with respect to 6. Define effective noise of the linearized functions as

Wl (0; PR AF 1) = WD (0; P+ 4F) — VT (0; P+ 4571 (3.25)

for every k= 1,...,T. Again, wf is an accurate approximation of the true effective noise,
provided 7 is sufficiently small. Note that the bias term in (3.25) is zero since the right-hand
side of (3.25) has zero mean. Moreover, we can drop the time index k, since the distribution
of wf (0; P,+*,~*~1) does not depend on k, as v* and *~1 are independent and identically
distributed. With these definitions, we present our next proposition.
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Proposition 3.1. Suppose that at time T, the objective function of the time-varying OPF
corresponds to T'(0; P) with an stationary point 0. Then,

- B QVar N (fy) ’ y~P VGth H
B [l P, 9) 7] = 2007 | - il

(3.26)

The proof of this proposition is deferred to appendix 3.B. Note that a larger variance of
the effective noise leads to a higher smoothing effect, which in turn facilitates the satisfaction
of Assumption 2. In essence, Proposition 3.1 implies that this smoothing effect (captured
by the variance of the effective noise) is controlled by the average behavior of the objective
function. In particular, suppose that the point 6 is not a stationary point of the expected

objective function. Therefore, we have HEWNp [nglin(é; P+ fy)} H > 0, and the above propo-

sition implies that the generalized variance of the effective noise at 6 increases with the norm
of the gradient of the expected function at 6, thereby leading to a higher smoothing effect
of the load variation and the elimination of the spurious local minima. This partly explains
the high variance of the effective noise at the local minimum of the objective function for
the 2-bus system described in Subsection 3.4.2, and the elimination of its spurious local
minimum.

Based on our results, it is possible to eliminate the spurious local solutions in a point-wise
OPF problem by adding a synthetically generated noise to the load, thereby elevating the
data variation in the problem. This effect of random perturbation in the load values can
be observed in Fig. 3.4.2c, where it is shown that randomness in the load can eliminate the
spurious local minimum and maximum, while keeping the global minimum intact.

However, in practice deriving a class of variation sequences which guarantee convergence
is not tractable, due to the nonconvex relationship between the load variation and the “effec-
tive noise”. This is not surprising, considering the NP-hardness of the time-varying OPF' in
its worst case. However, even without such a guarantee, computing a discrete OPF trajec-
tory for a load sequence which starts and ends with the load of the target problem may often
succeed for a straightforward choice of load variation such as a sinusoidal function, uniform
variation, or random walk. Fig. 3.4.3 shows two examples on the modified 39-bus system of
scaling load by a uniform random walk for 100 time steps with a 20% ramping constraint.
As with the sinusoidal load in Fig. 3.3.1, we observe that some or all initializations lead to
the optimal solution over time, depending on the specific variation.

3.5 Conclusion

This paper studies time-varying optimal power flow (OPF) problems, in which a set of
optimization problems are solved sequentially due to load data variation over time. The
solution to each OPF is obtained using local search initialized at the solution to the previous
OPF. We offer a case study on a 39-bus system under California data, where the OPF at



CHAPTER 3. SMOOTHING PROPERTY OF LOAD VARIATION PROMOTES
FINDING GLOBAL SOLUTIONS OF TIME-VARYING OPTIMAL POWER FLOW 50

= Load scenario  Discrete trajectories & point-wise local solutions
= PR®& < 3 -8-8
S 1.1 2 ST RaRe 0o og
W O S ok SEE
o 1% 92 52KTTTR o oOOOoO@©O©
¥ (%)
5 3 1
LA ]
GE)O.Q o2 1 1 & |
Q o0 50 100
2
= 25
& A S 2
2B
5 o3
Q 90 50 100

Figure 3.4.3: Numerical studies on the modified 39-bus system with a synthetic load created
by a uniform random walk. This type of noise injection could be used to help find the global
solution to a static OPF problem.

the initial time has 16 locally optimal solutions leading to 16 solution trajectories. We show
that, in this experiment, all trajectories converge to the best solution trajectory, even though
OPF has many local minima at most times.

To understand this highly desirable property, we analyze the optimization landscape of
the time-varying OPF. Our developed theory is based on the underlying structure of time-
varying OPF problems. Despite the generality of our theoretical results, its application
relies on assumptions which may not be satisfied for all power systems. Developing a more
interpretable set of conditions for our developed theory is left as an important direction of
future research. In this work, we introduce the notions of escaping period and tracking period,
examine the role of data variation and the easiest intermediate problem, study the behavior
of the time-varying OPF during the escaping period via a backward-in-time mapping, and
relate it to the SGD algorithm. By modeling the data variation as a biased noise, we prove
that enough data variation enables escaping poor solutions of time-varying OPF over time.
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Appendix

3.A Proof of Theorem 3.1

For simplicity of notation, we reverse the order of time, changing T"—t to t. Then, the
dynamics (3.13) can be written

t—1 t—1

z; =21 +1Vo(2-1) + 1 Z Cr(zi-1) — 1 Z W (3.27)

k=1 k=1

We will extensively use the following sequences of intermediate points in our analysis:
t
yvi =2z +nVTo(z) + 1 Zk:l Ci(zt) (3.28)
~ t—1
Yt =Yt — Uzkzl Wk (3.29)

It is easy to verify that the above definitions together with (3.27) gives rise to the following
recursive equation:

t—1 t—1 t—1
t
Yi=ye1—ny w+nVly <Yt1 —1 Zw) Y G (yu —1 Zw) (3.30)
k=1 k=1 k=1

which in turn implies

t

Yi =Yi-1 — Nwi—1 + Vo (¥io1 — nwe_1) +1 Z Ce (Ye—1 — nwi—1) (3.31)
k=1
Define the filtration F;_1 = o{wi,...,w;—2} and the following stochastic process:

(3.32)

2(by + bot + bst?
Gy =(1+N)" (Ilyt—z*IIQ— ot : s )>
where by 1= 203r2L, by := 203721, and by := M. Our next lemma provides a lower
bound on E[|ly; — z*||*|F;_1] in terms of ||y, — z*|]*.
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Lemma 3.1. The following inequality holds:
E [llye — 2°[I*| Feea] 21+ Nllyer — 27 = (b + bat + bst?) (3.33)
Proof. Based on (3.31), one can write

E [llye — 2[*| Fi-1]

2

t
=E ‘ Vi1 — 2z — nwi—1 +nVIy (S’t—l - 77Wt—1) +n Z Ck (S’t_l - 77wt—1) ]:t—l]
k=1

> |lyi-1 — 2°[]° + 0°E [||lwe—1 || Fo-1]

t
+E ”UVFO (S’tq - thfl) +n Z Ck (S’tfl - 77%—1) Hz‘ftl]

k=1

(w1, Z Lo(ye-1 — 77%1))"7'}1] )

k=1

— 27 (E [(nwi—1, VIo(¥i—1 — nwi—1))| Fe-1] + E
+20(z" = §u 1, ~VE[To(F0 1 = nr 1)\ Foa] )

t
+20(z" = §11,— Y B GFe1 — e )Fea] )
k=1

>1yi-1 = 2°|1” =2nE[(nwi—1, VTo(§s-1 — nwi—1)) | Fi1]

v~

A
t
—2nkK {@7%—17 Z Lo(ye-1— 77Wt—1)>|}—t—1} +20(z" = yi-1, =VE[o(yi-1 — nwi—1)|Fi1])
. = ; 13
B
t
+2n(z" = §io1,— > ElG(Fim1 — mwir) | Fica]) (3.34)
k=1
D

Next, we will provide a separate lower bound for each term in the above inequality. First,
due to Assumption 3, we have

C > 2nc||yi—1 — z*||* and D > —2nc||yi—1 — z*|? (3.35)
Furthermore, one can write

A= —QU]EK??Wt—h VIo(yi—1 — nwi—1) — VFo(%—ﬂ)IFt—ﬂ
—2nE[|[nwi—1|||ITo(¥e—1 — nwi—1) — VLo(¥e—1) ||| Ft—1]

>
> —2n3r?L (3.36)
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where the first equality is due to the fact that E[{(nwi—1,To(¥:-1))|Fi—1] = 0. Similarly, we
can write B > —2n>r?[t. This implies that

Ellly: — 2" [I*[Fe-a] 2 (1 + 2n(c — )T — 2°|* — 20°r*(L + 1)
=(14+20) ||§7:1—2*||*— (b1 +bat) (3.37)

This together with the definition of y, ; gives rise to the following chain of inequalities

2

t—2
Elllye — 2" || Fia] 2(1+20) |[ye-1 =0 ) wi —2°|| = (bi + bat)
k=1
t—2
>(1+2\)|lyer — 2717 = 201+ 2\)llyes — 27| || ) wil| — (b1 + bat)
k=1

>(1+ 2 lyis — 2°[7 = 20r (142 )ty — 2] — (b + b2t)  (3.38)

Now we consider two cases:

- If [y — 2% > w, then one can write
Ellly:—2"|*|Fi-1] = (14 M) [y 1 =27 || — (b1 +bat) (3.39)
- If ||y —2¥|| < w, then one can write

47]27"2(1 + 2)\)2152

Ellly: — 2" [ Fe-1] = (1420 ye-1 — 27||* — 3

— (b +bot)  (3.40)

Combining the above two inequalities leads to

Elllye—2*|*|Fi-1] = L+ M) [lye—1 — 27" = (by+bat + bst?) (3.41)

The next lemma is at the crux of our proof for Theorem 3.1.
Lemma 3.2. The following two statements hold:

1. Gy 1s a submartingale with a vanishing drift. More precisely, it satisfies the following
mequality

1 205 +2b3(2t—1
E[Gt|ﬂ—1] ZGt—l_ (1_'_)\)(1571) ( 2 ;( )> (342)

ii. BlG] 2 Go— (24 &) b — (3 (1+ 1)) by
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Proof. One can write

(3.43)

- . 2(by + byt + byt
G i) = (1437 (Elly, — 2|1y - 202 B0

A

Invoking Lemma 3.1 leads to

- * 2(by + bot + bst?
H@Vaﬂzu+A>%u+Amw4—zn?—@+wﬂ+%ﬁy.<1 : s>>

by + bot + b3t2))

A
_ 12
—(14+ ANy — 272 — (1 4+ A" (2(171 + bo(t 1)\) + b3(t — 1) ))

ey en (A1)

2by + 2b3(2t — 1))
A

2
:(1 + )‘)_(t_l)HYt—l _ Z*HQ . (1 + )\)—(t—l) ( (

=Gy — (14 1)~ ( (3.44)

This completes the proof of the first part. To prove the second part, we use the result of the
first part together with the tower property of the expectation to write

BiG 2 6o~ (X000 ) - (P v n )

A B
It is easy to verify that
2 2 4 1\’
<=+ = <| =< N .
A_()\+/\2)b2 and B_(A(l—i—/\))bg (3.45)
This completes the proof. O

Proof of Theorem 3.1: From the second statement of Lemma 3.2, one can write

2 2 4 1\? o
nm—st(X+§)m+<X@+;)>m+a+»“1@mm4—fW]<&@

On the other hand, one can write

E [l - 2'17) =E||

Vi1 —Z —n Z::ll wkHz] (3.47)
> Ellyer — 2] — 20r1E [[ly— — 2°||
Inequality (3.47) together with some simple algebra reveals that
E [y, 1 —2[|*] < 2E [||z, — 2*||] + 160*r? (3.48)
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Combining the above inequality with (3.46) results in

*112 2 2 4 1 2 —(t—1) *112
o-zt?< (24 2) bt (2 (14 5) Vo204 N VE - 2]

+ 160222 (1 + N)~ D (3.49)

Finally, it only remains to characterize the relationship between ||yq — z*||* and ||zg — z*||*.
To this goal, one can write

lyo — 2°11* = llz0 — 2* + 0V fo(20)|”
>||zo — 2*||* — 2n{z0 — 2", 1V fo(20))
=|lzo — 21> — 2n(z0 — 2*, 1V fo(z0) — 0V fo(2"))
>|zo — 2*||* — 21°[|20 — 2"[|[|V fo(20) — V fo(z")|

>(1—2n°L)||zo — z*||? (3.50)
where the last inequality is due to Assumption 3.1. Combining (3.50) with (3.49) concludes
the proof. O

3.B  Proof of Proposition 3.1

Due to the definition of T, (6; P + ) in (3.24), one can write

N
’y~73' VHth :| Z pZ(Q)CZ pz Pz)vﬁpz(e)

=1

N
+> Vo) Vrci(pi(0) + P)E[] Vopi(0)

- Z Vi)V 5,63 (0:(0) + P)E[1:] Vopi(0) (3.51)

where the second equality follows from the assumption VQFHD(QN; P) = 0. Let us define the
vector v; = V,,0)Vp,¢i(pi(0)+F;)Vgpi(0). Therefore, one can write

N ? N1 ’ E,wp [Vefnn(é; P+7)] H2
(Z ||vi||> Sul = = (3.52)
=1 =1

On the other hand, a simple calculation reveals that

wh (0; P,~,7) =VoT(0; P +) — Vol'(0; P+ 73)

=Y V0 Veeipi(0)+P) (v — 7:) Vopi(0) (3.53)

=1
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Upon defining the matrix V = [v1, vy, . .., vy], one can verify that wf (0; P,v,5) = V(y—7),
which implies that

By | ot (B 2203 = Brem 1V = 1P
= 2Var,p(y)trace (VV)
= 2Var,p(y)trace (V'V)

= 2Var7~7>(7) (Z HUz”2> (3.54)

This implies that

2} N 2Varw (Z !IvzH)

The above inequality combined with (3.52) completes the proof. ]

E'y,’wa |:lein <é7 Pa Y ﬁ/)
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Chapter 4

Hybrid Power Plant Bidding in
Models of Future Electricity Systems

4.1 Introduction

In the quest to deeply decarbonize electricity sources, batteries and other energy storage
technologies are touted as a means of increasing electricity grid flexibility to balance the
variability of renewable power sources, namely solar and wind. One option for deploying
an energy storage resource (“ESR”), particularly battery storage, is to install it alongside
solar panels and wind turbines. So-called hybrid power plants (“hybrids”) — those operating
both renewable generation and storage resources at the same site — have drawn interest from
developers and policy-makers. At the end of 2021, almost 36 GW of generation and 3.2
GW (8.1 GWh) of storage were operating as hybrids across nearly 300 plants [11]. These
represent the first wave of projects of the 285 GW of solar, 17 GW of wind, and 207 GW
proposed as hybrids in interconnection queues. The trend toward hybrids is especially strong
in California, where 95% and 42% of proposed solar and wind capacity, respectively, are part
of hybrid power plants [100] and the independent system operator expects 5 GW and 2.8
GW of generation and storage capacity, respectively, built as hybrids by the end of 2025 [55].

Understanding how hybrids will impact wholesale electricity markets and system reliabil-
ity is of interest to many stakeholders, including developers, system operators, and regulators.
Developers want to understand where markets will be attractive for hybrids in the short,
medium, and long term, which market participation option(s) they should purse, and how to
operate a hybrid for maximum profits given market and renewable generation uncertainty.
System operators need to decide what options hybrids will have for participating in their
markets, and they seek information on how the various options will impact prices and system
reliability in order to make these decisions. In recent years the Federal Energy Regulatory
Commission has identified a need to define participation models for storage (Order 841 [37]),
a closely related asset.

Researchers try to gain insight into such stakeholder questions by simulating hypothetical
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future electricity markets under different assumptions. Production cost models are a key tool
used to evaluate the economic impact of decisions of dispatching a fleet of generators [56].
Building a production cost model requires visibility into generators’ marginal operating costs,
which define their market bids. For fossil fuel-based generators, operating costs are closely
tied to commodity prices; for renewable generators, marginal operating costs are near zero.
However, resources with the ability to store energy have an effective marginal cost based on
expectations of future prices. This makes it challenging to emulate hybrid operators’ views of
their marginal costs in any given hour. The primary goal of this paper is to enable researchers
to incorporate hybrids that participate in the market through price-quantity bidding curves,
similar to those of conventional resources, into production cost models with fidelity.

4.1.1 Participation Models for Hybrid Power Plants

A participation model defines the interface between an electricity market and a market
participant, in this case hybrids. It includes the information to be exchanged, such as
market bids, generation forecasts, and telemetry, and the responsibilities of each party. The
four general hybrid participation model options defined by [46] are shown in Figure 4.1.1.
This paper exclusively focuses on model (b) in which the hybrid is a “single, self-managed
resource.” That is, the hybrid power plant appears as a single combined system to the market
and is responsible for managing its dispatch schedule and storage state-of-charge levels using
market bids for combined resource. This option provides hybrid operators a great deal of
flexibility to maximize the plant’s value, limits the market operator’s computational burden
and places the responsibility for risk on the hybrid participant. A summary of wholesale
market participation options for hybrid resources in each ISO and RTO in the United States
is available in [54].

4.1.2 Capability Needed to Enable Research Agenda

The single, self-managed resource participation option is the most challenging for researchers
to represent in a production cost model, because it requires adopting an asset owner’s point
of view and integrating the two resources’ capabilities. Further, this challenge is distinct from
that of operating a hybrid under this model in a market. In the simulation environment, there
is limited data available, since it represents a hypothetical futuristic market being simulated
for the first time. Actual hybrid participants, on the other hand, would have a long record
of historical market prices, the performance of their past bids, and, in some markets, the
past bids of other market participants to inform their decisions. The goal is to create bids
which are consistent with those a hybrid participant would submit, without this knowledge of
historical market outcomes which would inform the hybrid’s strategy in practice. Developing
this capability is one step toward allowing researchers to analyze and plan future power
system market designs in which hybrids represent a large share of the system capacity and
to compare the benefits and risks of using a single, self-managed participation model for
hybrids to those of using a separate resource or market-managed model.
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Figure 4.1.1: Spectrum of participation models for hybrid resources, reproduced from [46].

4.1.3 Context

This work funded by the Department of Energy’s Office of Energy Efficiency & Renewable
Energy and Office of Electricity as part of a project examining how participation models will
impact hybrid dispatch, hybrid revenue, system efficiency and system reliability. Polaris’
Power System Optimizer was the production cost modeling software used in this project.
The subsequent sections will discuss specific requirements, challenges and design decisions
made in the context of this project in addition to broadly applicable models, algorithms and
analytic techniques.

4.1.4 Contributions

This work offers two main contributions to the challenge of representing hybrids operat-
ing as a single, self-managed resource in day-ahead wholesale electricity markets. The first
contribution addresses the challenge of decision-making under uncertainty. This challenge
is inherent to self-management, as market prices and renewable generator production are
unknown in advance, and is one hybrid operators will face today and in the future. It is
addressed with a comprehensive stochastic optimization model which reflects the decision-



CHAPTER 4. HYBRID POWER PLANT BIDDING IN MODELS OF FUTURE
ELECTRICITY SYSTEMS 60

making process of a hybrid operator in the day-ahead market. This mixed-integer linear
programming model is informed by an extensive review of relevant literature and conver-
sations with industry experts. The second contribution addresses the research challenge
of incorporating a decision-making model into a futuristic system with limited historical
data. This challenge is critical to storage resources, which rely on expectations of market
prices in order to arbitrage between high and low price periods. It is addressed with a
detailed methodology for incorporating the proposed model into production cost models of
new electricity markets. The approach includes the creation of scenarios representing re-
newable generation and market prices, selection of modeling parameters, and a heuristic for
addressing the possibility of price spikes not reflected in the scenarios.

4.2 Hybrid Bidding Problem Formulation

The objective of this section is to design a decision-making model for a hybrid determining its
hourly bid curves for a day-ahead market under a single, self-managed resource participation
model. The model must reliably produce realistic bid curves based on the type and volume
of information available when simulating a new electricity market. Section 4.2.1 states the
criteria which the hybrid bidding model must satisfy. Section 4.2.2 evaluates relevant litera-
ture on the operation of hybrids, stand-alone storage and related assets and concludes that
a single model completely satisfactory for this setting has yet to be proposed. Sections 4.2.4
and 4.2.5 present the proposed model formulation in detail. Finally, section 4.2.6 discusses
the model and relates it to those in the literature and section 4.2.7 covers how to extend the
base model to a handful of special cases.

4.2.1 Model Requirements

The day-ahead bidding model should base decisions on a complete view of the hybrid’s
capabilities and the energy market opportunities. Specifically, it must:

1. set hourly price-dependent bid curves for a day-ahead energy market for a profit-seeking
PV-battery or wind-battery hybrid in a “single, self-managed resource” participation
model,

2. produce bid curves with a valid structure, that is, consist of a limited number of non-
decreasing marginal price steps,

3. reflect the technical capabilities and physical limitations of the generation and stor-
age resources and their shared point of interconnection to the grid without imposing
unnecessary restrictions,

4. consider day-ahead and intraday markets, as well as consequences for deviating from
market dispatch, when making day-ahead decisions,
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5. account for uncertainty in renewable generation and market prices,

6. accommodate positive and negative prices,

~

consider the value of storage at the end of the 24-hour bidding horizon,

x

depend only on the type and volume of information available when simulating a new
electricity market, and

9. be computationally tractable.
In addition to the above requirements, an ideal model would also:
10. flexibly manage risk according to an individual developer’s risk tolerance,
11. easily generalize to other technologies beyond PV-battery and wind-battery, and,

Note that this model is focused on the energy market, and it need not consider ancillary
services or capacity markets. However, a straightforward extension of the proposed model
to include capacity markets is shared in Section 4.2.7.

4.2.2 Literature Review

Numerous approaches to market participation for hybrids and related resources have been
proposed in the literature. Since renewable energy generators typically have near zero
marginal cost, a major challenge of hybrid bidding centers on the ESR’s unknown opportu-
nity costs. References on stand-alone storage, therefore, can provide insights into addressing
this challenge. Table 4.2.1 summarizes key characteristics of recent works on how to of-
fer stand-alone storage in electricity markets. Hydro storage systems are the longest-studied
storage technology. When hydro reservoirs have stochastic inflows, the system model is more
similar to a hybrid than an ESR. Bidding strategies for hydro-electric producers are surveyed
by [109], where the problems classified as medium term are most relevant to this setting.
Virtual power plants (VPPs) and microgrids consist of multiple resources (e.g., generation,
storage, demand response) that may bid into the market as one, like a hybrid in a single,
self-managed resource participation model, though they differ from hybrids in their physical
coupling. Table 4.2.2 summarizes key characteristics of recent works on how to offer hybrids,
VPPs and microgrids as a single resource in electricity markets, along with select works on
hydro storage bidding.

Reviewing Table 4.2.2, there are five approaches which appear to be candidates. That
is, approaches which offer price-dependent offer curves instead of self-scheduling, consider at
least two sequential energy markets when making day-ahead decisions, and include uncer-
tainty in both day-ahead prices and generation levels. However, none of these approaches
completely satisfy the criteria in section 4.2.1. [81] requires a model of the environmental
states underlying the system, how these states evolve over time, and the distribution of prices
given the current state, which is unrealistic given the limited information available in the
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simulation environment considered here (requirement 8). The remaining candidates do not
meet requirement 2, since decreasing offer curves may be produced by [99], and neither [80],
[41], nor [58] limits the number of price steps in the bid curve. [41] also does not meet re-
quirement 8 because it requires scenarios on the ESR’s power generation/consumption, akin
to wind generation scenarios, which, in this paper’s setting, is not information the bidder is
considered to be able to predict in advance of solving this scheduling problem.

(B0, [Dayahead| o Dy | UNCCHAI | \fodeling | Solution

Ref.|Year| ure | formation | markets| prices approach method
[4] | 2014 SS T 2 - SO, H LP, CP
[60] | 2015 | Curve T 2 v SO Monotone Appx. DP
[117] | 2015 SS T 1 v S0, RO MILP
[52] | 2016 SS T 1 v SO NLP
[78] | 2016 SS M 1 v SO MILP
[89] | 2016 | Curve T 2 v SO MILP
[105] | 2017 | Curve T 1 v IGDT MINLP
[116] | 2017 | Curve M 1 v Bi-level SO MILP
[14] | 2018 | Curve T 2 - H -

[21] | 2018 SS T 2 v SO DP
[25] | 2018 SS M 1 - NE CP
[69] | 2018 | Curve T 2 v SO MILP
[93] | 2018 | Curve M 1 - Bi-level SO MILP
[114] | 2018 SS M 1 - DO QP, MILP
[3] 12019 | Curve T 1 v SO MILP
[24] | 2019 SS T 1 - DO LP
[71] | 2019 SS T 1 v SO LP
[87] | 2020 SS T 2 - DO MILP
[120]| 2020 | SS T 1 v SO H, Stoch. Dual DP
[74] | 2021 | Curve M 2 - Bi-level DO MILP

Abbreviations: SS=self-schedule, T=price-taker, M=price-maker, H=heuristic,

(D/R/S)O=(deterministic/robust/stochastic) optimization, NE=Nash equilibrium,
IGDT=information gap decision theory,
(C/D/MI/N/L/Q)P=(convex/dynamic/mixed-integer /non- /linear/quadratic) programming

Table 4.2.1: Overview of recent works on stand-alone storage bidding or scheduling
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stEI;':ﬂ:— Da%}??f ad ent?ré'gy (I:ljar;fc-(;lilt:;g Urgl(ceglétrg-lm Modeling|Solution
Ref.|Year| ture | formation | markets| prices ation |approach| method
[67] | 2003 | SS T 1 - - DO DP
[40] | 2008 | SS T 2 SO MILP
[28] | 2012 | SS T 1 - - H -
[85] | 2012 | SS T 1 - - DO DP
[81] | 2013 | Curve T 2 v v SO ADDP
[104]| 2013 | SS T 2 v v SO MILP
[113]] 2013 | SS T 1 v v RO LP
[80] | 2015 | Curve T 2 v v SO, RO MILP
[82] | 2015 | SS T 1 - v H -
(98] | 2015 | SS T 1 v v RO MILP
[99] | 2016 | Curve T 2 v v RO LP
[104]| 2016 | SS T 2 v v SO MILP
[29] | 2017 | Curve M 2 - v SO MILP
[43] | 2017 | SS T 2 v v SO MILP
[94] | 2017 | SS T 2 - - DO LP
[63] | 2018 | SS T 2 v v SE MLCP
[1] |2018 | SS T 1 - v SO DP
(7] 12018 | SS T 2 v v RO MILP
[64] | 2018 | SS T 1 - - DO DP
[18] | 2019 | SS T 2 - v SO NLP
[44] | 2019 | SS T 3 - v DO LP
[2] |2020| SS T 2 - v SO NLP
[27] 12020 | SS T 2 - - DO MILP
[41] | 2020 | Curve T 3 v v SO MILP
[84] 12020 | SS T 1 - v H -
[121]] 2020 | SS T 1 - v DRO SOCP
[125]| 2020 | SS T 1 v v SO MILP
[58] | 2020 | Curve T 3 v v SO MILP
[88] | 2021 | SS T 1 - v SO MILP
[119]] 2021 | SS T 1 v v RO MILP

Abbreviations: SS=self-schedule, T=price-taker, M=price-maker, H=heuristic,
(D/R/S)O=(deterministic/robust/stochastic) optimization, SE=Stochastic equilibrium,
DRO=distributionally RO, (AD)DP=(approximate dual) dynamic programming
(MI/N)LP=(mixed-integer /non-)linear programming
MLCP=mixed linear complementarity problem, SOCP=second-order conic programming

Table 4.2.2: Overview of recent works on hybrid bidding or scheduling
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4.2.3 Notation

In the following sections, a hybrid bidding model is formulated to satisfy the criteria listed
in Section 4.2.1. The model will make use of the following notation:
Subscripts

beB={1,2,...,Ng} Index of day-ahead bidding curve breakpoint.
seS Index of scenario, where a scenario is the set of parameters defined in (4.1).
teT ={1,2,...,Nr} Index of time.

For convenience, a given time step t and the time period from 1 to Ny will at times be
referred to as an “hour” and “day”, respectively, however Np is not required to be 24 and
the unit ¢ represents can be arbitrary.

Superscripts

cha Index for charging mode of the ESR.

dis  Index for discharging mode of the ESR.

DA Index for day-ahead market.

IN Index for intraday market.

SC'"  Index for schedule across all markets.

DV Index for deviations from schedule across all markets.

min Index specifying the minimum allowable value for a variable.

max Index specifying the maximum allowable value for a variable.
Variables (also occasionally used as superscripts)

State of charge of the ESR.
Power produced by the ESR.
Power produced by the generator.

Potential power from the generator that is curtailed instead of produced.

oD QA Q= A

Power produced by the hybrid.
MODE Indicator of ESR operating status.

et/ Deviation of the hybrid above/below the scheduled power output.

€ Total deviation of the hybrid from the scheduled power output.

0 Supplementary variable to calculate CVaR.

) Supplementary variable to calculate CVaR.

x Volume component of the (y, x) price-volume pairs which define the hybrid’s

day-ahead market bidding curve.
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Parameters

Ng =|S| Number of scenarios.
Nr = |T| Number of time periods.
Np =|B| Number of bidding curve breakpoints.

gen Maximum power output for the generator, given environmental conditions.
s Probability of scenario s occurring.

nt/- Ratio for calculating positive/negative deviation prices.

POt Point of interconnection power capacity.

1 € {1,0} Indicator of whether or not the ESR may charge from the grid.

pPA Price of energy in the day-ahead electricity market.

peeit Price ceiling in the day-ahead electricity market.

ot Difference between the price of energy in the intraday and day-ahead markets.
,0+/ - Price of positive/negative deviations from the combined market schedule.

¢ Risk-aversion factor.

o€ (0,1) Confidence level.

A Factor limiting energy volume in the intraday, relative to day-ahead, market.

w € (0,1) Efficiency of the ESR.

Cltart Initial ESR state of charge.
@) Operating cost per unit of energy.
Y Price component of the (y,x) price-volume pairs which define the hybrid’s

day-ahead market bidding curve.

4.2.4 Hybrid Power Plant Bidding Model Formulation

The goal of the hybrid operator is to maximize its total operating profits while managing
risk due to uncertainty. Uncertainty appears in the model to satisfy requirement 5 as a set
of scenarios, where any given scenario s consists of

meand {p2, piY, genve, mly noe it pls, CTET, O (4.1)
Implicit in this scenario definition is the assumption that the installed generation capac-
ity, G7***, and rated charging and discharging power capacities of the storage, E; hamaz and
Ef#mer are deterministic. If this is not the case, it is straightforward to index these quan-
tities by s too. The hybrid’s objective is formulated as

max Z <7r8(revenu€i— cost§)> + C(@ — i Z TsPs >, (4.2)

seS profits seS

~
CVaR
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where
Nt
revenues := Z pO BN + (002 + i) HIY + of el (4.3)
t=1
Np , A
costs == Z Prsers + OFGE + OESC’CMEES’CM - Ofsc'dwEfsc’dw (4.4)
t=1
t=Nr, b=N N,
I':= {{xt,b}t:I,szl 2.0, {¢s}tsts
(HEA HEY B GPA G GR ERY B BXE XD BT
MODE{, MODE, 5, & & e, T | (4.5)
and the deviation prices are defined as follows:
p+ _ 77:3 ’ mln{ﬂgfla ptl,)sA + pz{,]sv ) if min{ptl,)sAv pt[,)sA + ptI,]sV} >0 (4 6)
b Nis min{pESA, pESA + pt”SV , otherwise '
_ il max{pl ot + el Y, if max{pt ol +pf)} <0
pt,s = — DA DA IN . (47)
Nes - max{pt,s 1 Pts + Pts I» otherwise

The objective function (4.2) balances performing well on average with limiting the extent
of poor performance in the worst cases. It does so by maximizing the expected profit from
participating in all three markets, satisfying requirement 4, plus the weighted conditional
value-at-risk (CVaR), which is equal to the expected profit of the least profitable (1 — o) x
100% of scenarios [102]. The weight ¢ placed on the CVaR term and the choice of o are
design parameters which should be selected based on the risk tolerance of the hybrid owner,
satisfying requirement 10. In general, it is desirable to limit one’s exposure to deviation
prices, which are used to settle differences between the delivered power and the schedule
determined by the day-ahead and intraday markets. The following lemma states that, given
appropriate choices of 'r]g s and 7, ¢, this model maintains the property that deviations always
close against the participant.

Lemma 4.1. If n;fs <1 and n,, > 1, then the day-ahead and intraday markets are at least
as attractive as the deviation prices at time t of scenario s. Specifically, the price for power
above the scheduled output is less than then the day-ahead and real-time market prices and
the price for power below the scheduled output is greater than the day-ahead and real-time
market prices. That 1is,

piy <min{pP, Pt + pN'} and

Prs = max{pys', i + pis b,

with equality if and only if the right-hand side is zero.
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Proof: This proof will show that the desired inequalities hold for all possible values of pt’?;‘

and p{g by considering three main cases and then the edge cases. To simplify the notation,

=~ _ DA DA IN s DA DA IN
define Pt,s = maX{pt,s 7pt,s + pt,s } and an - mln{pt,s 7pt,s + pt,s .

i. p,, > 0: In this case, Pis =% Py, <Py, and =1 Prs > Prs.
ii. prs >0 and Py, < 0: In this case, p;fs = s Py, <Py and p,, is as in Case 1.

iii. pys < 0: In this case, p;, is as in Case 2 and p;, = 0, - Prs > Prs.

Thus, it is proven that (4.8) and (4.9) hold strictly if p, # 0 and p;s # 0. Finally, by
inspection of (4.6) and (4.7), it is apparent that p;, = 0 if ét ,=0and p, =0ifp s =0. O

The hybrid operator is subject to constraints imposed b}; the hybrid’s physical infrastruc-
ture, market rules, and their risk management strategy. The first set of constraints primarily
pertain to the hybrid’s physical infrastructure and govern the power output of the hybrid,
H |, the generator component, GG, the storage component, E. These constraints are as follows:

max{—z/;EtCha’max, —poi} < HtSSC <poi VteT,VseS (4.10)
H¢ = HPA + HY VteT,VseS (4.11)
Hf =G}, + E}, VteT,VseS, Vke{SC, DA IN}  (4.12)
0< G <Gy VieT,VseS (4.13)
GYY =GP+ G VieT,VseS (4.14)
— Ejremar < BIC < ptemer VteT,VseS (4.15)
EC =EPA+ E[Y VteT,VseS (4.16)

The above constraints ensure that, in accordance with requirement 3, for each scenario and
each time interval, the schedule for the hybrid and each component is the sum of its activity
in the day-ahead and intraday market (4.11, 4.14, 4.16), the physical upper and lower bounds
are respected in the combined-market schedule (4.10, 4.13, 4.15), and the hybrid is truly the
sum of its parts (4.12).

The second set of constraints also supports requirement 3 by governing the storage com-
ponent’s operation:

MODEy, € {0,1} Vt e T,Vs €S, Vk €{cha, dis} (4.17)
MODE;"* + MODE}" < 1 VteT,VseS (4.18)
0< ESF < E)™ . MODEY, Vt€ T, Vs €S, Yk €{cha, dis} (4.19)
EJC = BP0 — g VteT,VseS (4.20)
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Cn < CPE < o Vte TU{final}, Vs €S  (4.21)
CPY = Cytart Vs €S (4.22)

1 )
CP¢ =P, + s, - EPG — o EGY Wt=2,... Ny, Vs€S (4.23)
t—1,s
cha cha 1 1S
Crs = CNC o+ e - B — g Exol® Vses (4.24)
Nr,s

Constraints (4.17) and (4.18) encode the inability of the ESR to simultaneously charge
and discharge. Constraints (4.19) and (4.20) decompose the ESR’s power output into the
power output associated with the discharging mode and the power input associated with the
charging mode, at most one of which is non-zero. The storage state-of-charge at the beginning
of each time interval is managed by constraints (4.21-4.24). This requires that the model
define a realistic operating schedule for the ESR for each scenario. In many applications, the
parameters C/%" and C7** may be fixed across time and scenarios, with C7%" = 0 and C%**
equal to the ESR’s energy capacity. However, an operator may wish to set Ctmsm above zero
in most hours, since operating near zero state-of-charge can be detrimental to a battery’s
lifespan. Another use of these parameters is to require the state-of-charge at the end of the

time horizon to be a specific value or within a range, which can be achieved through the

; min mazx
choice of CF1%,  and CTI%, .

The next set of constraints determines the positive and negative imbalances which will
be settled using deviation prices and are defined as follows:

€15 = geNy s — fo — G VteT,VseS (4.25)
0< Gy < gengs VteT,VseS (4.26)
0<e, VteT,VseS, Vke{+, -} (4.27)
€rs = €1, — €1 VteT,VseS (4.28)

The total deviation for a specific time interval and scenario is the difference between the
generator’s output assuming no curtailment occurs, the scheduled generator contribution,
and the amount of curtailed power, as specified in constraints (4.25, 4.26). This total devia-
tion is decomposed into the magnitude of the positive or negative deviation (corresponding
to injecting more or less power than scheduled, respectively) in constraints (4.27, 4.28), so
that the appropriate prices can be applied in the objective function.

While market rules vary, the following constraints reflect universal market principles in
support of requirements 1 and 2:
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HEM =mp i ypr < o2 <o VteT,VseS (4.29)
Tep < Tipil VteT,Vo=1,...,Ng—1 (4.30)
max{—zﬁEtCha’max, —poi} < HESA < mm{Ef“’m” + G poiy VteT,V¥seS  (4.31)
—AGPA <GV <AGPY VteT,VseS (4.32)
— ABh e < BN < ABTe VieT,VseS (4.33)

Constraint (4.29) ensures that there are at most Np points on the bid curve for each time
interval, and scenarios are assigned to a bid curve segment based on their day-ahead price
for that time. The if statement in this constraint does not affect its linearity, because the
price components of the bidding pairs, {yw }te7pep, are not variables in this optimization
problem. These price points are fixed in advanced based on the scenarios, through a proce-
dure explained in section 4.2.5, since determining prices and volumes simultaneously would
create a nonconvex decision problem [81]. The requirement that the bids be non-decreasing
and non-anticipative (requirement 2) is enforced by constraint (4.30). (More details on the
bid curve structure are found in section 4.2.5. Typically, market participants (who are not
virtual bidders) must submit bids which do not exceed their physical operating limits. For a
hybrid, this means that day-ahead bid quantities must not exceed the point of interconnec-
tion limits, as well as fall between the negative of the ESR’s rated charging power capacity
and the combined rated power capacity of the ESR and generator (4.31). Constraints (4.32)
and (4.33) limit the degree of participation in the intraday market. This may be enforced
by a market operator to ensure that the bulk of transactions are settled in the day-ahead
market and to limit bids seeking to arbitrage between the day-ahead and intraday markets.
It could also be imposed by the hybrid operator to limit their exposure to the more volatile
intraday market in a coarse way. If this is not relevant to a market or the hybrid’s strategy,
these two constraints must be dropped.
The final two constraints, which follow, are necessary to calculate the CVaR:

0 < o, VseS (4.34)
0 — ¢y — profit, <0 Vs e S (4.35)

4.2.5 Selecting Price Points {y;;}ic7cp Based on Jenks Natural
Breaks Partitioning

While the above model selects the volume components x;, of the price-volume bidding pairs,
this section details the approach to selecting the price points y; ;. As depicted in Figure 4.2.1
and described in constraint (4.29), these price points partition the scenarios for a specified
time interval, such that the planned power output of the hybrid is the same for all scenarios
within a class of the partition. The proposed procedure for selecting price points for each
time interval is based on the day-ahead price scenarios, {rs, {pff}teT}seg, and has three
phases:
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HDA

a

Xt 5

<— Bidding curve

Xt

Figure 4.2.1: Bidding curve illustration for hour ¢ highlighting the role of price points in the
grouping of scenarios.

1.

11.

Partition Phase: Using Jenks natural breaks algorithm (“Jenks”) [59], partition the
day-ahead price scenarios {pt’?SA}seg into classes {P,;}vep for every ¢t € T, which are
ordered in the sense that

Pp:=max p< min p:= Py, Vo=1,...,Ng—1,Vt €T, (4.36)

PEP, PEP b1

Jenks minimizes the within-class variation so that the price scenarios forced to share
a common bid quantity via constraint (4.29) are as similar as possible. This is an
advantageous property which does not hold if you divide the price domain evenly or
assign the same number of price scenarios to each class, the approach used by [81]. The
author believes this to be a new application of Jenks, which was originally developed
for coloring choropleth maps.

Adjustment Phase: There is a critical difference between prices above and below
the generator’s operating cost, OF. If prices are above this threshold, the generator
will not be curtailed. If prices are below this threshold, the generator may be curtailed
if it is not possible or profitable to charge the ESR. Therefore, all prices within the
same class should be uniformly above or uniformly below OF. This phase adjusts the
Jenks Natural Breaks partition, if necessary, using Algorithm 4.1 for every ¢t € T to
ensure this property holds.
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Algorithm 4.1 Adjustment phase procedure for selecting price points

Require: {P;;}pes , OF
1: forb=1,...,Ng do

2. if min,ep, p < Of < max,e p,, p then

3 Identify prices above the threshold: A = {p € P, | p > OF}

4: Identify prices below the threshold: B = {p € P, | p < OF}

5: if b =1 then

6 Reassign prices above the threshold to the next class: P,y = B, P,p11 = Pipr1UA
7 else if b = Np then

8 Reassign prices below the threshold to the prior class: P, = A, Py—1 = Pp—1UB
9: else

10: Reassign prices in A or B based on which has lower combined probability:

11: if Zs|p£§4€B7T5 S Zs|p£§4€A7TS then

12: Pt,b = A, Pt,bfl = Pt,bfl UB

13: else

14: Py =B, Pipr1 =P 1 UA

15: end if

16: end if

17:  end if

18: end for

111

. Selection Phase: Select prices y;;, for the bidding curves in such a way that they

divide the classes. That is the selected prices must satisfy the following inequalities:
yt70<£t71 and pt,bgyt,b<£t,b+l Vbzl,...,NB—l, tET. (437)

Specifically, we chose to set the price points equidistant between adjacent classes, unless
it divides a class above the marginal cost of generation from one below it.

Bm b=0
ceil b=N
=141 = (4.38)

(Py+Pyyi1)/2 otherwise

A variation on this approach is to set the price points proportionally to the probability
of the adjacent classes, thereby generalizing the bid associated with high-probability
price scenarios to a wider range of market prices.

4.2.6 Discussion

First, it should be verified that the model meets the criteria stated in section 4.2.1. Require-
ments 1-5 and 10 were addressed through the model formulation. As all decision variables
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are bounded as a result of requirement 3 and the objective function is linear, the problem
will remain bounded even if there is a mixture of positive and negative prices, either across
time periods or across markets for the same time period, in accordance with requirement
6. Requirement 7 is covered in section 4.3.4. The uncertainty model here is well-suited for
simulation environments, as demanded by requirement 8, since it can easily accommodate
more or fewer scenarios depending on how much information is available. Section 4.3.5 ad-
dresses requirement 9 on tractability. The ESR is characterized by the rates and efficiency
with which it can charge and discharge energy, its energy storage capacity, and operating
(i.e., degradation) cost. Appropriate definitions of these parameters can reflect a multi-
tude of storage technologies. The generator has a similarly general characterization ensuring
requirement 11.

Compared with the existing literature, this model can be viewed as advancing the one
proposed in [41] in two significant ways. First, the bid curves here will have at most Np
marginal price steps. In contrast, [41], along with [80] and [58], may produce bid curves with
as many breakpoints as there are price scenarios. Price scenarios should reflect the underlying
uncertainty distribution, and restricting the number of scenarios to Ng in order to comply
with market rules limiting the number of price steps competes with this priority. In [81],
scenarios are grouped into classes to limit the number of breakpoints by assigning the smallest
Ng/Np scenarios to the first class, the next smallest Ng/Np scenarios to the second class,
etc., regardless of their distribution. Compared with this approach, the one in section 4.2.5 is
more sophisticated and conscious of discontinuities in the optimal generator production and
curtailment around OF. Second, this model provides the hybrid operator greater flexibility
for the two components and between day-ahead and intraday markets without sacrificing the
principle that bids and planned operating schedules respect all physical limits. For example,
[41] constrains G{ > 0 for all t € T and s € S, while this model allows the generator to
plan to adjust downward in the intraday market relative to day-ahead. This flexibility could
be used for a scenario in which no generation is expected in hour ¢, but GP4 > 0 due to other
scenarios in the same price class. A second example of this enhanced flexibility is allowing the
generator to curtail its output. While this flexibility allows the hybrid to arbitrage between
day-ahead and real-time markets, it can only do so at a low volume, unlike virtual bidders,
due to the previously stated principle that H5¢ Go¢, FSCcha/dis and HPA all must reflect
the plant’s physical limits.

4.2.7 Model Cases and Extensions

The model in section 4.2.4 is flexible in types of hybrids and bids it can represent and
easily extensible to additional constraints and objectives. Guidance on modeling a number
of common situations is found below.

i. Self-scheduled bids: In this setting, the hybrid operator does not submit day-ahead bid
curves to the market, rather they submit hourly volumes which they plan to produce
regardless of the market price. The proposed bidding model can be tailored to create
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ii.

1il.

1v.

self-scheduled bids by setting N = 1, y;1 = minseg{pfs“‘}, and y; 0 = maxses{pf?f}+1.
Then, z;; is the self-scheduled bid for hour ¢.

AC versus DC coupling: Some hybrids are built with separate DC/AC converters for
the generation and storage components, these are known as AC-coupled, while others
only utilize one DC/AC converter in a DC-coupled configuration. The proposed model
can represent either configuration, if the appropriate input parameters are used. For
an AC-coupled hybrid, gen scenarios should represent the (potentially clipped) power
after the inverter and, for a DC-coupled hybrid, gen is the power before the DC/AC
inverter. For a DC-coupled hybrid, poi should be redefined as the minimum of the
point of interconnection power capacity and the shared DC/AC inverter power rating.

ESR cycle limit: The proposed model addresses wear-and-tear on the ESR through its
associated operating cost parameters, OF*™ and OF°“" However, one may wish to
directly limit the ESR use to a specific number of cycles to reflect a battery’s warranty
restrictions, for example. This can be accomplished by adding the following constraints
to the model:

Nt
Z Egsc’dis < O™ x {cycle limit} Vs e S (4.39)
t=1
Nt
Z EESC’CM < O™ x {cycle limit} Vs € S. (4.40)

t=1

Capacity market: The proposed model exclusively focuses on energy markets. If the
hybrid also participates in a capacity market which pays an additional amount, p©4,
per unit produced during peak demand hours, this can be incorporated into the objec-
tive function with the following update to equation (4.3):

revenues : ZpDAHDA pts +Pts)HtHsV+Pt55ts+Pt APHSC (4.41)

4.3 Simulating Hybrid Bids Within a Future

Electricity Market

Obtaining bids from the stochastic optimization model in section 4.2 for use in a production
cost model requires the development of scenarios and choice of model hyperparameters. The
production cost model considered is one of a hypothetical system, so there is no historical
record of market prices or the hybrid’s past bids. This section will present an approach
to setting all model inputs while discussing various trade-offs that researchers should be
aware of. The approach is designed to reflect the accuracy of information which would
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typically be available to a market participant, even if the researcher has access to better
data. Further, the approach aims to consistently produce bids which perform well and are
not overly sensitive to small changes in the model inputs. The approach is applied to the
project mentioned in section 4.1.3 and the specific parameter choices made for this project
are shared.

Sections 4.3.1, 4.3.2 and 4.3.3 cover the formation of scenarios, while section 4.3.4 dis-
cusses selecting hyperparameters for the model, including the number of scenarios. Im-
plementation of scenario formation algorithms and the decision-making model is covered in
section 4.3.5. Finally, section 4.3.6 proposes a heuristic for adding elasticity to the bid curves
to account for prices beyond the range considered by the price scenarios.

4.3.1 Generation Scenarios (gen)

This section describes how the generation scenarios are constructed to reflect the range of
plausible generation levels and their relative likelihood. As a reminder, the gen parameter
being built here represents the maximum power output possible for a generation given the
environmental conditions, i.e., the generation in the absence of curtailment.

Information available

In this setting, the researcher has access to the maximum generation levels which will be
used in the production cost model and day-ahead forecasts of these values for a time period
of at least several months, ideally longer. The bidder is allowed access to the day-ahead
forecast for the optimization horizon (periods 1,2, ..., Ny) and the empirical distribution of
forecasts and forecast errors for two consecutive periods for the full data set (Table 4.3.1).

Forecast | Forecast Error | Forecast Error for Preceding Period
F Ey Ey
9.0 0.5 0.8
0.0 0.0 0.0
3.0 -2.0 -1.0

Table 4.3.1: Illustration of the empirical distribution of generation forecast accuracy (forecast
error = actual - forecast) and sequential correlations available to the bidder.

Monte Carlo scenario generation

Instead of relying on a single day-ahead generation forecast to inform decision-making, a set
of plausible scenarios are built around the forecast using the empirical distribution of forecast
errors. The approach described in this section accounts for two factors correlated with
forecast error: the forecast itself and the error in the preceding period. To understand the
correlation between forecast value and forecast error, consider a solar plant. This plant has
a forecasted generation of zero for many hours each day (i.e., the nighttime hours) and very



CHAPTER 4. HYBRID POWER PLANT BIDDING IN MODELS OF FUTURE

ELECTRICITY SYSTEMS 75
small forecast error during such hours. How- 150
ever, when the forecasted generation is half of

the plant’s capacity there is uncertainty due to 100 |
weather. So, plausible scenarios for these two o
hours (one with a forecast of zero and an hour 5 50}
with a moderate forecast value) should not be g
based on the same error distribution. Also, er- & ol
rors in consecutive periods are positively corre- 2
lated, as demonstrated in Figure 4.3.1. To ad- 50 |
dress these two factors, the generation scenario
procedure outlined in Algorithm 4.2 samples uni- -100

1100 -50 0 50 100 150
Forecast Error for Preceding Period
Figure 4.3.1: Hourly data and best-fit line
for a wind plant in New York for 2019.
Note the correlation between consecutive

forecast errors.

formly from the distribution of errors in periods
with similar forecast values and similar error val-
ues in the preceding period. An example set of
scenarios created with this procedure is shown in
Figure 4.3.2a. Depending on amount and type of
data available and plant-specific knowledge, the
distribution could be based on additional factors
such as time of day, error trend, or season.

Algorithm 4.2 Generation scenario s construction

Require: Forecasted generation values f1, , fa,..., fng
Require: Hyperparameters Ay and A, which define similarity thresholds for forecast and
error values, respectively
Require: Generator capacity G}'**
Require: Data set described in Table 4.3.1
1: Select error value for period 1 based on forecast™: ey ~ Ey | F € [fi — Ay, fi + Ay
2: Adjust e; to ensure feasibility: e; = min(GJ"** max(0,e; + f1)) — f1
3: fort=2,..., Ny do
4:  Select error value for period t based on forecast and error in preceding period™*:
e ~ By | (Felfi—Ap fi+Af, B € e — Acyeir + Al))
Adjust e; to ensure feasibility: e; = min(G7**, max(0, e; + f;)) — f
6: end for
7. return genys = fi+e VtET
*If no points in the data set meet the conditional criteria, temporarily increase A, and/or
Ay until the distribution is nonempty.

o

Scenario reduction with fast forward algorithm

It is straight-forward and computationally inexpensive to create a large number of equally
likely generation scenarios using Algorithm 4.2. However, the stochastic optimization prob-
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lem in Section 4.2 will become computationally challenging if the number of scenarios is
too large. Further, many of the scenarios may be similar and the breadth and frequency of
possible outcomes could be well-represented by a smaller number of scenarios with varying
probabilities. This is the objective of scenario reduction methods.

The Fast Forward Selection (FFS) algorithm [47] is used in this project to perform sce-
nario reduction on the generation scenarios. FFS is considered the “state-of-the-art” [115],
and has been used in past research on energy storage bidding in electricity markets [69],
because it is effective and efficient [33]. FFS attempts to solve the optimal reduction prob-
lem though a greedy heuristic which recursively selects a single “best” scenario until the
desired number of scenarios have been selected. An example outcome of FFS is shown
in Figure 4.3.2. Alternative methods of scenario reduction include simultaneous backward
reduction [47], Latin hyper-cube sampling [81, 106], submodularity-based reduction [115],
importance sampling [95], and heuristic search [77].

Scenario weighting

The scenarios selected by FFS have an associated likelihood relative to each other, however
the probability of these scenarios relative to the original forecast still needs to be addressed.
In this project, the day-ahead forecast was assigned a probability of 0.8, and the selected
scenario probabilities were each scaled by 0.2 so that the set has a combined probability of
0.2. These values (0.8, 0.2) were selected based on a combination of experiments testing
how often the generated and selected scenarios were closer than the forecast to the actual
generation profile (closer in the sense that the ¢*-norm of the difference is smaller) and
engineering insight. A modified approach would be re-weight the forecast and scenarios
before performing scenario reduction, and then include the forecast in the set of scenarios
provided to FFS. This modified approach would not guarantee that the original forecast is
used as a generation scenario in the decision-making model defined in Section 4.2 and was
rejected for this reason.

4.3.2 Price Scenarios

Creating meaningful price scenarios in a simulation environment is a unique challenge, be-
cause prices are an output of the production cost model and therefore there is not a record
of past prices. Price scenarios should predict both the shape of the price profile (e.g., when
the highest and lowest price hours will occur) and the magnitude of prices. The latter is
important because these scenarios will be used to set the price component of the bids, as
discussed in section 4.2.5. This section provides a methodology for creating price scenarios in
a simulation environment where bids for the entire study horizon must be submitted at one
time and there is no opportunity to use price results from one day to inform price scenarios
for a future day.
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(b) Five generation scenarios (thin lines) chosen by FF'S

Figure 4.3.2: Generation scenarios compared with the day-ahead generation forecast (thick
blue line) and realized generation level (thick orange line) for a wind plant in New York.
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Information available

In this setting, the researcher has access to the simulated day-ahead and intraday market
prices for a system which is identical, other than that the hybrids are in a system operator-
managed “separate independent resources” (abbreviated “2R”) participation model. This
is a version of option (a) in Figure 4.1.1 in which the assets are dispatched by the system
operator to minimize overall system cost, as opposed to being bid into the market by the
hybrid operator. These “2R prices” are available for the optimization horizon (periods
1,2,...,Nr) and at least a few weeks prior. The approach is based on the assumption that
market prices will be similar under both participation models. The bidder is not allowed
to use the 2R prices for the optimization horizon directly as a price scenario, but they may
use this profile to design price scenarios reflective of those which a knowledgeable market
participant could hope to produce.

Day-ahead price scenarios meeting state-of-the-art forecast accuracy (p”*)

A set of plausible price scenarios is built around the day-ahead “2R profile” by taking price
profiles of recent days and incrementally improving them until they meet a state-of-the-art
electricity price forecasting metric, where the 2R profile is treated as the ground truth. The
resulting price forecasts are representative of forecasts that a state-of-the-art price forecasting
method could produce and are treated as equally likely. Pseudocode for this approach is
provided in Algorithm 4.3.

Algorithm 4.3 Day-ahead price scenario development

Require: Baseline price data set (“DATA”), accuracy metric computation function (“MET-
RIC”), target accuracy metric value (“TARGET”), error reduction factor (“FACTOR”)
scenarios <— price profiles of comparative dates from DATA
TRUTH < price profiles from DATA, organized to correspond with scenarios
while METRIC(scenarios, TRUTH)>TARGET do

Improve scenarios: scenarios <— TRUTH +(1-FACTOR) x (scenarios—TRUTH)
end while
return scenarios

This study selected the mean value of weekly-weighted mean absolute errors (WMAE) as
the metric and 5% as its target value, informed by the results presented in [118] and [124]. To
utilize WMAE, scenarios for at least seven days must be computed at once. Scenarios were
initialized to be the past ten weekdays, for each weekday, and the past six weekend days, for
each Saturday and Sunday. 0.05 was used as the error reduction factor. Figure 4.3.3 provides
an example of the final day-ahead price scenarios (those returned on line 6 of Algorithm 4.3)
compared with the initial, naive scenarios.
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Figure 4.3.3: Day-ahead price scenario development: The top graph shows how the initial
scenario set (ten most recent weekdays) for a given weekday compares to the true prices. For
the same date, the bottom graph shows the final price scenarios which, along with scenarios
for each day of a year, correspond to a mean WMAE of 4.9%.

Scenarios for the difference between intraday and day-ahead market prices (p'")
In this project a real-time market was not simulated, so A was set to zero and pf]SV also took
a value of zero, for all ¢t € T and s € S. An approach similar to that proposed for generation
scenarios could be utilized, with the following substitutions: F' =day-ahead price, E; =price
difference between the intraday and day-ahead markets, E, =price difference between the
intraday and day-ahead markets in the preceding period. Alternative methods can be found
in the literature, including [41, 18, 69].

Scenarios for the deviation price ratios (n*/~)

As stated in Lemma 4.1, deviations will never be priced advantageously to the day-ahead
market if 7;7, < 1 and 7;, > 1 for all t € T and s € S. In this project, the n*/~ values were
designed to generally limit differences between the hybrid’s actual and scheduled output, as
opposed to reflecting deviation charges in a specific market structure. The choices 77: . =05
and 7, = 1.5 for all t € T and s € § accomplished this objective.
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4.3.3 Combined Scenarios

A symmetric scenario tree was created to pair each generation scenario with each day-
ahead price scenario. Since the day-ahead price scenarios are all equally likely, {7;}scs are
proportional to the generation scenario probabilities.

4.3.4 Hyperparameters

This section will discuss the selection of design parameters which the researcher must provide
to the bidding model in section 4.2. The parameters specific to a plant’s technology and
configuration, including poi, jt, O, G™e*, peha/dismaz anq Cmin/mar are not covered.

Risk parameters

Risk in the bidding model is managed through the parameters (, the weight applied to the
CVaR in the objective function, and o, which regulates the scenarios CVaR represents. We
chose to fully consider financial risk by setting ( = 1 and have CVaR be the expected profits
of the lowest 5% of scenarios by setting o = 0.95.

Time horizon

The choice of Ny depends on the market structure and storage duration. If the day-ahead
market covers 24 hours, clearly Ny must be at least 24. Considering a longer time horizon
when making bidding decisions, even if the bids produced for t = 25,26,..., Ny are not
submitted to the market, is beneficial because the bids are based on a more complete view
of the opportunity costs of charging and discharging the ESR. For example, if Ny = 24 and
pﬁfg > 0 then 0254?3 will generally be zero or near zero since there is no opportunity in the
model for energy in storage at ¢ = 24 to ever be sold. In practice, there will be another
day and automatically emptying the battery each night without considering it is not a wise
strategy. Requirement 7 can be satisfied by selecting Np to be sufficiently greater than the
number of binding time periods. The hybrids considered in this study had a storage duration
of four hours, so a one-day look-ahead period (N = 48) was appropriate. Hybrids with
longer duration storage would benefit from modeling longer time horizons. Bidding model
simplifications may be used during the look-ahead period in order to satisfy computational
or memory limits, for example using self-scheduled bids or identical scenarios during the
look-ahead hours.

Number of scenarios (Ng)

The aim is to create bids which are not overly sensitive to small changes in the model
inputs, chief among which are the scenarios. An example of a small change is including one
additional scenario created in the same manner as the rest. The price scenario methodology
introduced in 4.3.2 produces ten price scenarios for a weekday and six price scenarios for a
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weekend day. The options for changing the number of price scenarios are more limited than
for generation scenarios and have a smaller impact on the resulting bids due to their lower
variability (compare Figures 4.3.2 and 4.3.3). So, this section will focus on how to determine
the number of generation scenarios.

There are two numbers of generation scenarios which need to be determined: (1) the
number of equally-likely scenarios created using Algorithm 4.2 and (2) the number, Nppg,
to be selected by FFS and ultimately used as bidding model inputs. Selecting a large number,
say 500 or 1000, for (1) produces a more complete distribution and is less computationally
taxing than increasing the dimension of the bidding problem, especially since the scenarios
can be generated in parallel. Thus the more challenging problem is determining a good
value for Nppg. The trade-off is between bidding problem computation (increasing as Nppg
increase) and the resulting bid robustness to generation uncertainty (improving as Nppg
increases). As the specific terms of this trade-off will vary based on the setting and the
resources available, we share an approach to evaluating how many scenarios are enough:

Repeatedly solve the hybrid bidding problem in section 4.2 with increasing numbers of
generation scenarios (values ranging from 1 to 200 are used in Figure 4.3.4), and the
same price scenarios, for each of a small selection of dates (six are used in Figure 4.3.4).
As you grow the scenario set, be sure to only add scenarios (e.g., all scenarios in the
trial with 10 generation scenarios are used in the trial with 20 generation scenarios)
and note the computation times. By analyzing the rate at which bids converge to the
bids based on the greatest number of scenarios (xﬁm”)), search for a value of Npgg that
is computationally tractable for the project and will produce bids which are acceptably
close to those based on much more information and very similar to those based on a
few more or a few less scenarios.

Figure 4.3.4 provides an example of this analysis, where the difference between two sets
of Np bid curves, one based on Npgg = k scenarios and one based on Npgg = max scenarios,
is measured as follows:

Nr | (K) _ (maz)
Average hourly bid difference := Lz llT — o ”2 (4.42)

S ™

In this example, if you are comfortable with bids that are approximately 10-20% different
on average than the bids based on 200 generation scenarios, then you only need to use 10
generation scenarios moving forward. However, if you want bids that are within 5% of the
200-generation-scenario bids on average, Figure 4.3.4 suggests that close to 100 generation
scenarios are needed. Ultimately, we decided to use 20 generation scenarios after analyzing
Figure 4.3.4 and our computational resources.
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Figure 4.3.4: Experimental results for 6 days comparing bid curves based on 200 generation
scenarios to those based on 1-100 generation scenarios.

Initial state of charge

Ideally, the initial state of charge parameter
Cltart 18 known precisely or can be estimated well.
In practice this is usually the case. Bids are typi-
cally submitted 12 hours in advance, so the state
of charge can be estimated based on the cur-
rent state of charge, current day’s bids and 12
hours of generation forecasts, as well as managed
using the intraday market. Current production
cost models do not allow for the co-simulation
of battery state of charge and hybrid participant
decision-making. A result of this software limi-
tation for multi-day studies is that bids for the
entire study horizon (weeks, or even years worth
of bids) must be submitted to the “market” in
advance. In this case, what value of Cy,,+ should
be used for day 42, for example, given the uncer-
tainty in generation and dispatch for days 1-417

As Figure 4.3.6 demonstrates, this choice has
a large influence on the bids for the first several
hours of the day. Bids resulting from five different

Band5

Band4

Band3

Band 2

Band 1

e

Figure 4.3.5: Illustration of solution to
initial state of charge estimation challenge
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Ciare values, and identical values for all other

parameters, are compared and show that a large Cy,,+ allows the solar hybrid to deliver
power in hour 1 and then remain idle until the morning peak price hours (i.e., hour 7).
Conversely, hybrids with a low C,,+ charge from the grid via negative quantity bids during
the early morning hours.

Hour 1 . Hour 2 Hour 3 Hour 5
24 24 24
22 22 22
20
8% 4 4 8 8% 8%
Q 18 o 15 Q 18 018
16 16 16
14 10 14 14
0 2 4 -6 -4 -2 0 -6 -4 -2 0 -3 -2 -1 0 1
Quantity Quantity Quantity Quantity
Hour 7 Hour 9 Hour 10 Initial SOC legend
45 25 20
20 ¥ 15 —8— 5 MWh
35 10 MWh
o o —&— 15 MWh
230 § 15 210 ——s— 20 MWh
@ a @
20 10 _
0 Hours 11-24: Identical
18, 5 6 4 5 6 7 0 5 1o offers regardless of
Quantity Quantity Quantity initial SOC

Figure 4.3.6: Sensitivity analysis of the initial state-of-charge parameter Clqps.

The solution implemented in this project was to create several sets of bidding curves for
each day, each corresponding to a different initial state of charge condition. As illustrated
in Figure 4.3.5, the approach begins by solving the bidding problem in section 4.2 five times
for Cgpart = S1,82,...,S5 and all other parameters held constant. Then, for each simulated
day-ahead market, the production cost model utilizes only the single set of bidding curves
corresponding to the band of the observed state of charge. For example, if the state of
charge at the end of day 41 in the simulations falls within band 2, then the bids for day 42
are based on Cyuy = s9. The number and placement of the state of charge levels and their
corresponding bands is up to the individual researcher. A larger number of narrow bands
will improve the bids, but increase the computation and memory requirements. This study
used the values listed in Table 4.3.2; narrower bands near the extreme values were used to
guard against infeasible schedules early in the day.
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Coart | 25 | 125 30 50 70 87.5 97.5
Band || [0, 5] | (5, 20] | (20, 40] | (40, 60] | (60, 80] | (80, 95] | (95, 100]

Table 4.3.2: Values used to define and select state-of-charge dependent bidding curve sets

(percentage of C7'¢)

4.3.5 Implementation

A MATLAB implementation of the hybrid power plant bidding model in section 4.2 with
the parameters discussed in section 4.3.4 (notably, Ny = 48 and Ng = 200 for a weekday)
was solved in, on average, 45 seconds using MATLAB’s mixed-integer linear programming
solver from its “optimization toolbox” and 24 seconds using Gurobi on a personal computer,
which satisfied the tractability demands of requirement 9.

4.3.6 Heuristic to Add Elasticity for High- and Low-price Events

The advantage of bidding curves over self-scheduled bids is the ability to be dispatched
differently if prices are higher or lower than your expectation. The day-ahead price scenarios
developed in section 4.3.2 allow for elasticity over the range of probable prices. However,
prices may spike outside of the range of day-ahead price scenarios in ways that are difficult
to predict, and the hybrid operator wants to capitalize on unexpectedly high and low prices.
This section presents a heuristic approach to extending the bids created by the section 4.2.4
model to address exceptionally high and low prices.

In the event of a high price, a hybrid operator wants to be dispatched at its maximum
possible power output. The challenges are to determine what constitutes a high-price event
and to ensure the resulting curve is logical with respect to the marginal cost of generation.
Figure 4.3.7 illustrates the proposed heuristic for high price events in both notable cases.
The details are found in Algorithm 4.4, which relies on two hyperparameters: y"9" sets an
absolute floor on what price is considered “high” and « establishes a high price as a multiple
of the highest hourly price among all scenarios over the time horizon. In this study, we used
a = 2 and set ghigh equal to the expected 80" percentile day-ahead price in the given month.

In the event of a low price, a hybrid operator wants to charge the ESR as much as possible.
Similar to high-price events, the challenges are to determine what prices are treated as “low”
and to ensure the final bidding curve is logical with respect to the marginal cost of generation
and potential grid charging restrictions. Figure 4.3.8 illustrates the proposed heuristic, which
is detailed in Algorithm 4.5, for two common cases. The user-defined hyperparameters are
7'°¥, which sets an absolute ceiling on what price is considered “low,” and o, which again
establishes a low price as a multiple of the highest hourly price among all scenarios over the
time horizon. In this study, we used o = 2 and set 3'°* equal to the expected 20" percentile

day-ahead price in the given month.
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Figure 4.3.7: Ilustration of the high-price event heuristic (Algorithm 4.4) in two typical
cases.
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Figure 4.3.8: Illustration of the low-price event heuristic (Algorithm 4.5) applied to two
common cases in which grid charging is allowed (i) = 1).

4.4 Conclusion

Hybrid power plants are expected to contribute significant capacity to power systems in
the near future. To analyze and prepare for this future, researchers require the ability to
represent hybrids’ market actions in production cost models. This paper addresses this need
by modeling a hybrid operator’s day-ahead bidding decisions as a stochastic optimization
problem and then detailing methods for deploying the proposed model in a simulation envi-
ronment. The model builds upon those in the literature first by allowing for greater flexibility
of the generator and ESR individually, without lessening constraints on the combined hybrid
resource, in accordance with a single, self-managed resource participation model. Second,
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the model respects limits on a bid’s complexity through its number of breakpoints, with-
out restricting the number and distribution of price scenarios. The unique challenges of
developing price and generation scenarios for a hypothetical system are addressed through
algorithms and examples. Finally, the bid curves are adapted to provide favorable dispatch
in the face of low-probability prices events.

Algorithm 4.4 Bid curve extension for high-price events

Require: Model inputs and results: {{m s, genys, pESA, Gh.s}sess {Tb, Vb foes) Efis’mm, O%Y et
Require: Market price ceiling: p¥
Require: Minimum price considered a high-price event: y

Require: Factor defining a high-price event relative to the time horizon: a > 1
1: fort €T do

2:  Calculate the expected maximum possible power output:

-1
A (Z ﬂs) (Z Tp.s - min{ EX5™ 4 geny poi}) (4.43)

seS SES

high

3 if x?igh > 1 N, then
4: Insert (pe, ") into the hour ¢ bidding curve
5: Calculate the high-price event threshold:
, A 1
high — high . DA - DA 4.44

pi max {g , @ ( max_p;; ) - ( max _p; ) } (4.44)

6: Calculate the expected curtailment of scenarios on the highest-price segment:
~high Zseg Wt,sét,sﬂ [yt,NB < PE;‘ < yt,NB+1}
ZSES Tyl [yt,NB < prs < yt,NB+1]
if max,espfyt < OF and Pt > 0F and GI"" > 0 then {Case 2}
Update yy, = Of o

9: Insert (pl"™" min{G}""" +[z;n,]+, poi}) into the hour ¢ bidding curve
10: else {Case 1} A
11: Update yy, = p/""
12: end if
13:  end if

14: end for
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Algorithm 4.5 Bid curve extension for low-price events

Require: Model inputs and results: {{m, gens s, pis, C’fsc, EtDsA sess {Zups Yo bves, B 0% Y e
Require: Maximum price considered a low-price event: "%
Require: Factor defining a high-price event relative to the time horizon: o > 1

1: fort € T do

2. if x> —E™™ then

3: Calculate the low-price event threshold:
1
low . —low
= . — - 4.46
o =i (i o) 5 (i o)} o)
4: if minges pts > OG and z;; > 0 then
5: if plov > OG then
6: Insert (OtG , —VE; ha’mam) into the hour ¢ bidding curve
7: Calculate the expected curtailment if day-ahead dispatch is less than 0:
B Y oses Ts * | geny,s — min{ Bem oo — O ]
Glovw = + (4.47)
ZSGS ﬂ—tus
8: if 0 < Gl¥ < 2, then {Case 2}
9: Insert ( fow Gl"“’) into the hour ¢ bidding curve
10: else if Gl"w =0 then
11: Calculate the expected rate of grid charging if ESR charges maximally:
low cha,maz
- . s gene, — B } 4.48
(Sr) (S fon o)) s
s€eS seS
12: Insert (plo?, 4 - zl°*) into the hour ¢ bidding curve
13: end if
14: else
15: Calculate expected ESR output for scenarios on the lowest-price segment:
ow 2oses s EPA Tlyen < pPd < o]
EfY = ’ S (4.49)
Y oees s - 1 [yt,l < prs S Z/t,ﬂ
16: Insert (OF, [min{xz; 1, E°}]L), (plov, = ES*™*) into the hour ¢ bidding curve
17: end if
18: else {Case 1}
19: Insert (plo¥, —p B ™) into the hour ¢ bidding curve
20: end if
21:  end if

22: end for
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