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

Julie Mulvaney-Kemp, Salar Fattahi, and Javad Lavaei

Abstract—This paper analyzes 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 financial and environmental issues. The
objective of this paper is to address this problem by under-
standing the optimality behavior of OPF solution trajectories.
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.

Index Terms—Optimal power flow, online optimization, global
minima, local search

I. INTRODUCTION

PTIMAL 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 oper-
ating point for a power system, subject to various operational
and security constraints [2]. The OPF problem is challenging
because of its nonconvexity and the frequency at which it is
solved [3]. 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. Nonconvex 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 [4],
[5] and in machine learning [6], such nonconvexity is known
to give rise to poor local solutions. To realize the vision of
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A shorter version of this paper has been accepted to the 2020 IEEE Power &
Energy Society General Meeting [1]. The new additions to this version include
a case study with 16 feasible trajectories (compared with 4 in the previous
version), numerical analysis highlighting the impact of load variation, an
updated model for approximating time-varying OPF, and theoretical analysis
of the problem dynamics over time.

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 con-
vex [7], second-order conic programming [8], and semidef-
inite programming [9], [10] 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 complicated
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
[11], [12], and dyanamic OPF, such as [13], [14], endeavors
to solve multiple such time-coupled OPF problems simulta-
neously. 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 algorithms, which lack global opti-
mality guarantees [11]. 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 [15] 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 [16]-[18].

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
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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 [19], we made the observation that for
a small system with time-varying demand, the solution tra-
jectories 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
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 convexi-
fied 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 [20].

II. 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 algorithn
California load data and synthetic load scenarios are used t
determine demand levels over time. To prevent the solutio
from changing abruptly over a short period of time, th
sequential optimization problems are coupled via so-calle
ramping constraints, as we explain below.

INote that with constant (time-invariant) load, all the local solution trajec-
tories will remain unchanged over time.

A. Model and Algorithm Details

To examine the behavior of different local solution trajec-
tories, we consider a modified version of the IEEE 39-bus
system, as introduced in [4]. 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 local trajectories using the MAT-
POWER optimization toolbox [21] and fmincon sequential
quadratic programming solver? in the following procedure. We
ran Algorithm 1 for all 16 initial local solutions and obtained
16 different solution sequences, which are called discrete local
trajectories [19].

Algorithm 1 Algorithm for obtaining discrete local trajectories

Input: Power system model with a fixed initial point xg,
demand curve, ramping constraint specifications
Output: Discrete local trajectory {x; <,

1: Initialization : ¢ =1

2: for every 15-minute time increment over 24 hours do

3:  Set demand constraints for each bus according to the

demand curve at time ¢.

4:  Set generator production limits based on x;_; and the

ramping constraint.

5:  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;};_,

e A

B. 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 [22] (Fig. 1). The reported actual hourly net load data

Note 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.

Demand scaling factor

Time (hours after 3:00 a.m.)

Fig. 1: Average daily net load for California during August 2019 [22]

2325-5870 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See htt; ://www.ieeeorg publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on July 15,2021 at 16:38:

10 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCNS.2021.3084039, IEEE

Transactions on Control of Network Systems

was interpolated linearly to produce a net load estimate for
each 15-minute interval within 24 hours. The curve is normal-
ized and shifted so that time O 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. 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.

——6— Trajectory1
—*—— Trajectory2

Trajectory3
—*—— Trajectory4
—&— Trajectory5

Trajectory6
—6— Trajectory7
—— Trajectory8

——&— Trajectory9

Trajectory10
—— Trajectory11
—*—— Trajectory12

Trajectory13
—— Trajectory14
—6— Trajectory15
——— Trajectory1€

500

Distance to best trajectory solution

20

0 5 10 15
Time (hours after 3:00 a.m.)

Fig. 2: Solution convergence for points on discrete local trajectories

Based on this observation, one may speculate that t
problem becomes devoid of spurious local solutions over tin
This is not the case for the considered problem. We uniforn
searched the feasible region of the problem without rampi
constraints and verified that there are multiple point-wise spu-
rious 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 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. 4
examines the active and reactive power generation for two
representative generators. 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 IV that the data variation

enables the solver to act on a smoothed version of the problem
that is devoid of sharp local minima.
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Fig. 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
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Fig. 4: Real and reactive power output of select generators: points on discrete
local trajectories and point-wise local solutions

C. 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 [4]. Specifically, the active and
reactive power demands are reduced by 40% and the lower
bounds on reactive power compensation are 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 [22]
(Fig. ??). Fig. ?? 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.

D. Impact of Load Variation on 39-bus System

Next, we consider discrete local trajectories for three dif-
ferent load profiles on the same 39-bus system. Isolating the
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(b) Data and results for an empirical study on a 9-bus system

Fig. 5: Data and results for an empirical study on a 9-bus system

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. 6. 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. 6, which shows the distance between each
trajectory and 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. 6 (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

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 10~3 p.u. (345V) or 10~3
radians, respectively.

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.

III. MATHEMATICAL ANALYSIS OF TIME-VARYING OPF

The case study in Section II reveals an important property
of the time-varying OPF problem: In the escaping period,
different discrete local trajectories converge to the operating
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 [23],
[24], but the striking feature of power systems is the existence
of escaping periods.

To better understand this phenomenon, we analyze the
problem structure mathematically. First, we reformulate the
time-varying OPF as an unconstrained optimization problem
to enable the analysis. Using the derived unconstrained prob-
lem, 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 IV 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.

A. 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:

rrel%erl) f(x) (la)
s.t. h(x) =d e R"” (1b)
g(x) <0€R™ (1)

Here, x is the concatenation of the voltage angle and magni-
tude at each bus, as well as the real and reactive power gener-
ation outputs for each generator. The equality constraint (1b)
ensures that the generated power meets the demand, where d
is the vector of real and reactive demand at each bus, and re-
spects 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 (1c). It is easy to verify that p > n.
We refer the reader to [2], [4] and [9] 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).

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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Fig. 6: 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.

In order to analyze this optimization problem theoretically,
it is desirable to convert it to an unconstrained problem. First,
we enforce the inequality constraints (1c) through a penalty
in the objective function:

min f(x) + 8 ([5:(01)* 2a)
i=1
s.t. h(x) =d e R" (2b)

where 0 > 0 serves as the penalization parameter, g;(-) is
the i element of g(-), and [y]T denotes max(y,0). This
choice of quadratic penalty function is inexact, meaning that
problem (2) is an approximation of problem (1). However,
as [ increases, each global minimizer of (1) approaches a
global minimizer of (2) under mild regularity conditions [25].
Second, we use the implicit function theorem [25] to complete
the transformation to an unconstrained model. Consider a
feasible point x, satisfying the Karush-Kuhn-Tucker (KKT)
conditions for (2). Assuming that constraint qualifications
hold at x,, this vector can be partitioned into two sub-
vectors x,Z € R™ and x, € RP~™ such that the Jacobian
of h(x,) with respect to x” is invertible. Therefore, the
implicit function theorem guarantees the existence of a unique
differentiable function ¢(-) such that x® = ¢(x'?) in a local
neighborhood of x,. Given such function, Problem (2) can be
re-written as (see [25]):

m

FOxR), xR + 83 ([gi(o(x™),x)]*)° (3)

i=1

min

xReRp—
Enforcing the equality constraint (1b) directly using the im-
plicit 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 parameter would do. This is not an
issue for the inequality constraint (1c) because it does not
vary in time.

Remark 1: Note that (3) cannot be formulated explicitly, due
to the unknown nature of the local solution x, and the function
&(x®). 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) is designed to
understand the properties of OPF.

B. Unconstrained Model for Time-Varying OPF

The above analysis reveals that, under some technical con-
ditions, the OPF problem with fixed load can be modeled
as an unconstrained optimization problem (with a control-
lable 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 objective function of the
optimization [26]. Time-varying OPF with K equally-spaced
time steps to = 0,t1 = At,...,tx = KAt (At > 0) can be
written as the following sequence of optimization problems:

min

R R R R
amin (60, (7)) oo st

+ 8 (g1 (60, (™) x ™)) (&)

i=1

for k =1, ..., K, where o > 0 is a penalization parameter and

T ul
(o) (o)
local solution to Problem (4) obtained at time t;_;. In light
of its dependence on x7*, xP* is not regularized in this
approximated model. Due to the time-varying nature of the
demand, the functions f;, () and ¢4, (-) may change over time,
hence they are indexed by time step.

Xty = denotes an arbitrary
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To simplify the analysis, assume that the partition (By, Ry)
does not change over time, i.e., we have By, = B and R, = R
for k =1,..., K. Then problem (4) can be written as

min
zERP—"

Fy(z) + 83 ((Gri(@)] )" +allz —zal; ()

Ty (z)

for k = 1,..,K, where z = x%, 2z, , = x*i*‘_l,

Fi(z) := fi, (¢4, (2),2), and Gy i(z) := g; (¢1, (2),2). 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 IV applies
to each sub-interval.

C. 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 (5). Therefore,
we focus on (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 }7_, for (5) satisfies

0=VT%(zr) +20(zx — Zk—1) (6)

for every k =1,2,...,T (where V is the gradient operator).
Note that T'y(+) is differentiable. Therefore, given the solution
Zr—1, 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 z;_1 in terms of zg:

1
Zip—1 = Z) + %ka(zk) = My, (z) (7

This gives rise to the following end-to-end backward mapping
from z7 to the initial point zy via the composition operator o:

zo = MyoMzo---oMr(zr) (3)

Provided that the mapping M; o - - - o My (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 T'At. The global solutions at future
times after TAt will be tracked successfully if the data
variation is not too high [23]. This expansive property can
be observed in the empirical study conducted in Section II
on the modified IEEE 39-bus and 9-bus system under both
California load data and synthetic sinusoidal loads.

IV. 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 (7)
can be treated as a variant of stochastic gradient ascent on a
smoothed version of the function I'r(z). This gives rise to the
following important observation:

6

A certain level of stochasticity in {T'y(z)}}_, over time may
enable the stationary points {zx}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, [27] 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 =2k —(VD(z) +wp) Ve {0,1,2,...} (9)

where w; is a bounded random variable with zero mean and 7
is a predefined step size. Upon defining z, = zx — nVI'(zg),
one can write the above iterations (9) in terms of the interme-
diate sequence {Z}:

Zjt1 = ikfnwk.anF(ikfnwk),Vk S {0, 1,2,... } (10)

To analyze the average behavior of SGD, consider the evo-
lution of E,,, (Zr+1), where the expectation is taken over wy,
conditioned on {wy, . ..,wk_1}. Hence,

Ewk, [ik+1] :Zk—nVEwk [F(ik—nwk)LVkE {0,1,2,. . } (11

Therefore, on average, SGD acts as the exact gradient de-
scent on the surrogate function E,,, [I'(Z — nwy,)]. 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 [27],
such convolution may give rise to (one-point) strong convexity
of E,, [['(zx —nwy)] with respect to the globally optimal
solution, which in turn guarantees the convergence of {Z}
(and hence {z;}) 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: Re-
turning to time-varying OPF and the backward mapping (7),
we assume that the variation in {VI'y(z)}/_, follows a
stochastic process indexed by the time k. In particular, we
write VI'y(z) — VI;41(2) = ((z) + wi, where (i(z) is
a deterministic, time-varying function and wj is a bounded
random variable with zero mean. Such assumption is realistic
in power systems, where demand can be modeled as a deter-
ministic, time-varying function capturing the average demand
behavior, together with an additive stochastic term accounting
for its random nature. The iteration (7) is equivalent to

1
Z =Zp41 + TVFT(ZkJrl)
a

1« (12)
+5. —;1 (VI (zk+1) — VIri1(2k41))
T=R Cr(Zhg1)—wr
which can be written as the following dynamical model:
1 1
Zj = Zp41 + %VFT(Zk-H) + %Vk—&-l(zk—f—l) (13a)
Vkt+1(Zk+1) = Vkr2(Zkt1) + Ger1(Zhg1) —wirr (13b)
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where vy11(zk+1) is referred to as the variation process. In
particular, (13b) defines explicit dynamics for the variation
process comprised of three parts. The first term vy 2(Zk+1)
captures the correlation between the variation processes at
times tx41 and ¢x42. The second term (j41(2Zk+1) captures
the bias that is added to the variation process at time tj .
Lastly, the third term wgy1 ~ W(zr11) is an independent
noise injected into the variation process at time t;y; (also
referred to as effective noise). Comparing (13) with (9), one
can verify that (13) reduces to stochastic gradient ascent if
Vgt2(Zk+1) + Cet1(Zk4+1) = 0. Therefore, if wy41 dominates
the first two terms, (13) resembles an approximate version of
stochastic gradient ascent applied to I'r(z); otherwise, it is a
biased and correlated version of SGD [28]. Similar to (11),
this implies that, on average, the points generated via the
backward mapping (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 minima in {I';(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 [29] yields that the end-to-end backward
mapping (8) is expansive, and the discrete local trajectories
can escape poor local solutions over time. We formalize and
rigorously analyze this intuition in the next subsection.

A. Theoretical analysis of dynamics

For simplicity of notation, we define n = -

5 Furthermore,

suppose that z* denotes the globally minimum point of I'r(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 (13):

Assumption 1 (Smoothness): The following statements hold:

- The function I'r(z) is L-smooth, i.e., we have
[VI7(x) — VI7(y)|| < Lljx —y[| ¥x,y € R°"".  (14)

- The functions (,(z) are I-Lipschitz for7 =1,--- ,T—1,
i.e., we have

ICk(x) — (W)l < llx —y| Vx,y € RPT™.

Assumption 2 (Implicit Convexity): There exists z* such that
the following statements hold:

5)

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

(z* =y, —~VEuuw(y) [y —mw)]) > clly — 2"  (16)

- (Bounded one-point curvature of convolution) For every
y, there exists ¢/ > 0 such that
T-1
@ =y, = > Eonwiy) Gy —m))) =~ |ly — 27|
T=k+1
a7
for every k € {0,...,T — 2}
The existence of L and [ which satisfy Assumption 1 can be

verified for the unconstrained model of the time-varying OPF.
Meanwhile, Assumption 2 implies that the convoluted variant

of the objective function at time 7" is one-point strongly con-
vex. We note that such assumption may not be easily verifiable
for the time-varying OPF. However, our simulations 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.

Theorem 1: Suppose that ¢ > ¢ and there exists r > 1
such that ||w:|| < r for every t. Define A := n(c — ¢’), and
assume that 2772L < 1. Then, under Assumptions 1 and 2, the
following inequality holds:

el 1 Ellzo—2I?] g2
lzr =2\ < 75,7 A+ N7 1+ ATT
(18)
where
4 4 1\ 2 n2r2(1 + 2))2
D= <A+A2> 2l + 16 (1+)\> Mij) (19)

A sketch of the proof for Theorem 1 is provided in the
appendix. A number of observations can be made based on this
theorem. Not surprisingly, the provided bound on ||z —2z*||
depends on the accuracy of the initial point ||zg — z*||. How-
ever, the effect of this initial accuracy diminishes exponentially
fast with respect to 7. Moreover, as T" — oo, the following
asymptotic inequality holds:

D

* 12
— [
lzr=2"1" < 1—2n2L

(20)
which is independent of the initial point. Another implication
of this asymptotic bound is that, for any value of T', Theorem 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 7 and its connection to SGD, as delineated in the
introduction of Section IV. 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 [27]. Finally, it is worthwhile to
study how D depends on different parameters of problem,
namely 7, 7, [, L, and ¢ — ¢/. Equation (19) reveals that D is
a decreasing function of ¢— ¢’. Combined with Assumption 2,
this implies that one-point strong convexity of I';(z) for
t=1,...,T has a favorable effect on ||zr —z*|. Similarly, it
can be seen from (18) and (19) that ||z —z*|| decreases as [,
L, and the noise values’ magnitude (characterized by r) shrink.
However, notice that Assumption 2 may not be satisfied for
small values of noise. Finally, D does not have a monotone
behavior with respect to 7. In particular, it can be verified that
D — oo if n — oo or p — 0. Recalling (5) and n = i
this implies that over- or under-regularization may lead to large
values for ||zg —z*||. This observation is in line with Example
1 of [19], 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.

2325-5870 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See htép://www.ieeeorg publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on July 15, :

2021 at 16:38:10 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCNS.2021.3084039, IEEE

Transactions on Control of Network Systems

(P, Q1) (P4, Q%)
A 4 g — ib A J
(P1,Q1) P;

Fig. 7: The 2-bus system. Here, i = v/—1.

B. 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
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 7.
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(P{) + f2(PY) (21a)
s.t. (21b)
P} =Py =v1[*g+|v1[Jv2|(bsin(Af) —g cos(AB)) (21c)
P — Pl = |va|*g+]v1[|va| (bsin(AB) — g cos(AF)) (21d)
Q= Q1 = 1> g—[v1]|v2|(g 5in(A0) +-b cos(AF)) (21e)
=|va|?g—|v1||va|(gsin(AB)+bcos(AB)) (21f)

Vi Ly | S pmaxs ymin gy | < YmaX (2] g)

Pt < P < PP PN < PY < PR (21h)

QMM < Qf Q™ QYM<QI<QF™ (2l
where PY, Q7, |v;|, Af are the variables for active power

generation, reactive power generation, voltage magnitude at
bus 7, and angle difference between buses 1 and 2 respec-
tively. Moreover, Pil; ko> Qé;k are the active and reactive load
parameters at bus ¢ and time k, respectively. To simplify our
subsequent analysis, we assume that the voltage magnitudes
at both buses are equal to the their nominal values, i.e.,
|vi] = |ve| = 1. Therefore, according to (21c)-(21f), the
variables (PJ, Py, Q{,Q3) can be written in terms of the
angle differences Af. In other words, P{ = pl(AG,Pf;k),
P§ = pa(A0, P, QF = 41(A0,QL,). Q4 = 2(A6) where

p1(AG, Pl ) = Pll;k + g+ bsin(Af) — g cos(A)
pa (A6, P2 k) = Pé;k + g + bsin(Af) — g cos(A)
01(86,Q1) = QL + g — gsin(A) — beos(A0)
q2(Af) = g — gsin(Af) — bcos(A)

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

min f1(p1(A0, Piy)) + fa(p2(A0, Pyyp) (22a)
st PP < pi(AG, PLy,) < PP, (22b)
Pyt < py(AB, Py ) < Py (22¢)
Q™ < q1(A0, Q) < QP (22d)
Q™ < 2(80,Q3y) < Q5™ (22¢)

Moreover, suppose that the upper and lower bounds on the
active and reactive power generations are chosen such that
all inequality constraints in (22) remain inactive, except for
lower bound on the reactive power generation, i.e., Qﬁ"i“ <
q1 (AO,Qll;k). Similar to (1), we convert (22) to an uncon-
strained 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:

Hiien [ (A0) =f1(p1(A0, Pll;k)) + f2(p2(A9, le;k))

8 ([Quin — 01(80.Q1,] )

Suppose that ¢ — ib = 0.01 —i0.1 and Qui, = —0.181.
Moreover, suppose that fi(PY) = 2(P{)? + 2P{ + 1 and
f2(P)) = 0.1(PJ)? + 0.1P) + 1. Finally, the penalization
parameter [ is set to 500. Figure 8a illustrates the objective
function at the final time 7" as a function of A# for the choices
of PlT = P} o = 0.5, and QlT = le;T = 0. Note that
the objective functlon has one global minimum, one strict
local minimum, and one local maximum within the interval
—2< A0 <15,

Next, we illustrate the effect of load wvariation on
the landscape of this optimization problem and ver-
ify Assumption 2. We empirically compute the function
Ey~w a6y [['7(A0 — nw)] introduced in Assumption 2 when
the active and reactive loads are chosen according to the
following rules:

(23)

- P, and P}, are chosen uniformly at random from the
interval [0.005, 0.55).
Q2 5. =0and Q. . is chosen uniformly at random from
the interval [—0.02,0.18].
Setting n = 2, for every £k = 0,1,...,N = 10,000 we
randomly generate the active and reactive load values based on
the aforementioned rules, and compute I'y,(A#) and VI'; (A6).
Figure 8b 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, (A#) — VI, 11 (A6), capturing the ef-
fects of the bias (;(A#) and the effective noise wy, ~ W (AG).
Since the load distribution is the same at every time, we
have E[['x(A0)] = E[l'k+1(A0)]. Hence (x(Af) = 0 for
every k. Finally, we approximate E,,_y (ag) [['7(A0 — nw)]
with its empirical counterpart kN;Ol (A0 —nwi(A)).6
The resulting function for —2 < A6 < 1.5 is depicted in
Figure 8c. It can be seen that, unlike I'r(A#), the convoluted

Note 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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Fig. 8: (a) The objective function at ¢t = 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 A points.

function is devoid of spurious local minimum. In fact, it is
one-point strongly convex, thereby verifying Assumption 2 on
the implicit convexity of the convoluted objective function.

C. 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 gra-
dient are easier to compute or approximate. We will show
that the variance of the effective noise E,w (ag)[l|wl|?]

at a given point Ab depends on the gradient of the ex-
pected objective function. In other words, a large gradient
of the expected objective function at Af leads to a high

variance B _ .. AAQ)[HwHZ], which in turn yields a smoother

EwNW(@) FT(@—nw)} Figure 8d precisely shows this
behavior. In particular, the local minimum Af = 0.6 of
7 (Af) disappears in E,, iy (ag) [[7(A0 — nw)] due to the
high variance of the additive noise w at Af = 0.6 (shown
with red circles). On the other hand, 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 A@ = —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 func-
tion, 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 noncon-
vex due to the nonconvex power balance equations and the
upper and lower bounds on the active power generations.
Let p;..(0) Py — Pil;k be the net power injection at
bus i at time k, where 8 € RY-1 is a vector collect-
ing the angles at different buses, except for the slack bus.
Then the unconstrained objective function can be defined as

L(0) = 320 ci(pin(0) + Piy), where ci(pii(0) + Py) 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 i. Moreover, suppose
that P, = P;+;, where P is a vector collecting the nominal
loads, and ~ is an isotropic random vector with a known
distribution P such that E[v] = Elw] =7 # 0.
In other words, the variations in the load are biased. For
simplicity of presentation, we abuse the notation and write
[(0; P ++%) = I'x(0), where v* ~ P is a realization of the
randomness in the load at time k. Define the linearization of
['(6; P + ) around P as

Tin(0; P +4) =T(0; P) + VpI(0; P) v (24)

For small values of =, the linearized function Ty, (6; P + )
is a good approximation of I'(#; P + ). In particular, under
mild conditions on I', the Mean Value theorem implies that
(0; P+7v) = Tiin(0; P47) 4+ O(~?). Note that while I'y;,, is
linear in terms of ~, it is potentially nonconvex with respect
to . Define effective noise of the linearized functions as

Wi (0; PyyF AR = Vol (0; P +~%) — VoI (6; P+ +F71)
(25)

forevery k =1,...,T. Again, wﬁn is an accurate approxima-
tion of the true effective noise, provided +y is sufficiently small.
The bias term in (25) is zero since the right-hand side of (25)
has zero mean. Moreover, we can drop the time index k, since
the distribution of wf_(6; P, v* +*~1) does not depend on k,
as v* and v*~! are independent and identically distributed.
With these definitions, we present our next proposition.

Proposition 1: Suppose that at time 7', the objective function
of the time-varying OPF corresponds to I'(6; P) with an
stationary point 6. Then,

Ey s [lotm(@ Py, 9)I1?]

> 2Var,p (7) By [Volin(8: P + )] H2 J(N3%) (26)

Due to the space restrictions, the proof of this propo-
sition is deferred to the extended version of the paper
(https://lavaei.ieor.berkeley.edu/DOPF_2020_2.pdf). 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 1 implies that this
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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,

[TE’YNP [V@th(é;p—l—w)} H > 0, and the above
proposition implies that the generalized variance of the effec-
tive noise at @ increases with the norm of the gradient of the
expected function at 0, 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 IV-B, and the
elimination of its spurious local minimum.

Based on our results, it is possible to eliminate 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 can be observed in
Fig. 8c, 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
“effective 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
trajectory 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. 9 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. 6, we observe
that some or all initializations lead to the optimal solution over
time, depending on the specific variation.

we have

Load scenario
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Fig. 9: 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.

V. 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 the initial
time has 16 locally optimal solutions leading to 16 solution
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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
PROOF OF THEOREM 1

For simplicity of notation, we reverse the order of time,
changing T'—t to t. Then, the dynamics (13) can be written

t—1 t—1
2 =21 +0VTo(z 1) + 1Y Ge(zi1) —n Y wi 27)
k=1 k=1

We will extensively use the following sequences of interme-
diate points in our analysis:

t
z. +nVTo(2z:) + 1 Zk:l Cr(2¢)

t—1
Ye =¥t — Uzkzl Wk
It is easy to verify that the above definitions together with (27)
gives rise to the following recursive equation:

t—1 t—1
Yt =Yi-1— ”Zkzl w +nVIy <Yt1 - nzkzl Wk)

(28)

Yyt
(29)

t t—1
Y G (ytl Y wk> (30)
which in turn implies
Yt =Yt-1 —nwi—1 + Vo (Fe-1 — nwi—1)
' y 31
+772k:1 Gk (Ft—1 — mwi—1) (3D

Define the filtration F;_1 = o{w1, .-
ing stochastic process:

.,w¢—o} and the follow-

2
Gi= (N Iy a2 - 22RO
where by := 203r2L, by := 2n3r2l, and by := M.
Our next lemma provides a lower bound on E[||y;—z* ||| F;_1]
in terms of |ly;—1 —z*|.

Lemma 1: The following inequality holds:

Ellly: —2"|*[Fe-1] = A+ Nlye-1—2*~b1 ~bat —bst* (33)

11

Proof. Based on (31), one can write
Ellly: — 2" ||*|Fi-1]

=E[|y¢-1 — 2" —nwi—1 + Vo (Fe-1 — nwi—1)
t

1) G (Frmr — mwim1) [P Fe1]
k=1
>||5e-1 — 2°||* + 7PE[||wi—1]|*| Fe—1]
t

+E[|[nVT0(Fe—1—nwi1)+n > Ge(Fr1—mwi—1)|*Feea]
k=1

—2nE[(nwi—1, VIo(¥i—1 — nwi—1))|Fi—1]
t
—2nE[(nwi—1, Y To(Fr-1 — nwi—1))|Fi1]
k=1

+2n(z" — §1—1, —VE[o(¥t—1 — nwi—1)|Ft-1])

t
+2n0(z* = i1, — Y B[G(Fi—1 — nwi—1)| Fiz1])

k=1
>[|ye—1 — 2*|1* —2nE[(nwe—1, VTo(F1—1 — nwi—1))| Fe-1]
A
t
—20E[(nwi—1, Y To(Fr-1 — mwi—1))|Fi1]
k=1
B
+2n(z" — yi—1, —VE[Lo(¥i—1 — nwi—1)|Fe—1])
c
¢
+20(z" = Fi1,— Y BlG(Fro1 — 1) Fecal)  (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||y,—1 — 2z*||* (35)

Furthermore, one can write

A= -2mE[(nwi—1, VI (¥i—1 — nwi—1) — Vo (Ft-1))| Fe-1]

> —2nE[[|nwi-1[|[To(Fe-1 — nwe-1) — VLo (Fe—1)||Fe-1]
> 212 L (36)
where the first equality is due to the fact that

E[(nwt—1,To(¥1—1))|Fi—1] = 0. Similarly, we can write
B > —2n%r2[t. This implies that

Elllys — 2"||*|Fe-1] 2(1 + 2n(c = &))[[F1-1 — 2|
— 2032 (L + It)
=142\ |51 —2"||* = (by +bat) (37)

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

Ellly: — z*||*| Fi-1]
t—2

>(1+2N) ||yi—1 — nZwk —z"|| — (b1 + bat)
k=1

2

2325-5870 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See htt ://www.ieeeorg publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on July 15,2021 at 16:3

10 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCNS.2021.3084039, IEEE
Transactions on Control of Network Systems

12

t—2
>(1+2\)[lye—1 — 27 [* =201 + 2 lye—1 — 2| [ D ws

= A< (212, e (d(14LY by (46
o (bl + th) (38) =Y + 2 2, =X + Y 3 (46)
2(14—2)\)||yt_1—Z*||2—2777’(1—|—2/\)t||yt_1—Z*||—(bl +bot)

It is easy to verify that

This completes the proof. ]
Now we consider two cases: Proof of Theorem 1: From the second statement of
- If [y — 2" > M then one can write Lemma 2, one can write
Ellye—2"[*|Fe-1]> (142 ye-1 =2 = (b1 +b2t) (39) 2 2 1 1)
(1520 Iyo =27l < ()\ ! A) LR P (1 * /\) s
- If [lye—1 — 2%|| < 5525, then one can write
—(t—1 *
Elly: — 2|21 Fia] > (1+ 20 [ye — 27> (40) + (10 TVElye -2 @)

—(4n°r?(1+2)0)%*t*) /A= (b1 +b2t)  On the other hand, one can write

Combining the above two inequalities leads to

El||lz; — z*||*] = E[||y;-1 — 2* — wi||? 48
[HYt_Z || |]:t 1] (1+/\)||Yt 1~z HQ (b1+b2t+ b3t2)|:| [” t H ] [HYt 1 UZ: k” ] ( )

(4D . .
. > Efllye-1 — 2"||°] — 20rtE[[[ye—1 — 2"
The next lemma is at the crux of our proof for Theorem 1.
Lemma 2: The following two statements hold: Inequality (48) together with some simple algebra reveals that
1) G; is a submartingale with a vanishing drift. More Elly,_: — 2 Hz] < 2Kz, — z*||2] 1 160222 (49)

precisely, it satisfies the following inequality
1 <2b2 205(2 t—l)) ) Combining the above inequality with (47) results in

E[Gi|Fi—1]>Gr-1—

14+) (=D A 2 2 4 1\°
( ) 9 ||YO_Z*||2§<)\+)\2>I)2+ /\<1+/\) b3
2) E[GY] > Go— (24 2) by — (g(u;) )b3
Proof. One can write +2(1+ )x)f(tfl) E[||z; — z*||?]
E[Gy|Fi1] = (1+A) " +167°r2t2 (1 + A)~ Y (50)
2(by + bat + b3t?) Finally, it only remains to characterize the relationship be-
* (12
% (E[”yt — 2" Fea] - \ 43 tween llyo —z*||? and ||z — z*||%. To this goal, one can write
Invoking Lemma 1 leads to llyo — z*||2 = ||lzo — 2" + nva(ZO)HQ
E[Gi| Feo1] = (1 + /\)_t((l + N lyie1 —z*|? >[|zo — z*||* — 2n(zo — 2", 7V fo(20))
by + bot + bst? 2(by + bat + bgt?) =llzo — z*||* — 2n(z0 — 2%, 7V fo(z0) — nV fo(z"))
= (b 4ot 4 b5t X ) >0 — 2 ||* — 20120 — 2" |||V fo(zo) — V fo(=")]
=1+ N lyemr — 27| >(1—20°L)||zo — z"||? (51)
1+ —(t=1) ( (b + th + bst? )> where the last inequality is due to Assumption 1. Combin-
ing (51) with (50) concludes the proof. O

=1+ 0"y =2
(14 3~ (2(b1 F byt — 1) + by(t — 1)2)) Julie Mulvaney-Kemp is a Ph.D. student at
— + A\

UC Berkeley. She received a “best of the best”

A
B conference paper award at the 2020 IEEE Power
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[ 2by 4 2bs(2t — 1 y 3 Salar Fattahi is an assistant professor at Uni-
=Gy — (14 1) 70 ( 2 i( )> (44) versity of Michigan. He has received the IN-
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This completes the proof of the first part. To prove the second was a best paper finalist for ACC 2018.

part, we use the result of the first part together with the tower

property of the expectation to write
t—1

E[Gy] >Go — <2b? Z 1+ )\)’C) IEEE Transactions on Automatic Control, IEEE

A k=0 Transactions on Smart Grid and IEEE Control
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