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Abstract

We are at the cusp of a historic transformation of both communication system and electricity system.
This creates challenges as well as opportunities for the study of networked systems. Problems of
these systems typically involve a huge number of end points that require intelligent coordination in a
distributed manner. In this thesis, we develop models, theories, and scalable distributed optimization
and control algorithms to overcome these challenges.

This thesis focuses on two specific areas: multi-path TCP (Transmission Control Protocol) and
electricity distribution system operation and control. Multi-path TCP (MP-TCP) is a TCP exten-
sion that allows a single data stream to be split across multiple paths. MP-TCP has the potential to
greatly improve reliability as well as efficiency of communication devices. We propose a fluid model
for a large class of MP-TCP algorithms and identify design criteria that guarantee the existence,
uniqueness, and stability of system equilibrium. We clarify how algorithm parameters impact TCP-
friendliness, responsiveness, and window oscillation and demonstrate an inevitable tradeoff among
these properties. We discuss the implications of these properties on the behavior of existing algo-
rithms and motivate a new algorithm Balia (balanced linked adaptation) which generalizes existing
algorithms and strikes a good balance among TCP-friendliness, responsiveness, and window oscilla-
tion. We have implemented Balia in the Linux kernel. We use our prototype to compare the new
proposed algorithm Balia with existing MP-TCP algorithms.

Our second focus is on designing computationally efficient algorithms for electricity distribution
system operation and control. First, we develop efficient algorithms for feeder reconfiguration in
distribution networks. The feeder reconfiguration problem chooses the on/off status of the switches
in a distribution network in order to minimize a certain cost such as power loss. It is a mixed
integer nonlinear program and hence hard to solve. We propose a heuristic algorithm that is based
on the recently developed convex relaxation of the optimal power flow problem. The algorithm
is efficient and can successfully computes an optimal configuration on all networks that we have
tested. Moreover we prove that the algorithm solves the feeder reconfiguration problem optimally
under certain conditions. We also propose a more efficient algorithm and it incurs a loss in optimality
of less than 3% on the test networks.

Second, we develop efficient distributed algorithms that solve the optimal power flow (OPF)
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problem on distribution networks. The OPF problem determines a network operating point that
minimizes a certain objective such as generation cost or power loss. Traditionally OPF is solved in a
centralized manner. With increasing penetration of volatile renewable energy resources in distribu-
tion systems, we need faster and distributed solutions for real-time feedback control. This is difficult
because power flow equations are nonlinear and kirchhoff’s law is global. We propose solutions for
both balanced and unbalanced radial distribution networks. They exploit recent results that suggest
solving for a globally optimal solution of OPF over a radial network through a second-order cone
program (SOCP) or semi-definite program (SDP) relaxation. Our distributed algorithms are based
on the alternating direction method of multiplier (ADMM), but unlike standard ADMM-based dis-
tributed OPF algorithms that require solving optimization subproblems using iterative methods,
the proposed solutions exploit the problem structure that greatly reduce the computation time.
Specifically, for balanced networks, our decomposition allows us to derive closed form solutions for
these subproblems and it speeds up the convergence by 1000x times in simulations. For unbalanced
networks, the subproblems reduce to either closed form solutions or eigenvalue problems whose size
remains constant as the network scales up and computation time is reduced by 100x compared with

iterative methods.
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Chapter 1

Introduction

We are at the cusp of a historic transformation of both communication system and electricity system.
This creates challenges as well as opportunities for the study of networked systems. Problems of
these systems typically involve a huge number of end points that require intelligent coordinations in a
distributed manner. In this thesis, we develop models, theories, and scalable distributed optimization
and control algorithms that overcome these challenges.

Specifically, this thesis focuses on three topics: multi-path TCP, feeder reconfiguration in distri-

bution systems and distributed OPF algorithm on radial distribution networks.

1.1 Multipath TCP

Traditional TCP uses a single path through the network even though multiple paths are usually
available in today’s communication infrastructure; e.g., most smart phones are enabled with both
cellular and WiFi access, and servers in data centers are connected to multiple routers. Multi-path
TCP (MP-TCP) has the potential to greatly improve application performance by using multiple
paths transparently. It is being standardized by the MP-TCP Working Group of the Internet
Engineering Task Force (IETF) [30]. We present a fluid model of MP-TCP and study how protocol
parameters affect structural properties such as the existence, uniqueness and stability of equilibrium,
the tradeoffs among TCP friendliness, responsiveness and window oscillation. These properties
motivate a new algorithm that generalizes existing MP-TCP algorithms.

Various congestion control algorithms have been proposed as an extension of TCP NewReno
for MP-TCP. A straightforward extension is to run TCP NewReno on each subpath, e.g. [40,43].
This algorithm, however, can be highly unfriendly when it shares a path with a single-path TCP
user. This motivates the Coupled algorithm, which is fair because it has the same underlying utility
function as TCP NewReno, e.g. [38,46]. It is found in [89], however, that the Coupled algorithm
responds slowly in a dynamic network environment. A different algorithm is proposed in [89] (which

we refer to as the Max algorithm) which is more responsive than the Coupled algorithm and still
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reasonably friendly to single-path TCP users. Recently, opportunistic linked increase algorithm
(OLIA) is proposed as a variant of Coupled algorithm that is as friendly as the Coupled algorithm
but more responsive [50]. See [77] for more references to early work on multi-path congestion control.

Our goal is to develop structural understanding of MP-TCP algorithms so that we can system-
atically trade off different properties such as TCP friendliness, responsiveness, and window oscilla-
tion. Window oscillation can be detrimental to applications that require a steady throughput. For
single-path TCP, one can associate a strictly concave utility function with each source so that the
congestion control algorithm implicitly solves a network utility maximization problem [47,62,77].
The convexity of this underlying utility maximization guarantees the existence, uniqueness, and
stability of most single-path TCP algorithms. For many MP-TCP proposals considered by IETF,
it will be shown that the utility maximization interpretation fails to hold in general, necessitating
the need for a different approach to understanding the equilibrium properties of these algorithms.
Moreover the relations among different performance metrics, such as fairness, responsiveness, and
window oscillation, need to be clarified.

We propose a fluid model for a large class of MP-TCP algorithms and the existence, uniqueness,
and stability of system equilibrium are identified. The impact of algorithm parameters on TCP-
friendliness, responsiveness, and window oscillation are clarified and an inevitable tradeoff among
these properties are also derived. The implications of these properties on the behavior of exist-
ing algorithms motivate the algorithm Balia, which outperforms all the existing algorithms in our

experiment.

1.2 Feeder Reconfiguration in Distribution Networks

A primary distribution system consists of buses, distribution lines, and (sectionalizing and tie)
switches that can be opened or closed. There are two types of buses. Substation buses (or just
substations) are connected to a transmission network from which they receive bulk power, and load
buses that receive power from the substation buses. During normal operation the switches are

configured so that
1. There is no loop in the network.
2. Each load bus is connected to a single substation.

Hence, there is a tree component rooted at each substation and we refer to each such component
as a feeder. The optimal feeder reconfiguration (OFR) problem seeks to alter the on/off status of
these switches, for the purpose of load balancing or loss minimization subject to the above two
requirements, e.g., [6,17,19,65]. See also a survey in [76] for many early papers and references to

some recent work in [45].
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The OFR problem is a combinatorial (on/off status of switches) optimization problem with
nonlinear constraints (power flow equations) and can generally be NP-hard. Various algorithms
have been developed to solve the OFR problems. Following the convention in [45], they roughly fall
into two categories: formal methods and heuristic methods.

Formal methods solve the OFR problem using generic mixed integer optimization approaches.
They usually require a significant amount of computation time, e.g. simulated annealing [17], ordinal
optimization [24], bender decomposition [51], etc..

Heuristic methods exploit problem structures to solve OFR. They are usually more efficient
than formal methods but lack theoretical guarantee on performance, e.g., iterative branch exchange
approach [6,19,36] and successive branch reduction approach [35,39, 65] etc..

We propose a new heuristic method with guaranteed performance. The effectiveness of this new
approach is illustrated both through simulations on standard test systems and mathematical analysis.
Specifically, the proposed algorithm only involves solving a small number of OPF problems and no
computationally intensive mixed-integer optimization. We prove that the proposed heuristic can
obtain the global optimal solution under certain assumptions. Indeed global optimal configurations

can always be found on the four practical networks in our simulations.

1.3 Distributed OPF Algorithm on Radial Distribution Net-
works

The optimal power flow (OPF) problem seeks to optimize certain objectives such as power loss
and generation cost subject to power flow physics and operational constraints. It is a fundamental
problem because it underlies many power system operations and planning problems such as economic
dispatch, unit commitment, state estimation, stability and reliability assessment, volt/var control,
demand response, etc. The continued growth of highly volatile renewable sources on distribution
systems calls for real-time feedback control. Solving the OPF problems in such an environment has
at least two challenges.

First, the OPF problem is hard to solve because of its nonconvex feasible set. Recently a new
approach through convex relaxation has been developed. Specifically semidefinite program (SDP)
relaxation [4] and second order cone program (SOCP) relaxation [44] have been proposed in the bus
injection model, and SOCP relaxation has been proposed in the branch flow model [25,27]. See the
tutorial [60,61] for further pointers to the literature. When an optimal solution of the original OPF
problem can be recovered from any optimal solution of a convex relaxation, we say the relaxation is
exact. For radial distribution networks (whose graphs are trees), several sufficient conditions have
been proved that guarantee SOCP and SDP relaxations are exact. This is important because almost

all distribution systems are radial. Moreover some of these conditions have been shown to hold for
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many practical networks. In those cases we can rely on off-the-shelf convex optimization solvers to
obtain a globally optimal solution for the nonconvex OPF problem.

Second, most algorithms proposed in the literature are centralized and meant for applications
in today’s energy management systems that, e.g., centrally schedule a relatively small number of
generators. In future networks that simultaneously optimize (possibly in real time) the operation of a
large number of intelligent endpoints, a centralized approach will not scale because of its computation
and communication overhead.

We will address the second challenge. Specifically, we develop computationally efficient dis-
tributed algorithms that can scale to large real networks for both balanced and unbalanced radial

distribution networks.

1.4 Thesis Overview

The thesis is organized as follows:

1. In Chapter 2, we develop a general theoretical framework to model mutli-path TCP, which
leads to a better algorithm (Balia) that strikes a better balance among competing performance

criteria. We also implement Balia in the Linux kernel. This work is based on [74, 75].

2. In Chapter 3, we formulate the optimal power flow problem on both balanced and unbal-
anced networks and show how to solve them through second order cone program (SOCP)
and semidefinite program (SDP) relaxation. They are the foundations of our works on feeder

reconfiguration and distributed OPF algorithm.

3. In Chapter 4, we formulate the feeder reconfiguration problem in distribution networks, which
is a mixed integer nonlinear program. We then develop heuristic algorithms and show the
performance through both rigorous analysis and simulations on standard test networks. This

work is based on [72,73].

4. In Chapter 5, we first review alternating direction method of multipliers(ADMM). Based on
the general ADMM, we propose efficient centralized and distributed algorithms for a broad

class of graphical optimization problems.

5. In Chapter 6 and 7, we show how to develop distributed algorithms that solve the OPF problem
efficiently on both balanced and unbalanced radial distribution networks through the ADMM
based algorithm in Chapter 5. This work is based on [70,71].



Chapter 2

Multipath TCP: Analysis, Design
and Implementation

Multi-path TCP (MP-TCP) has the potential to greatly improve application performance by using
multiple paths transparently. A fluid model is proposed for a large class of MP-TCP algorithms
and the existence, uniqueness, and stability of system equilibrium are identified. The impact of
algorithm parameters on TCP-friendliness, responsiveness, and window oscillation are clarified and
an inevitable tradeoff among these properties are also derived. The implications of these properties
on the behavior of existing algorithms are discussed and they motivate the algorithm Balia (balanced
linked adaptation), which generalizes existing algorithms and strikes a good balance among TCP-
friendliness, responsiveness, and window oscillation. Balia is implemented in the Linux kernel and

compared with existing MP-TCP algorithms.

Literature Traditional TCP uses a single path through the network even though multiple paths
are usually available in today’s communication infrastructure; e.g., most smart phones are enabled
with both cellular and WiFi access, and servers in data centers are connected to multiple routers.
Multi-path TCP (MP-TCP) has the potential to greatly improve application performance by using
multiple paths transparently. It is being standardized by the MP-TCP Working Group of the Internet
Engineering Task Force (IETF) [30]. In this chapter we present a fluid model of MP-TCP and study
how protocol parameters affect structural properties such as the existence, uniqueness and stability
of equilibrium, the tradeoffs among TCP friendliness, responsiveness, and window oscillation. These
properties motivate a new algorithm that generalizes existing MP-TCP algorithms.

Various congestion control algorithms have been proposed as an extension of TCP NewReno
for MP-TCP. A straightforward extension is to run TCP NewReno on each subpath, e.g. [40,43].
This algorithm, however, can be highly unfriendly when it shares a path with a single-path TCP
user. This motivates the Coupled algorithm, which is fair because it has the same underlying utility

function as TCP NewReno, e.g. [38,46]. It is found in [89], however, that the Coupled algorithm
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can respond slowly in a dynamic network environment. A different algorithm is proposed in [89]
(which we refer to as the Max algorithm) which is more responsive than the Coupled algorithm and
still reasonably friendly to single-path TCP users. Recently, opportunistic linked increase algorithm
(OLIA) is proposed as a variant of Coupled algorithm that is as friendly as the Coupled algorithm
but more responsive [50]. See [77] for more references to early work on multi-path congestion control.

Our goal is to develop structural understanding of MP-TCP algorithms so that we can system-
atically tradeoff different properties such as TCP friendliness, responsiveness, and window oscilla-
tion. Window oscillation can be detrimental to applications that require a steady throughput. For
single-path TCP, one can associate a strictly concave utility function with each source so that the
congestion control algorithm implicitly solves a network utility maximization problem [47,62,77].
The convexity of this underlying utility maximization guarantees the existence, uniqueness, and
stability of most single-path TCP algorithms. For many MP-TCP proposals considered by IETF,
it will be shown that the utility maximization interpretation fails to hold in general, necessitating
the need for a different approach to understanding the equilibrium properties of these algorithms.
Moreover the relations among different performance metrics, such as fairness, responsiveness, and

window oscillation, need to be clarified.

Summary The main contributions of this work are three-fold. First we present a fluid model that
covers a broad class of MP-TCP algorithms and identify the exact property that allows an algorithm
to have an underlying utility function. This implies that some MP-TCP algorithms, e.g., the Max
algorithm [89], has no associated utility function. We prove conditions on protocol parameters that
guarantee the existence and uniqueness of the equilibrium, and its asymptotical stability. Indeed,
algorithms that fail to satisfy these conditions, e.g. the Coupled algorithm, can be unstable and
can have multiple equilibria as shown in [89]. Second, we clarify how protocol parameters impact
TCP friendliness, responsiveness, and window oscillation and demonstrate the inevitable tradeoff
among these properties. Finally, based on our understanding of the design space, we propose Balia
(Balanced linked adaptation) MP-TCP algorithm that generalizes existing algorithms and strikes a
good balance among these properties. This algorithm has been implemented in the Linux kernel
and we evaluate its performance using our Linux prototype.

We now summarize our proposed Balia MP-TCP algorithm. Each source s has a set of routes r.
Each route r maintains a congestion window w, and measures its round-trip time 7,. The window

adaptation is as follows:

e For each ACK on route r € s,

o () (42)




e For each packet loss on route r € s,

Wy — Wy — % min {e,, 1.5}, (2.2)

max{zy }
T, :

where z, := w, /7 and o, :=

2.1 Multipath TCP model

In this section we first propose a fluid model of MP-TCP and then use it to model MP-TCP
algorithms in the literature. Unless otherwise specified, a boldface letter x € R™ denotes a vector
with components z;. We use x_; := (21,...,%i—1,%it1,...,Z,) to denote the n — 1 dimensional
vector without z; and ||x|| := (3. 2¥)'/* to denote the Li-norm of x. Given two vectors x,y € R™,
X >y means x; > y; for all components i. A capital letter denotes a matrix or a set, depending on
the context. A symmetric matrix P is said to be positive (negative) semidefinite if xT Px > 0(< 0)
for any x, and positive (negative) definite if xT Px > 0(< 0) for any x # 0. For any matrix P,
define [P]* := (P + PT)/2 to be its symmetric part. Given two arbitrary matrices A and B (not
necessarily symmetric), A = B means [A — B|T is positive semidefinite. For a vector x, diag{x} is

a diagonal matrix with entries given by x.

2.1.1 Fluid model

Consider a network that consists of a set L = {1,...,|L|} of links with finite capacities ¢;. The
network is shared by a set S = {1,...,|S|} of sources. Available to source s € S is a fixed collection
of routes (or paths) 7. A route r consists of a set of links [. We abuse notation and use s both
to denote a source and the set of routes r available to it, depending on the context. Likewise, r is
used both to denote a route and the set of links [ in the route. Let R := {r | r € s,s € S} be the
collection of all routes. Let H € {0, 1}/E1XI%] be the routing matrix: Hj, = 1 if link [ is in route r
(denoted by ‘I € r’), and 0 otherwise.

For each route r € R, 7, denotes its round trip time (RTT). For simplicity we assume 7, are
constants. Each source s maintains a congestion window w,(t) at time ¢ for every route r € s.
Let z,(t) := w,(t)/7. represent the sending rate on route r. Each link [ maintains a congestion
price pi(t) at time t. Let q,(t) := >,.; Hirpi(t) be the aggregate price on route r. In this chapter
pi(t) represents the packet loss probability at link I and ¢,(t) represents the approximate packet loss
probability on route r.

We associate three state variables (z,(t), wr(t), ¢-(t)) for each route r € s. Let x5(¢t) := (2, (t), 7 €
s), Ws(t) = (wy(t),r € ), qs(t) := (g-(t),7 € s). Then (x4(t), ws(t),qs(t)) represents the corre-
sponding state variables for each source s € S. For each link I, let y;(t) := > . Hira,(t) be its



aggregate traffic rate.
Congestion control is a distributed algorithm that adapts x(¢) and p(¢) in a closed loop. Moti-
vated by the AIMD algorithm of TCP Newreno, we model MP-TCP by

Ty = kr(x5) (¢r(x5) — qr);; res ses (2.3)
= —a), lel, (2.4)

where (a)} = afor z > 0 and max{0,a} for z < 0. We omit the time ¢ in the expression for simplicity.
(2.3) models how sending rates are adapted in the congestion avoidance phase of TCP at each end
system and (2.4) models how the congestion price is (often implicitly) updated at each link. The
MP-TCP algorithm installed at source s is specified by (K, ®;), where K (xs) := (kq(x5),7 € )
and ®,(xs) 1= (¢r(xs),7 € s). Here Kq(xs) > 0 is a vector of positive gains that determines the
dynamic property of the algorithm. ®4(x,) determines the equilibrium properties of the algorithm.
The link algorithm is specified by ~;, where 7; > 0 is a positive gain that determines the dynamic
property. This is a simplified model of the RED algorithm that assumes the loss probability is
proportional to the backlog, and is used in, e.g., [47,62].

2.1.2 Existing MP-TCP algorithms

We first show how to relate the fluid model (2.3) to the window-based MP-TCP algorithms proposed
in the literature. On each route r the source increases its window at the return of each ACK. Let
this increment be denoted by I,.(w), where w; is the vector of window sizes on different routes of
source s. The source decreases the window on route r when it sees a packet loss on route r. Let this
decrement be denoted by D, (w). Then most loss based MP-TCP algorithms take the form of the

following pseudo code:
e For each ACK on route r, w, < w, + I.(wy).
e For each loss on route r, w, + w, — D,.(wy).

We now model the above pseudo codes by the fluid model (2.3). Let dw, be the net change to

window on route 7 in each round trip time. Then dw, is roughly

dwy (Ir(ws)(1 = qr) — Dr(Ws)qr)wy

(Iy(ws) — Dr(Ws)qr)wr,

Q

since the loss probability g, is small. On the other hand

o )
oWy R Wy Ty = XpTyh .



Therefore

Ty = puy (IT<WS) - DT(WS)QT)-
From (2.3) we have
) = Drlws) (2.5)
%) = B

We now apply this to the algorithms in the literature. We first summarize these algorithms in
the form of a pseudo-code and then use (2.5) to derive parameters k,.(xs) and ¢,.(xs) of the fluid

model (2.3).

Single-path TCP (TCP-NewReno)

Single-path TCP is a special case of MP-TCP algorithm with |s| = 1. Hence z; is a scalar and we

identify each source with its route r = s. TCP-NewReno adjusts the window as follows:
e For each ACK on route r, w, < w, + 1/w,.
e For each loss on route r, w, + w,/2.

From (2.5), this can be modeled by the fluid model (2.3) with

1
kr(xs) = 51772«’ ¢r(xs) = T2p2

We now summarize some existing MP-TCP algorithms, all of which degenerate to TCP NewReno

if there is only one route per source.

EWTCP [40]

EWTCP algorithm applies TCP-NewReno like algorithm on each route independently of other

routes. It adjusts the window on multiple routes as follows:
e For each ACK on route 7, w, < w, + a/w,.
e For each loss on route r, w, < w,/2.
From (2.5), this can be modeled by the fluid model (2.3) with

1 2a
kr(xs) = 5%%, (br(xs) = W

where a > 0 is a constant.
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Coupled MPTCP [38,46]

The Coupled MPTCP algorithm adjusts the window on multiple routes in a coordinated fashion as

follows:

w, /T2
€s wi [Tk)? "

e For each ACK on route r, w, < w, + >
k

e For each loss on route 7, w, + w;/2.
From (2.5), this can be modeled by the fluid model (2.3) with

2

1
k. (x5) = fajf, (X)) = =
( ) 2 ¢ ( ) TE(Zk;ES xk)g
Semicoupled MPTCP [89]

The Semi-coupled MPTCP algorithm adjusts the window on multiple routes as follows:
e For each ACK on route r, w, + w, + m
e For each loss on route r, w, + w,/2.

From (2.5), this can be modeled by the fluid model (2.3) with

2

_ 1, _
() = me Or(xs) = err(Zkes )

Max MPTCP [89]

The Max MPTCP algorithm adjusts the window on multiple routes as follows:

e For each ACK on route 7, w, < w, + min {%, w%}

e For each loss on route r, w, + w, /2.
From (2.5), this can be modeled by the fluid model (2.3) with

2max{zy /74 }

1
kr s) — & 27 r\Xs) = 7~ 9>
(xs) ZIT‘ br(xs) xTTT(ZkEs L

where we have ignored taking the minimum with the 1/w, term since the performance is mainly
captured by %’;Z’;}

Recently, OLIA MP-TCP algorithm [50] is shown to achieve good performance in many scenarios.
OLIA uses complicated feedback congestion control signals and cannot be modeled by (2.3)-(2.4).

We do, however, include OLIA in our Linux-based performance evaluation in Section 2.4.
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Table 2.1: MP-TCP algorithms

] | CO[C1L[C2C3]C4]Ch|
EWTCP Yes | Yes Yes Yes | Yes
Coupled Yes | Yes No Yes | Yes

Semicoupled | No | Yes Yes Yes | Yes

Max No | Yes Yes Yes | Yes

Generalized | No | Yes Yes Yes | Yes

[ Theorem | 2.1 | 22,2.3,25 | 24 [ 2.6 |

2.2 Structural properties

Throughout this chapter we assume, for all x5, r € s, s € S, k.(x5) > 0 and ¢,.(x5) = 0 only if
xp = oo for some k € s. A point (x,p) is called an equilibrium of (2.3)—(2.4) if it satisfies, for all

res,scSandlelL,

kT(Xs) (¢7’(XS) - qr); =0

+
Yy — ), =0
or equivalently,

2 >0, ¢p(x5) < ¢ and ¢.(xs) =g¢q, if z, >0 (2.6)

P >0, yy<¢ and y; =c if pp > 0. (2.7)

We make two remarks. First an equilibrium (x, p) does not depend on K, but only on ®;. The
design (K, s € S), however, affects dynamic properties such as stability and responsiveness as we
show below. Second, since k,.(x5) > 0 and ¢,(xs) = 0 only if x;, = oo for some k € s by assumption,
any finite equilibrium (x, p) must have ¢, > 0 for all . In the following we always restrict ourselves
to finite equilibria.

In this section we denote an MP-TCP algorithm by (K, ®) := (K, &, s € S). We characterize
MP-TCP designs (K, ®) that guarantee the existence, uniqueness, and stability of system equi-
librium. We identify design criteria that determine TCP-friendliness, responsiveness, and window
oscillation and prove an inevitable tradeoff among these properties. We discuss in chapter 2.3 the
implications of these structural properties on existing algorithms. All proofs are relegated to the

Appendices.
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2.2.1 Summary

We first present some properties of an MP-TCP algorithm (K, ®) that we have identified. We then

interpret them and summarize their implications.

CO0: For each s € S and each x4, the Jacobians of ®4(x;) is continuous and symmetric, i.e.,

P = [2ee]

C1: For each s € S there exists a nonnegative solution x5 := x5(p) to (2.6) for any finite p > 0

such that ¢, > 0 for all . Moreover,

<0 lim y¥(p) =0
op =0 mgnooyz(p) ;

where 37 (p) := >, c, Hir2-(p) is the aggregate traffic at link / from source s.

C2: For each s € S and each x4, ®s(x;) is continuously differentiable; moreover, the symmetric

part [0®4(x;)/0x;]" of the Jacobian is negative definite.

C3: For each r € R, ¢,.(xs) = 0o if and only if 2, = 0. The routing matrix H has full row rank.

-1
C4: For each r € s, s €5, 3. [Ds]jr(xs) < 0, where Dy(x;) 1= [‘gi: (xs)} .
C5: For each r € R and each x_,., lim,, o ¢(x5) = 0.

These design criteria are intuitive and usually (but not always) satisfied; see Table 2.1.
Condition CO guarantees the existence of utility functions Us(xs) that an equilibrium (x, p) of

a multipath TCP/AQM (2.3)—(2.4) implicitly maximizes (Theorem 2.1). It is always satisfied when

there is only a single path (|s| = 1 for all s) but not when |s| > 1.

Conditions C1-C3 guarantee the existence, uniqueness, and global asymptotic stability of the
equilibrium (x,p) (Theorems 2.2 and 2.3). C1 says that the aggregate traffic rate through a link !
from source s decreases when the congestion price p; on that link increases, and it decreases to 0 as
p; increases without bounds. C2 implies that at steady state, if x4, qs are perturbed by dxg, dqs,
respectively, then (6x4)Tdqs < 0. In the case of single-path TCP (|s| = 1 for all s), C2 is equivalent
to the curvature of the utility function Ug(xs) being negative, i.e., Us(xs) is strictly concave. C3
means that the rate on route r is zero if and only if it sees infinite price on that route.

Condition C4 is natural and satisfied by all the algorithms considered in this chapter. It allows
us to formally compare MP-TCP algorithms in terms of their TCP-friendliness (see formal definition
below): under C1-C4, an MP-TCP algorithm (XK, ®) is more friendly if ¢, (xs) is smaller (Theorem
2.4). The existence of Dy in C4 is ensured by C2. To interpret C4, note that Lemma 2.10 in
Appendix 2.B implies that ®4(x*) = g at equilibrium. The implicit function theorem then implies
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1Tgiqj = ZjeS D, at equilibrium for all r € s. Thus C4 says that the aggregate throughput 17x;

at equilibrium over all routes r € s of an MP-TCP flow is a nonincreasing function of the price g;.

Condition C5 is also satisfied by all the algorithms considered in this paper. It means that the
sending rate on a route r grows unbounded when the congestion price ¢, is zero. Under C1-C3,
an MP-TCP algorithm (K, ®) is more responsive (see formal definition below) if the Jacobian of
®,(x,) is more negative definite (Theorem 2.5). C5 then implies an inevitable tradeoff: an MP-TCP
algorithm that is more responsive is necessarily less TCP-friendly (Theorem 2.6).

We now elaborate on each of these properties.

2.2.2 Utility maximization

For single-path TCP (SP-TCP), one can associate a utility function Us(zs) € Ry — R with each
flow s (x4 is a scalar and |s| = 1) and interpret (2.3)—(2.4) as a distributed algorithm to maximize
aggregate users’ utility, e.g. [47,59,62,77]. Indeed, for SP-TCP, an (x,p) is an equilibrium if and
only if x is optimal for

maximize ZUS(JL‘S) st.yy<¢ lel (2.8)
ses

and p is optimal for the associated dual problem. Here y; < ¢; means the aggregate traffic y; at each
link does not exceed its capacity ¢;. In fact this holds for a much wider class of SP-TCP algorithms
than those specified by (2.3)-(2.4) [59]. Furthermore, all the main TCP algorithms proposed in the
literature have strictly concave utility functions, implying a unique stable equilibrium.

The case of MP-TCP is much more delicate: whether an underlying utility function exists depends
on the design choice of ®; and not all MP-TCP algorithms have one. Consider the multipath
equivalent of (2.8):

maximize ZUS(XS> st.yy<¢ leL, (2.9)
ses

where x5 := (z,,r € s) is the rate vector of flow s and U : R‘_{:I — R is a concave function.

Theorem 2.1 (utility maximization). There erists a twice continuously differentiable and concave
Us(xs) such that an equilibrium (x,p) of (2.8)-(2.4) solves (2.9) and its dual problem if and only if
condition CO holds.

Condition CO is satisfied trivially by SP-TCP when |s| = 1. For MP-TCP (|s| > 1), the models
derived in Section 2.1.2 show that only EWTCP and Coupled algorithms satisfy CO and have under-
lying utility functions. It therefore follows from the theory for SP-TCP that EWTCP has a unique
stable equilibrium while Coupled algorithm may have multiple equilibria since its corresponding util-

ity function is not strictly concave. The other MP-TCP algorithms all have asymmetric Jacobian

gi: and do not satisfy C0.
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2.2.3 Existence, uniqueness and stability of equilibrium

Even though a multipath TCP algorithm (K, ®) may not have a utility maximization interpretation,

a unique equilibrium exists if conditions C1-C3 are satisfied.

Theorem 2.2 (existence and uniqueness). 1. Suppose C1 holds. Then (2.3)—(2.4) has at least

one equilibrium.

2. Suppose C2 and C3 hold. Then (2.3)-(2.4) has at most one equilibrium
Thus (2.3)-(2.4) has a unique equilibrium (x*,p*) under C1-C3.

Conditions C1-C3 not only guarantee the existence and uniqueness of the equilibrium, they also
ensure that the equilibrium is globally asymptotically stable, when the gain k,.(x5) is only a function
of x, itself, i.e., k,.(xs) = k,.(x,) for all » € R. This is satisfied by all the existing algorithms presented

in Section 2.1.2.

Theorem 2.3 (stability). Suppose C1-C3 hold and k,(x5) = k.(x,) for all v € R. Then the
unique equilibrium (x*,p*) is globally asymptotically stable. In particular, starting from any initial
point x(0) € ]lel and p(0) € RLL‘, the trajectory (x(t),p(t)) generated by the MP-TCP algorithm
(2.3)-(2.4) converges to the equilibrium (x*,p*) as t — oo.

Our proposed algorithm does not satisfy k,.(xs) = k.(x,) even though it seems to be stable in
our experiments. This condition is only sufficient and needed in our Lyapunov stability proof; see
Appendix 2.C. When k,.(xs) depends on x, one can replace k,(z,) in the definition of the Lyapunov
function V' in (2.21) with k,(x%) evaluated at the equilibrium and the same argument there proves
that (x*,p*) is (locally) asymptotically stable. Also see Theorem 2.5 below for an alternative proof

of local stability.

2.2.4 TCP friendliness

Informally, an MP-TCP flow is said to be ‘TCP friendly’ if it does not dominate the available
bandwidth when it shares the same network with a SP-TCP flow [30]. To define this precisely we
use the test network shared by a SP-TCP flow and a MP-TCP flow under test as shown in Fig. 2.1.

All paths traverse a single bottleneck link with capacity ¢, with all other links with capacities
strictly higher than ¢. The links have fixed but possibly different delays. To compare the friendliness
of two MP-TCP algorithms M := (K, <i>) and M := (K, ®), suppose that when M shares the test
network with a SP-TCP it achieves a throughput of ||X||; in equilibrium aggregated over the available
paths (the SP-TCP therefore attains a throughput of ¢ — ||x||1). Suppose M achieves a throughput
of ||%]|; in equilibrium when it shares the test network with the same SP-TCP. Then we say that M
is friendlier (or more TCP-friendly) than M if ||X||; < ||%||1, i.e., if M receives no more bandwidth

than M does when they separately share the test network in Fig. 2.1 with the same SP-TCP flow.
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MP-TCP
Flow

SP-TCP
Flow

SP-TCP
Flow

Figure 2.1: Test network for the definition of TCP friendliness. The link in the middle is the only
bottleneck link with capacity c.

From the theory for single-path TCP (|s| = 1 for all s € S), it is known that a design is more
TCP-friendly if it has a smaller marginal utility U/(zs) = ®s(xs). The same intuition holds for
MP-TCP algorithms even though the utility functions may not exist for MP-TCP algorithm.

Theorem 2.4 (friendliness). Consider two MP-TCP algorithms M = (K,®) and M = (K, ®).
Suppose both satisfy C1-C4. Then M is friendlier than M if ®4(x,) < ®,(x,) for all s € S.

2.2.5 Responsiveness around equilibrium

Suppose conditions C1-C3 hold and there is a unique equilibrium z* := (x*, p*). Assume all links in
L are active with p; > 0; otherwise remove from L all links with prices p; = 0. Let 0z(t) := z(t) —z*.

The behavior of (2.3)—(2.4) around the equilibrium is defined by the linearized system:
o0z = J* oz(t). (2.10)
Here J* is the Jacobian of (2.3)-(2.4) at the equilibrium z*:

AL2E —ARHT
AH 0
where Ay, = diag{k,(x}),r € R}, Ay = diag{y;,l € L}, and 22 is evaluated at x*.

The stability and responsiveness of the linearized system (2.10) (how fast does the system con-
verges to the equilibrium locally) is determined by the real parts of the eigenvalues of J*. Specifically
the linearized system is stable if the real parts of all eigenvalues of J* are negative; moreover the
more negative the real parts are the faster the linearized system converges to the equilibrium. We
now show that the linearized system (2.10) is stable (i.e., converges exponentially fast to z* locally)
and characterize its responsiveness in terms of the design choices (K, ®).

Let Z = {z := (x,p) € CIEHILI | ||z]|, = 1}.

Theorem 2.5 (responsiveness). Suppose C1-C3 hold. Then
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1. The linearized system (2.10) is stable, i.e., Re(\) < 0 for any eigenvalue A of J*. Moreover
Re(\) < A\(J*), where

+
AJ*) = max{ < [g%] x } < 0,

seZ | xHA x +pHAT'p

gif are evaluated at the equilibrium point z*.

where Ay, and
2. For two MP-TCP algorithms (K, ®) and (K,®), X(J*) < X(J*) provided

X . od, 0b,
=<
- Oxs — 0%,

forall s € S.

Theorem 2.5 motivates the following definition of responsiveness. Given two MP-TCP M and

M, we say that M is more responsive than M if X(J*) < A(J*). Theorem 2.5(2) implies that an

MP-TCP algorithm with a larger K (x*) or more negative definite {‘gis

*
S

(x

s

+
)] is more responsive,
in the sense that the real parts of the eigenvalues of the Jacobian J* have a smaller more negative
upper bound.

Then the next result suggests an inevitable tradeoff between responsiveness and friendliness.

Theorem 2.6 (tradeoff). Consider two MP-TCP algorithms (K, ®) and (K, ®) with the same gain
K. Suppose both satisfy C1-C3 and C5. Then for all s € S

0P (xs) 0P (xs) A =
=< > .
. > ox = Dy(xs) > Dy(xs)

In light of Theorems 2.4 and 2.5, Theorem 2.6 says that a more responsive MP-TCP design is
inevitably less friendly if they have the same K.

The theorem is easier to understand in the case of SP-TCP, i.e., when |s| =1 for all s € S and
O (zs) = Ul(xs). Then it implies that a more concave utility function Us(x) has a larger marginal

utility, and is hence less friendly.

2.2.6 Window oscillation

Window oscillations are inherent in loss-based additive increase multiplicative decrease (AIMD)
TCP algorithms. We close this section by discussing informally why a larger design K, (xs) generally
creates more severe window oscillations. This implies a tradeoff between responsiveness (which is
enhanced by a large K (x,)) and oscillation (which is reduced with a small K(xs)).

The effect of K,(xs) on window fluctuations can be understood by studying how it affects the

decrease D,.(wg) per packet loss in the following packet level model:

e For each ACK on route r, w, < w, + I.(wy).
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e For each loss on route 7, w,  w, — D,(Ws).

Let Z, € {0,1} be an indicator variable of whether a packet loss is observed on route r at an

arbitrary time in steady state. Then

DS(XS) = ﬁ E (Z Dr(Ws)Z,«

T
res r

szz1>.

kes

represents the expected relative reduction in aggregate throughput > _ D, (w)/7;, given that there
is at least one packet loss on some route r € s. It is a measure of throughput fluctuation for each
packet loss that an application experiences. For TCP-NewReno (for which s = {r} and w;s is a
scalar), the window size is halved on each packet loss, D,.(ws) = w,/2, and hence Dg(xs) = 1/2.

To understand D,(x;) for MP-TCP algorithms, we need the following result.

Lemma 2.7. Let A; := {a;1, iz, ...} with |A;| elements. Each element a;; is an independent binary

random variable with P(a;; = 1) =1 —P(a;; = 0) = ;. Define Di(A;) := dil(s>, a,;>1)- Then

> ok Aeqr| Axl
E Dk(Ak) ai-Zl = ——F—F— to qk | -
2 D)3 o Sealad o\

Suppose each route has a fixed loss probability ¢.. Then within each RTT, Lemma 2.7 implies

_ 1 ZT‘ES wT(]rDr(ws)/TT 0
Prle) = ||xs|1< St (Z%))'

res

Substituting w, = x,7 and x, D, (ws) = 7.k, (x,) from (2.5), we get, ignoring the high-order terms,

Doy — (zreanrkxxs)) 1)

”XS”l Zres Tr4rZy

to the first order. Note that k,.(xs) does not affect the equilibrium rates xs. Hence, with the

assumption that 7, are constants, D, (xs) is determined by the functions k,.(x;) in steady state.
Specifically an MP-TCP algorithm with a larger K (xs) tends to have a larger D,(xs) and

hence more severe window oscillations. Theorem 2.5, however, suggests that a larger K;(x;) also

leads to better responsiveness, suggesting an inevitable tradeoff between responsiveness and window
oscillation.
2.3 Implications and a new algorithm

In this section we discuss the implications of these structural properties on the behavior of existing

MP-TCP algorithms. They are further illustrated in the experiment results in Section 2.4. The
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discussion motivates a new design that generalizes the existing MP-TCP algorithm.

2.3.1 Implications on existing algorithms

Recall Table 2.1 that summarizes the conditions satisfied by the various algorithms. Only EWTCP
and Coupled algorithms satisfy C0O. Their equilibrium properties can be studied in the standard
utility maximization model as done for single-path TCP. Semicoupled and Max algorithms do not
satisfy CO and therefore analysis through utility maximization is not applicable. However, Theorem
2.8 below implies that both Semicoupled and Max algorithms satisfy C1-C3 provided they enable
no more than 8 routes. Theorem 2.2 and 2.3 then imply that they have a unique and globally stable
equilibrium. It is also easy to show that EWTCP satisfies C1-C3. The Coupled algorithm does not
satisfy C2 and is found to have multiple equilibria in [46].

Next we discuss friendliness of existing MP-TCP algorithms. It can be shown that the ¢, (x;)

corresponding to these algorithms satisfy:
¢7e~wtcp(xs) > ¢iemicoupled(xs) > ¢;nam(xs) > ¢$oupled(xs)

for all x; > 0 if all routes r € s have the same round trip time. Since all of them satisfy C4,
Theorem 2.4 implies that their friendliness will be in the same order, i.e., their throughputs in the

test network of Fig. 2.1 are ordered as follows:
EWTCP(a > 1)! >Semicoupled>Max>Coupled.

This is confirmed by the Linux-based experiment.
Third we will discuss responsiveness of existing MP-TCP algorithms. These algorithms have the

same gain function k,(x,) = 0.5z2 and

0Py | ot » 0P, counled 0P, 0P,
Z s ewtep o (778 \semicoupled 4 (T TS ymax 4 (7S
(Bxs) _(axs) _(st) _(st

)coupled-

Theorem 2.5 then implies that their responsiveness should be in the same order, as confirmed by
our experiments in section 2.4.

Finally we discuss window oscillation of existing MP-TCP algorithms using D;(xs) as the metric.
As mentioned in Section 2.2.6, D;(xs) = 0.5 for TCP NewReno, a benchmark single-path TCP
algorithm. According to (2.11), if k. (xs) < 0.5, ||xs]/1, we have, to the first order

1 EresTTQT-TrHXsHl . 1

Dy (x4 2 _—
C) S RS 2

IWhen a < 1, the MP-TCP source can obtain even smaller throughput than the competing single-path TCP
source.
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All existing MP-TCP algorithms have the same k,(x;) = 0.522 < 0.52,||x;||1, with strict inequality
if |s| > 1 and x, > 0 for at least two r € s. Thus enabling MP-TCP always tends to reduce window
oscillation for existing algorithms compared to TCP NewReno. Moreover, the window oscillation is

always reduced compared to TCP NewReno when k£, (x;) < 0.5z, %1

2.3.2 A generalized algorithm
Consider the class of algorithms parametrized by (5, n,n) as follows:

kT(XS) = %$T<xr + 77<||X5||oo - xr))v n=0
¢T(Xs) — 2((1*5)mr+ﬁ”%‘s“n)’ ne N+’ /8 2 0

TRz x|

(2.12)

This class includes the Max (8 = 1,7 = 0,n = o0), Coupled (8 = 0, = 0), and Semicoupled
(8 = 1,7 = 0,n = 1) algorithms as special cases when all RTTs on different paths of the same
source are the same, i.e., 7, = 75, r € s.

The next result characterizes a subclass that have a unique and locally stable equilibrium point.
Theorem 2.8. Fiz anyn >0 andn € Ny. For any s € S, the ¢.(xs) in (2.12) satisfies

1. C1if3>0.

2. C2-C3if0< B <1, |s| <8 and 7, are the same for allr € s (assuming H has full row rank).

The requirement that |s| < 8 is not restrictive since in practice a device may typically enable
no more than 3 paths. The requirement that 7, are the same for all € s is used in proving the
negative definiteness of the (symmetric part of the) Jacobian of ®,(x;). Since a negative definite
matrix remains negative definite after small enough perturbations of its entries, Theorem 2.8 holds
if the RTTs of the subpaths do not differ much. This (sufficient) condition seems reasonable as two
paths between the same source-destination pair often have similar RTTs if both are wireline paths.
Note that our experiments in chapter 2.4 show that the algorithm also converges even if the RTTs
on different paths differ dramatically, e.g. the RTT of WiFi is usually much smaller than that of
3G.

For the class of algorithms specified by (2.12), Theorem 2.8 motivates a design space defined by
B € (0,1],n > 0,n € N4, where 8 and n control the tradeoff between friendliness and responsive-
ness and 7 controls the tradeoff between responsiveness and window oscillation. In Table 2.2, we
summarize how the parameters (3,7,n) affect the performance.

We now describe our design philosophy. As discussed above the design of MP-TCP algorithms
involves inevitable tradeoffs among responsiveness, friendliness, and the severity of window oscilla-

tion. Specifically a design is more responsive if it has a higher gain K or a more negative definite
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Table 2.2: How design choices affect MP-TCP performance.

Performance Parameter Parameters in (2.12)
TCP friendliness or(xs) B8l,nt
Responsiveness kr(xs) T, —0®5/0xs T Bt,nl,nt
Window oscillation kr(xs) 4 nl

Jacobian [0®,/0x,]" (Theorem 2.5). However, a larger K, usually creates a bigger window oscilla-
tion; a more negative definite [9®,/9x,]" implies a larger ®,, usually hurting friendliness (Theorems
2.6 and 2.4). This is summarized in Table 2.2. Since enabling multiple paths already reduces win-
dow oscillation compared to single-path TCP (section 2.3.1), MP-TCP can afford to use a relatively
large gain K for responsiveness. This does not compromise too much on window oscillation, but
allows us to use a less negative definite Jacobian [0®,/ ax5]+ with a smaller ®, to maintain sufficient
TCP friendliness. Moreover, responsiveness is mainly affected by subpaths with small throughput
while window oscillation is mainly affected by subpaths with large throughput. The parameter n
in the generalized algorithm (2.12) scales k,.(xs) in the right way: a path r that has a large z, has
k,.(xs) =~ 0.522 and hence a similar degree of window oscillation as existing algorithms, while a path
r with a small z, has larger k,(xs) than that under a design with zero 1 and therefore is more
responsive.

Our experiments show that Max algorithm ((8,1,n) = (1,0,00)) overtakes too much of the
competing single-path TCP flows. Therefore, we can only use a smaller g since n is already infinite
in order to improve friendliness. To compensate for the responsiveness performance, we will use
a larger 1, which will sacrifice window oscillation performance. The Balia MP-TCP algorithm
given at the beginning of this chapter corresponds to the choice (8,7n,n) = (0.2,0.5,00). Instead
of allowing the window size to drop to 1 for a packet loss, we add a cap for the decrement of
window size, which improves the performance as confirmed in our experiments. Note that there
is no “best” parameter setting since there are tradeoffs among all the performance metrics and
we choose (5,7,n) = (0.2,0.5,00) based on our experiments in chapter 2.4, which show that this

parameter setting strikes a good balance among responsiveness, friendliness, and window oscillation.

2.4 Experiment

In this section we summarize our experimental results that illustrate the above analysis. In addition
to the MP-TCP algorithms illustrated in chapter 2.1.2, we also include the recently developed OLIA
MP-TCP algorithm [50]. We evaluate the MP-TCP algorithms using a reference Linux implemen-
tation of MP-TCP, Multipath TCP v0.88 [66]. Since it currently includes only Max and OLIA
algorithms, we implement EWTCP, Semicoupled, Coupled, and the proposed Balia algorithm in the

reference implementation. For the Coupled and our algorithm, the minimum ssthresh is set to 1
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MP-TCP T . c1, 11 .
Flows

j\]’2 )

SP-TCP T3 co, 1o

Flows

Figure 2.2: Network for our Linux-based experiments on TCP friendliness and responsiveness, with
N; MP-TCP flows and Ny single-path TCP flows sharing two links of capacity, ¢, ¢z, and propa-
gation delay (single trip) 77, To. MP-TCP flows maintain two routes with rate x1, 2. Single-path
TCP flows maintain one route with rate xs.

instead of 2 when more than 1 path is available.

The network topology is shown in Fig. 2.2. In the testbed, all nodes are Linux machines with a
quad-core Intel i5 3.33GHz processor, 4GB RAM, and multiple 1Gbps Ethernet interfaces, running
Ubuntu 13.10 (Linux kernel 3.11.8). The network parameters such as ¢y, ¢o, T1, and T3 are controlled
by Dummynet [13].

Our experiments are divided into three parts. First we compare TCP friendliness of Balia
algorithm and prior algorithms. The result confirms that the Couple algorithm is the friendliest, and
that the Balia algorithm is close to the Coupled algorithm and friendlier than the other algorithms.
Second, we compare the responsiveness of each algorithm in a dynamic environment where flows come
and go. The result shows that the Coupled and OLIA algorithms are unresponsive (illustrating the
tradeoff between responsiveness and friendliness). EWTCP is the most responsive; Balia is similar in
responsiveness but friendlier to single-path TCP flows. Finally we show that all MP-TCP algorithms
have smaller average window oscillations than single-path TCP.

These experiments confirm our analytical results and suggest our design choice strikes a good

balance among friendliness, responsiveness, and window oscillation.

2.4.1 TCP friendliness

We study TCP friendliness of each algorithm, first with paths of similar RTTs and then with paths
of different RTTs, which emulates the wireless scenario. We assume all the flows are long lived and
focus on the steady state throughput.

In the first set of experiments, we let T} = T5 = 5ms, ¢; = ¢co = 60Mbps and N1 = Ny = 30. We
repeat the experiments 20 times, and the average aggregate throughput of MP-TCP and single-path
TCP users and the 95% margin of error for confidence interval (CI) are shown in Table 2.3. The
Coupled algorithm is the friendliest and the Balia algorithm is closer to the Coupled algorithm than
the others.
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Figure 2.3: Responsiveness Performance: congestion window trajectory of MP-TCP for each path
(left column). SP-TCP starts at time 40s and ends at 80s. The throughput of SP-TCP and total
throughput of MP-TCP are shown in the right column. Parameters: 77 = T3 = 10ms, ¢; = ¢ =
20Mbps, and N3 =1, Ny = 5.
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Table 2.3: TCP friendliness (same RTTs): Average throughput (Mbps) and 95% confidence interval
of MP-TCP and single-path TCP users. (T; = T, = 5ms, ¢; = ¢2 = 60Mbps and N7 = N, = 30)

ewtcp | semi. | max | balia | coupled | olia
mp-tcp
(throuput) | 275 | 205 | 260 | 252 | 244 | 261
m(pc‘gp 0.005 | 0.004 | 0.005 | 0.006 | 0.005 | 0.004
sp-tcp
(thronput) | ©-951 | 107 | 113 | 122 | 129 | 112
sp-tep (CT) | 0.005 | 0.007 | 0.008 | 0.006 | 0.005 | 0.004

In the second set of experiments, we assume a highly heterogeneous RTTs by emulating the
scenario of a mobile device with both 3G and WiF1i access. WiFi access usually has higher capacity
and lower delay compared to 3G. Specificially, we set 77 = 10ms, ¢; = 8Mbps for the first link to
emulate WiFi access and T, = 100ms, co = 2Mbps for the second link to emulate 3G access. When
there exists single-path TCP flows, i.e. Ny > 0, the behaviors of all the algorithms are similar to
the equal RTT case in the first set of simulation. The Coupled algorithm is the friendliest and the
Balia algorithm is closer than other algorithms. However, when there is no single-path TCP flow,
i.e. N; =1 and Ny = 0, the performance of OLIA is not stable enough to effectively take all the
available capacity while the other algorithms do not have such problem. We repeat the experiments
20 times and we find that sometimes OLIA does not use the 3G access link. The average throughput

of MP-TCP user and the 95% margin of error for confidence interval is shown in Table 2.4.

Table 2.4: Basic behavior (WiFi/3G): throughput (Mbps) of a MP-TCP user and 95% confidence
interval. (77 = 10ms, 75 = 100ms, ¢; = 8Mbps, co = 2Mbps, N1 =1, N, = 0)

ewtcp | semi. | max | balia | coupled | olia
throughput 9.26 9.27 | 9.26 | 9.27 9.28 9.19
confidence interval 0.008 | 0.006 | 0.006 | 0.01 0.01 0.09

2.4.2 Responsiveness

We use the network in Fig. 2.2 with ¢; = ¢co = 20Mbps, T} = T> = 10ms and N; = 1, N, = 5. To
demonstrate the dynamic performance of each algorithm, we assume the MP-TCP flow is long lived
while the single-path TCP flows start at 40s and end at 80s. We record the aggregate throughput of
the single-path TCP flows from 40-80s, which measures the friendliness of MP-TCP. We also measure
the time for the congestion window on the second path to recover? of MP-TCP users. It measures
the responsiveness of MP-TCP. These measurements are shown in Table 2.5 and the congestion

window and throughput trajectories of all algorithms are shown in Fig. 2.3. To clearly show the

?Defined as the first time the congestion window on the second path reaches the average congestion window (e.g.,
60) after the single-path users have left.
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responsiveness performance, we record the longest convergence time found in our experiment in

Table 2.5 and the corresponding trajectories are shown in Fig. 2.3.

Table 2.5: Responsiveness: convergence time (s) of MP-TCP and total throughput (Mbps) of all
single-path TCP users. (17 = T» = 10ms, ¢; = ¢o = 20Mbps, N; = 1, N» = 5)

ewtcp | semi. | max | balia | coupled | olia
Convergence | 3.25 746 | 17.75 | 14.73 | 94.36 58.5
SP-TCP 13.89 | 15.35 | 15.8 | 16.28 16.64 16.97

EWTCP is the most responsive among all the algorithms. Ours is as responsive as the Max
algorithm, yet significantly friendlier than EWTCP. Both Coupled and OLIA algorithms take an
excessively long time to recover. For Coupled algorithm, the excessively slow recovery of the conges-
tion window on the second path (see Fig. 2.3) is due to the design that increases the window roughly
by wr/ (3 pes wk)? on each ACK, assuming the RTTs are similar. After the single-path TCP flow
has left, ws is small while w; is large, so that wy/(w; + w2)? is very small. It therefore takes a long
time for ws to increase to its steady state value. In general, under the Coupled algorithm, a route
with a large throughput can greatly suppress the throughput on another route even though the other
route is underutilized. The reason of the poor responsiveness performance of OLIA can be explained
using a similar argument to the Coupled algorithm since they have the same increment/decrement

for each ACK/loss in this scenario.

Balia Linux TCP (Reno)

60 60 ‘ ‘ ‘ ‘

50 50
540 540

C

230 230}

20} Subpathl -----§ 20}

10k ~Subpath2 -~ | 10t i

0 ‘ ‘ thal — 0 ‘ TCP-Reno —
0 20 80 100 0 20 80 100

40 60 40 60
Time (s) Time (s)

Figure 2.4: Window oscillation: the red trajectories represent throughput fluctuations experienced
by the application in the case of MP-TCP and the case of single-path TCP.

2.4.3 Window oscillation

We use a single-link network model to compare window oscillation under MP-TCP and single-path
TCP. First a MP-TCP flow initiates two subpaths through that link, and we measure the window
size of each subpath and their aggregate window size. Then a TCP-Reno flow traverses the same link
and we measure its window size. The results are shown in Fig. 2.4 for our algorithm in comparison

with single-path TCP (other MP-TCP algorithms have a similar behavior). They confirm that
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enabling multiple paths reduces the average window oscillation compared with only using a single

path.

2.5 Conclusion

We have presented a model for MP-TCP and identified design criteria that guarantee the existence,
uniqueness, and stability of the network equilibrium. We have characterized the design space and
study the tradeoff among TCP friendliness, responsiveness, and window oscillation. We have pro-
posed the Balia MP-TCP algorithm that generalizes existing algorithms and strikes a good balance
among these properties. We have implemented the Balia in the Linux kernel and used it to evaluate

the performance of our algorithm.
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Appendix

2.A Proof of Theorem 2.1 (utility maximization)

The Lagrangian of (2.9) is:

L(X7 p) = Z Us(xs) - Zpl(yl - Cl)

seS leL

=2 Ux) = >_pu()_ Hirr = 1)
seS leL reR

— Z (US(XS) — Z xrqr> + szcz,
seS reEs leL

where p > 0 are the dual variables and ¢, := Zre r Hirpr. Then the dual problem is

D(p) = Z)I}@%{Bs(xs,p)} +> ma p=0,
s€S 7 leL

where B,(Xs,p) = Us(Xs) — >, cs Zrqr. The KKT condition implies that, at optimality, we have

U, (x5 OU,(xs

&<q,«:>xr:Oandxr>0:>&:qr (2.13)
ox, oz,

yw<cg=p=0and p, >0=1y = . (2.14)

Comparing with (2.6)—(2.7) we conclude that, if a MP-TCP algorithm defined by (2.3)—(2.4) has an

underlying utility function U, then we must have

OU,(xs)
ox,

=¢r(xs) r€S, T >0. (2.15)

Given ¢,(xs), (2.15) has a continuously differentiable solutions U (x,) if and only if the Jacobian of

®,(x5) is symmetric, i.e., if and only if

o ]
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2.B Proof of Theorem 2.2 (existence and uniqueness)

2.B.1 Proof of part 1

For any link | € L, let

P-1 = {plv"' yPl—1,DPl+1,5 - - '7p\L\}7

whose component composes of all the elements in p except p;. For [ € L, let

g@)=a-Y z=ca— Y  y(p,p-1)

r:ler sires,ler

and hy(p) := —g?(p). According to C1, we have the following two facts, which will be used in the

proof.

e g;(p) is a nondecreasing function of p; on Ry since y7(p) is a nonincreasing function of p;.

o limy, o0 g1(p1, P—1) = ¢ since limy, o ¥ (p) = 0.

Next, we will show that h;(p) is a quasi-concave function of p;. In other words, for any fixed

p-i, the set S, := {p; | hi(p) > a} is a convex set. If g;(0,p—;) > 0, then

gi(pi;P=1) = 91(0,p—;) >0 Vp; >0,

which means h;(p;, p—;) is a nonincreasing function of p;, and hence is a quasi-concave function of

p; and
arg max fy (p1,p—1) = 0. (2.16)

On the other hand, if g;(0, p—;) < 0, then there exists a p; > 0 such that g;(p;, p—;) = 0 since g;(-)
is continuous and limy, o g:(p1, P—1) = ¢ > 0. Note that g;(p) is a nondecreasing function of p;,
then hy(pi, p—;) is nondecreasing for p; € [0, p;] and nonincreasing for p; € [p;, 00). Thus, h;(pi, P—1)

is also a quasi-concave function of p; in this case and
max hi(pr,p—1) = 0. (2.17)

By Nash theorem, if h;(p;, p—;) is a quasi-concave function of p; for all [ € L and p is in a bounded

set, then there exists a p* € RL_Ll such that
p; = arg max h;(p;, p*,).
prERY

According to (2.16) and (2.17), for any [ € L, either p; > 0 or g; (p*) > 0 but neither holds at any



28

time. Therefore p* satisfies Eqn. (2.7). Since q = R”p, there exists an x* to (2.6). Thus there
exists at least one solution (x, p) that satisfies (2.6) and (2.7).

2.B.2 Proof of part 2

Lemma 2.9. Assume a function F : R™ — R" is continuously differentiable and [‘%(x)rr 18

negative definite for all x. Then for any x1 # x2 € R™,
(x1 —x2) " (F(x1) — F(x2)) < 0.

Proof. Fix any X1 # x2 € R™. Define A(t) := F (tx1 + (1 — t)x2). Since 0F/dx is continuous, there
exists a A < 0 such that the eigenvalues of [0F/dx]" < X over the compact set {tx; + (1 —t)x2 |
0<t<1}. Then

(x1 — x2)" (F(x1) — F(x2))

! dA
= /0(x1—x2)T%(T)dT

/0 (x1 — x2)7 Z—Z (%1 + (1 — 7)x2) (x1 — x2) dr

%1 — x2||§ < 0.

IN

Lemma 2.10. Suppose C3 holds. Then x> 0 at equilibrium for all r € R.

Proof. Suppose z = 0. Then ¢} > ¢,(x%) = oo by C3 and hence there is a link [ € r with p} = .
But then, for all paths v 5 [, ¢}, = oo and hence z}, = 0 by C3. This implies y = 0 < ¢, and
hence p; = 0 by (2.7), contradicting p; = oo. O

Recall the vector notations that x := (x5, € S) := (2,7 € 5,5 € §) and O(x) := (P5(x5),5 €
S) == (Pp(xs),7 € 8,8 € S). To prove uniqueness of the equilibrium, suppose for the sake of
contradiction that there are two distinct equilibrium points (x,p) and (X,p). By Lemma 2.10 we
have x > 0 and % > 0. Thus (2.6) implies ®(x) =q = H'p and ®(X) = q = H'p. By Lemma 2.9

and assumption C2 we then have
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Thus
p'y+p'y < p'y+p'y. (2.18)
Equilibrium condition (2.7) implies
p’(c—y) =0 and pl(c—y) =0 (2.19)
y <c and y < c. (2.20)

Substituting (2.19) into (2.18) yields

p'c+p’c < p'y+p'y
plc—y)+p'(c—y) < O

But (2.20) implies that the left-hand side of the last inequality is nonnegative (since p > 0, p > 0),

which is a contradiction. Therefore the equilibrium is unique.

2.C  Proof of Theorem 2.3 (stability)

We will construct a Lyapunov function and use LaSalle’s invariance principle [49] to prove global
asymptotic stability of the unique equilibrium point (x*,p*). Define 0x := x — x*, ép := p — p*.

Consider the candidate Lyapunov function:

Vix,p) =Y /r Zk_(x - Z ‘5”1 . (2.21)
reRY%r r

lEL

By definition, V' (x,p) > 0 for all (x,p) # (x*,p*) and V(x,p) = 0if (x,p) = (x*, p*). Furthermore
V is radially unbounded, i.e., V(x,p) — o0 as ||(x,p)||2 — oco. Finally

Z k‘ 6xrxr + Z - 5171]91

leL

If §z, # 0 then we have (since k,.(xs) = k.(z,))

ﬁémrder = dx, ((br(XS) — q’"):r
0wy ((b’r’(xs) - qr)
= Oxr (¢T(XS) - ¢T(Xj) — 5(]7,) .

IN
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The first inequality holds since (¢T(xs)—qr); = ¢r(x5)—¢qy if 2, > 0 and ¢,.(x5)—¢q, <0, dz, = —2*
if , = 0. The last equality holds since ¢,(x%) = ¢ by Lemma 2.10 and (2.6). Therefore

E #&crir < X (D(x) — B(x*)) — 6xTdq
kr(xr)

reR

< —0xTH sp,

where the last inequality holds since 6xT (¢(x) — ¢(x*)) < 0 by Lemma 2.9 and assumption C2.
Similarly

1 .
%fmpz = op(y — ), < opi(y—a) < Spidyr,

where the last inequality holds since dpje; > dpyy; by the equilibrium condition (2.7). Thus

1
> —dmp < op"Hox.
leL

Therefore if §x # 0 then

V(x,p) < —0xTH'Sp+op'Héx = 0

and if x = 0 then V(x, p) = 0. This means V(x,p) < 0 and V is indeed a Lyapunov function.

Consider the set
Z = {(x(@t),p®)|V(x(),p(t)) =0foralt>0}

of trajectories on which V = 0. If the only trajectory in Z is the trivial trajectory (x,p) = (x*, p*)
then LaSalle’s invariance principle implies that (x*,p*) is globally asymptotically stable. We now
show that this is indeed the case.

As shown above V = 0 implies 0x = 0, i.e., any trajectory (x(t), p(t)) in Z must have x(t) = x*
for all ¢ > 0. This means X = 0 and hence for all ¢t > 0, q(t) = ®(x(t)) since x(t) = x* > 0 by
Lemma 2.10. That is, for all ¢t > 0, HTp(t) = ®(x*) and hence p(t) = p* since H has full row rank
by C3. Therefore (x,p) = (x*,p*) is indeed the only trajectory in Z. This completes the proof of
Theorem 2.3.
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2.D Proof of Theorem 2.4 (friendliness)
Let the MP-TCP source be defined by
¢r(Xs;M) ::qur(xs)—'_(l_u)qgr(xs)a ne [O’ ”'

Algorithm M and M correspond to u = 0 and p = 1, respectively. Let 2, and 74 be the throughput
and RTT of the TCP NewReno source in Fig. 2.1. The equilibrium is defined by F(x, u) = 0, where

X = (Xs,%4) and F' is given by

1
Dy (xs; =0
9( S :u) 7-923752]
17x, + Ty = ¢
where the first equation follows from
R — (Xs;p), res
Tg2x§ T S 9

and p* is the congestion price at the bottleneck link. Applying the implicit function theorem, we

get
dx __(oF\TToF
du ox ou
-1
o |mE F |0k 0k
171 0 ’

where the inverse exists by condition C2. C2 also guarantees the inverse of gi’s (xs; 1), denoted by

D(p); C4 ensures ), D;;(u) < 0. Let

0P, 2 2
A = — =117 and d := 1—;21%(#)-

0x, xz oy
Then
o 2 17"
s 1
o El _ A —D1d
171 —d1TATY 4!
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Thus
ox OF\ ' oF
17— = —pnfo(=—) —=—
o [ 0]<3X> O
= —1TA YD (x,) — Ps(xs)). (2.22)
By matrix inverse formula,
—1
Ao (90 2y
ox, 3
1
= D)+ D(u)117 D(p).
5 —17D(p)1

Substitute it into (2.22), and we have

lTAfl(‘i)s(Xs) - és(XS))
_ (1 _1"D(t
% —1TD(p)

where the inequality follows because D(u) is negative definite, >, . D (p) < 0 and br(xs) —
qgr(xs) > 0. Thus we have 1T%—’:j > 0 for pu € [0,1], i.e., the aggregate throughput of the MP-TCP
over its available paths is increasing in . This means M (corresponding to pu = 1) will attain a
higher throughput than M (corresponding to u = 0) when separately sharing the test network in
Fig. 2.1 with the same SP-TCP.

2.E  Proof of Theorem 2.5 (responsiveness)

2.E.1 Proof of part 1

Fix any eigenvalue A of J*. Let z := (x,p) € Z be the corresponding eigenvector with ||z||s = 1.

Then we have

A — ox
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Thus
—1 d
N AL 0 b _ a—i —HT| |x
A |p H 0 p

Premultiplying z7 on both sides, we have

v ng—ix + (p"Hx —x"HTp)
xHA; %+ pHAY'p

The denominator is real and positive, and (p Hx — x® H”p) in the numerator is imaginary. Thus

H 0%

Re (x S x)
xHA % + pHAY'p
x¥ 28] x
XHA,zlx + pHA§1p

Re()) =

<0,

where the last inequality holds because the numerator is negative by condition C2 and the denomi-
nator is positive. Since this holds for all eigenvalues A of J*, the linearized system (2.10) is stable.

Moreover Re()\) < A(J*) < 0 as desired.

2.E.2 Proof of part 2

Consider two MP-TCP algorithms (K, ®) and (K, ®) such that

K, > K, and 0P, = 0P, for all s € S.
Oxg Oxg
For any (nonzero) z = (x,p) € Z we have
0 < XHAIZlX < x"A;'x (2.23)
06]" 03"
= < x| = . .
x l@x x < x7 || X <0 (2.24)

Thus A(J*) < X(J*).

2.F Proof of Theorem 2.6 (tradeoff)

Fix an s. Let fr(xs) = (Zgr(xs) - er(xs) and F(Xs) = (fr(xs)vr € S) = (i)s(xs) - és(xs)~ Suppose
for the sake of contradiction that d®,(x,)/dxs < 0B,(x,)/dx, but dy(xs) > &,(x,) does not hold,
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i.e., there exists a finite x? and a r € s such that

Fr(x0) = 6r(x0) = 60(x]) < 0. (2.25)

Since [0F/dx,]" < 0 by assumption, a trivial modification of Lemma 2.9 shows that for all

xs # %0, (x5 — x0T (F(xs) — F(x9)) <0, ie.,

0 = Y (zp —a) (frr(xs) = frr(x2)) (2.26)

r’'es

Choose an x, as follows: for all ' # r, choose z,» = xg, and then use condition C5 to choose an

x, < oo large enough so that z,, > 20 and f,(x) > f.(x%)/2. With this x;, (2.26) becomes

0 > (2, —2%) (fr(xs) — £r(x2))
> (zp —al) (—fT(QXQ)) > 0,

where the last inequality follows from (2.25). This is a contradiction and hence i)s(xs) > O, (xs)-

2.G Proof of Theorem 2.8

We will show the results hold for any n € Ny. Since lim,,_, o ||Xs|ln = ||Xs|/c0, the results also hold

+
for n = co. When 8 = 0, it is easy to show that ¢, satisfies C1 and [gi’f } is negative semidefinite

under the conditions of the theorem. We hence prove the theorem for g > 0.

2.G.1 Proof of part 1

Fix any n € N4 and 8 > 0. Fix any finite p > 0 such that ¢, > 0 for all r. Fix any s € S. We now
show that there exists an x, > 0 that satisfies (2.6), in particular ¢,(xs) = ¢, in two steps.
First, there exists an x, that satisfies ¢,.(x5) = ¢, if and only if

brlxs) = oo (1 L s ('XS”” - 1)) 4, (2.27)

7 %17 Ty

which is equivalent to

Ty 28
_ . 2.28
1% 26 + qr72||%s 17 — 2 (22
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Since this holds for all r € s, we have

- (R (229

res

273 n
- Z(2B+qrrz||x5||%2> = ¥ (Ixl7)

reEs

Clearly ¢ (C) — 0 as C' — co. Let

c - —* (2.30)

mingcs gr 7}2

Then C < oo since g, > 0 for all r by assumption. Moreover ¢,.72C > 2 for all r € s and hence
253 "
g =1 _ 1
Ve +TZ¢T<2ﬁ+qTTEO—2> o

where r is a minimizing r € s in (2.30). Since ¢)(C) is continuous, there exists an C' € [C,00) with
w(é’) = 1. Moreover such a C is unique since Y(C) is strictly decreasing.
Finally consider the set of x, with ||x,||? = C. All such x, satisfy (2.28) with

283
Ty = = Ixslln = ar||Xs|ln- (2.31)
268+ q,72C — 2

~ 2 . .
But C' = ||x5]|3 = (3,5 ar [|%s]ln) ", implying

||X H — ﬂ
o ZTGSG”’"

In summary, given any finite p > 0 such that g, > 0 for all r, a solution x5 > 0 to (2.28) is uniquely

given by

“w /&
z, = —=——VC, rEs, (2.32)
zkES Ok

where

2

a = —
26 4 ¢, 12C — 2

and C' = ||x,||? is the unique value at which 1 (C) = 1.

We now prove the other conditions in C1:
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According to (2.29), we can show that C is a decreasing function of ¢, and qTTTZC' is an increasing
function of ¢, for r € s. Thus, C is a decreasing function of p; and q,«TECN’ is an increasing of p; if
I € r because ¢, = > ., Hirp. For each [ € L, let s; := {r | I € r,r € s}, then by definition and
(2.32), we have

a = a =
vip) = e G- Trenl /F
ZTES Qr Z’I'ESL ar + ZT&SL Qr

Since a,- is a decreasing function of qﬂfé , it is also a decreasing function of p; if [ € r. Recall that

\/E is also a decreasing function of p;, y7(p) is thus a decreasing function of p;, in other words,

9y (p)
ngzp <0.
On the other hand, as p; — oo, ¢, — oo for all paths r traversing {. Then x,, — 0 by (2.27) for

l € r, which shows lim,, . yls(p) =0.

2.G.2 Proof of part 2

To prove ¢,(xs) satisfies C2 and C3 for 8 > 0, we will show that the Jacobian 0®,(xs)/0%s is
negative definite if 0 < 8 < 1, |s| < 8 and 7, are the same for r € s. Other properties of C2 and C3
are easy to prove and we omit the proof. Fix an s and let 7,. = 7, the common round-trip time for
all r € s.

Let A := diag{x,} and

. 2z, Ty
as; = (7 1o TES)-
sl [lxsl5

Then the Jacobian of &, at x; is

0B, 4(1-p)

Oxs - T2||X5H§

X
117 9p el gt (g, 4 1aT) A
72[|x 7

and it is negative definite for g > 0 if [I ls| + 1azﬂ]+ is positive definite. We now show that this is

indeed the case when |s| < 8, i.e., for any z, € RI*,

zf(IM +1al)z, = ||z,||3 + er Zarzr > 0. (2.33)

res TES
By Lemma 2.11 below, 17a, = 1 and ||as]|3 < 1. Then (2.33) follows from Lemma 2.12 below
provided |s| < 8. Thus the Jacobian is negative definite.> The proof of Theorem 2.8 is complete

after Lemmas 2.11 and 2.12 are proved.

3If 8 = 0 the Jacobian degenerates to
0P 4
2= ————u”, (2.34)
Ixs 2% 1y

which is merely negative semidefinite.
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To show that it satisfies C3, it follows directly from (2.27) that if z, = 0 then ¢, (x;) = co. It is

also clear from (2.27) that the converse holds. This proves C3.

Lemma 2.11. Fiz any integer p > 1. Given any x € R, define a vector a in R™ as follows:

1<i<m.

Then > a; =1 and Y~ a? < 1.

i=1"

Proof. 1t is obvious that >_'"  a; = 1. To show >_'" a? < 1, we have

i ?_ szQP 4Zz2 4%, xp+1
=l (EJ x]) (EJ x]> ( ) (Z] mj)

43, x? 45, bt

<1+ -
(Zj xj) (ZJ‘ a’j) (Zj xj)
St (7 )
(ijj> (ijf)
<1

Lemma 2.12. Let a € R™ that satisfies Y ;- a; = 1 and Y.~ a? < 1. Then for any nonzero

zlz

z € R™ we have

m m m
i=1 i=1  i=1
provided m < 8.

Proof. Given any M let Zy; := {2z | >_i, z; = M}. It then suffices to show that, for every M € R,

f(z) > 0 for z € Zp;. Given any M, consider

) = i 32 (2:3)

Its Lagrangian is

m
Zz +Mzazzz+u<zzz )

where p is the Lagrange multiplier. Setting 0L/9z; = 0 for all 1 < i < m and substituting it into
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Yot z; = M, we obtain the unique minimizer given by p = —3M/m and z; = %(% —a;). Then

M9 &, M2 (9
i = ([ =-Ya)| > =—(=-1).
Juin f(z) 4 (m ;“) =7 (m >

Thus, when M # 0, mingez,, f(z) > 0 if n < 9. When z is nonzero but M = 0, then f(z) > 0 from
(2.35). O

2.H Proof of Lemma 2.7

By the definition of Dy (A), we have

E Dk(Ak) | Zaij > 1| =d,P Zakj >1 | Zaij >1
» - —

P, an; = 1)
P32, 0 2 1))

Qx| Ak |
=dj e + 0 i
S al Al <Z‘-’>

where the last equality follows from the independence of a;; and P(3_; ax; > 1) =1 — (1 — qx)
|Aklar +o(qr), P(3_;;ai5 = 1) =1 —T[,(1 - @) =3, |Ailgi + 32, 0 (). Thus,

—d,

[Ak| —

>k i Ax|
B2 A 2 2 =T o2 )
% i,J v k
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Chapter 3

Optimal Power Flow and Convex
Relaxation

The optimal power flow (OPF) problem is a mathematical optimization program that seeks to
minimize a certain objective such as generation cost or power loss, subject to the Kirchhoff’s laws
and operational constraints. It is fundamental in power system as it underlies many applications
such as economic dispatch, unit commitment, state estimation, stability and reliability assessment,

volt/var control, demand response, etc. It was first formulated in the seminal work [14] in 1962.

Literature The power flow equations are quadratic and hence the OPF problem can be formulated
as a quadratic constrained quadratic program (QCQP). It is generally non-convex and hence hard
to solve. DC-OPF, which is a linear approximation of the non-convex OPF problem, is obtained
through linearization of the power flow equations [3,78,79]. The accuracy of DC-OPF hinges on the
fact that 1) line resistances are small, 2) voltages magnitudes are approximately constants, and 3)
voltage angle differences between adjacent buses are small. DC-OPF approximation is widely used
for transmission networks, but does not apply to distribution networks where line resistances are not
small and voltage magnitudes may significantly deviate from their nominal value. Furthermore, DC-
OPF is not applicable for many applications where reactive power needs to be actively controlled,
e.g. volt/var control.

Recently a new approach through convex relaxation has been developed. There are two types
convex relaxations of the OPF problem: semidefinite programming (SDP) relaxation and second
order cone programming (SOCP) relaxation. For SDP relaxation, the nonlinear power flow equations
are transformed into linear constraints on a rank one positive semidefinite matrix, and the rank
one constraint is removed to obtain an SDP relaxation. It is first proposed in [4] for the bus
injection model and shown to be exact for all the IEEE test networks [56]. SDP is computationally
prohibitive for large networks because the original n dimensional space is lifted to n? dimensional

space. By assuming balanced power flow, SOCP relaxation has been proposed in both the bus
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injection model [44] and the branch flow model [27]. Compared with the semidefinite program, the
second order cone program can be solved more efficiently [2]. However, the assumption of balanced
power flow only holds for transmission networks. In distribution networks, which are the focus of
this thesis, power flow is not balanced. Recently, a computationally efficient SDP relaxation, which
leverages the radial structure of distribution networks, has been proposed in [33] for networks with
unbalanced power flow. See the tutorial [60,61] for further pointers to the literature.

When an optimal solution of the original OPF problem can be recovered from any optimal
solution of a convex relaxation, we say the relaxation is ezact. For radial distribution networks
(whose graphs are trees), it is shown that both SOCP and SDP relaxation are exact for standard
IEEE test networks and many practical networks, both in the balanced case (e.g. [27,56]) and
unbalanced case (e.g. [22,33]). This is important because almost all distribution systems are radial.
Then we can rely on off-the-shelf convex optimization solvers to obtain a globally optimal solution

for the nonconvex OPF problem.

Summary In this chapter, we will review the mathematical formulation of the OPF problem on
both balanced and unbalanced networks. We will also review the recent development of SDP/SOCP
relaxation on solving the OPF problems. These results will be used extensively in this thesis and
are foundations for solving feeder reconfiguration problem (Chapter 4) and developing distributed

OPF algorithms (Chapter 6 and 7).

3.0.1 Notations

The distribution network consists of substation and load buses, and distribution lines that connect
these buses. Substation buses receive bulk power from the transmission networks and deliver power
to load buses through the distribution lines. We model a distribution network by a directed graph
G := (N,E&), where N represents the set of buses and & represents the set of distribution lines
connecting the buses in A/. Let Ay, C N denote the set of substation buses. Index one of the
substation bus by 0, defined as the root of the graph. Each directed line (i,j) € £ connects bus i
and j, where bus j lies between bus 0 and bus . Then we call j as ¢’s ancestor and i as j’s child.
For each bus i € N, let A; := {j | (i,7) € £} denote the set of i’s ancestors, C; := {k | (k,i) € £}
denote the set of i’s children, and N; := {i} U A; U C; denote the set of i’s neighbor including itself.
The notations are illustrated in Figure 3.1.

We denote the set of complex numbers with C, the set of n-dimensional complex numbers with
C™, and the set of m x n complex matrix with C™*™. The set of hermitian (positive semidefinite)
matrix is denoted by S (S ). The hermitian transpose of a vector (matrix) z is denoted by zfl.

The trace of a square matrix z € C"*" is denoted by tr(z) := Y. ; z;;. The inner product of

two matrices (vectors) x,y € C™*" is denoted by (z,y) := Re(tr(zy)). The Frobenius (Euclidean)
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A3 ={12}  ©y={45,6)

Figure 3.1: Notations of graph G(N, &), where the ancestor and children set of node 3 are also
labeled explictly.

norm of a matrix (vector) z € C™*™ is defined as ||z||2 := /(z,z). Given z € C"*"| let diag(xz) €
C™*! denote the vector composed of z’s diagonal elements. A variable without a subscript denotes

a column vector with appropriate components.

3.1 OPF and its SOCP Relaxation on Balanced Networks

In this section, we formulate the OPF problem on balanced networks and show how to solve it
through SOCP relaxation. We employ the branch flow model (BFM) to model the power flow

equations, which are first proposed in [7,8].

3.1.1 Branch flow model

Under the assumption that the network has balanced three phases, we can simply analyze each
phase independently. For each bus i € N, let V; = |V;|e!? be its complex voltage. Let s; := p; + ig;
be its net complex power injection, which is generation minus load. For each line (i,5) € &, let
235 = T3 +ixs; be its complex impedance and y;; = zigl be its complex admittance. Let I;; be the

complex branch current from bus ¢ to j. Then bus injection model (BIM) can be described as

Vvi—‘/j —Zijlij =0 (27]> x4 (3.1&)
sit Y Vilii— Y Vil =0 ieN, (3.1b)
JEC; kEA;

where (3.1a) describes the Kirchhoft’s law and (3.1b) describes power balance at bus . BIM does
not directly model branch variables, which are crucial for some applications. Branch flow model
(BFM), on the other hand, models both nodal and branch variables. It is first proposed in [7,8] and
is more numerically stable than BIM. It has been advocated for the design and operation for radial
distribution networks; see [16,27,32,57,84,86] for recent papers. We employ BFM in this thesis and
its formulation is given below.

Some new notations are needed to describe BEM. For each bus i € N, denote by v; := |V;|? the
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Figure 3.1: Notations for Balanced Network.

voltage magnitude squared. For each line (¢, j) € £, denote by S;; := P;; + iQ;; the branch power
flow from bus i to j. Then BFM ignores the phase angles of voltages and currents and uses only the

set of variables (v, s, ¢, S), where
(vi,i € N)

s = (siieN)
(€iz, (i,§) € E)
(

Sij, (i,7) € ).

Given a network G(N, £), the branch flow model is defined by:

(O (Z”S + SZJZ”) gij|zij|2 =0 (l,j) X (32&)
Z (Skz - gklzk‘l + S — Z Sz] =0 1€ N (32b)
keC; JEA;

1Si51% = vilyy. (i,7) € € (3.2¢)

Given a vector (v, s,/,S) that satisfies (3.2), the phase angles of the voltages and currents can be
uniquely determined if the network is a tree, i.e. |4;] =1 for ¢ € '\ {0} and |Ap| = 0. Hence the
branch flow model (3.2) is equivalent to the BIM for radial network.

3.1.2 OPF and SOCP Relaxation

The OPF problem seeks to optimize certain objective, e.g. total line loss or total generation cost,
subject to power flow equations (3.2) and various operational constraints. We consider an objective

function of the following form:

s) = Z fi(si)- (3.3)

iEN

For instance,
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e to minimize total line loss, we can set for each i € N/,
fi(si) = pi.

e o minimize generation cost, we can set for each i € N,

(673

> p? + Bipi,

fi(si) =

where «;, 8; > 0 depends on the type of bus ¢, e.g. «; = 0 and 5; = 0 for bus ¢ where there
is no generator and for generator bus i, the corresponding «;, 8; depends on the characteristic

of the generator.

We consider two operational constraints. First, the power injection s; at each bus 7 is constrained

to be in a region Z;, i.e.
si €Z; forieN. (3.4)

The feasible power injection region Z; is determined by the types of device attached to bus . Some

common devices are given below.

e For controllable load, whose real power can vary within [pi,@] and reactive power can vary

within [gi,qi], the injection region Z; is
Z;=={p+iq|p€lp,pl.q € g7} €C. (3.5a)

e For solar panel connecting the grid through an inverter with nameplate s;, the injection region

Ii is
T :={p+iq|p>0,p* +¢* <35} CC. (3.5b)

Second, the voltage magnitude at each bus 7 € N needs to be maintained within a prescribed region,

ie.
yigvigﬁi for i € NV. (36)

Typically the voltage magnitude at substation buses is assumed to be fixed at some prescribed value,
ie. v, =; for i € N. At other load buses i € N'\ N, the voltage magnitude is typically allowed

to deviate by 5% from its nominal value 1, i.e. v; = 0.95% and v; = 1.052.
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To summarize, the OPF problem for balanced networks is

OPF: min Z fi(s:)
ieEN
over v,8,5,¢ (3.7)

s.t. (3.2),(3.4) and (3.6).

The OPF problem (3.7) is nonconvex due to the quadratic equality constraint (3.2¢). In [25,27],

(3.2¢) is relaxed to a second order cone constraint:
1Si1* < wily; for  (i,7) €E, (3.8)
resulting in a second-order cone program (SOCP) relaxation of (3.7)

ROPF: min Z fi(ss)
ieN
over v,8,5,¢ (3.9)

s.t. (3.2a), (3.2b), (3.8) and (3.4), (3.6).

Clearly the relaxation ROPF (3.9) provides a lower bound for the original OPF problem (3.7)
since the original feasible set is enlarged. The relaxation is called ezact if every optimal solution
of ROPF attains equality in (3.2¢) and hence is also optimal for the original OPF. For networks
with tree topology, SOCP relaxation is exact under some mild conditions [27,32]. There are also
other sufficient conditions for the exactness of SOCP relaxation. Even though they are proved under
BIM, the of BFM and BIM implies that these conditions also guarantee that ROPF (3.9) is exact.

See [60,61] for extensive references on these conditions.

3.2 OPF and its SDP relaxation on Unbalanced Networks

In this section, we will formulate the OPF problem on unbalanced networks and show how to solve
it through SDP relaxation. We employ the branch flow model, which is first generalized to the

unbalanced network in [33] that inherents the numerical stability of BFM for balanced networks.

3.2.1 Branch flow model

Let a,b,c denote the three phases of the network. For each bus i € A, let ®; C {a,b,c} denote
the set of phases. In typical networks, the set of phases for bus i is a subset of the phases of its
parents and superset of the phases of its children, i.e. ®; C @ for k € A; and ¢; C &, for j € C;.
On each phase ¢ € ®@;, let Vid) € C denote the complex voltage and sf = pf + jqfs denote the
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complex power injection. Denote V; := (Vid’,(b € d;) € Cl¥l g = (sf,cﬁ € ®;) € CI*Il. For each
line (4,7) € £ connecting bus ¢ and j, the set of phases is ®; N ®; = &; since ®; C ®; by our
definition of graph orientation. On each phase ¢ € ®;, let z;; € CI®:[xI%il denote the impedance
and y;; = zigl denote the admittance. Let IZ— € C denote the complex branch current and denote

1;j = (I?;-, ¢ € ®;) € CI%il. Then BIM for unbalanced networks can be written as

Vi = Pi(V}) — 2zi;1;; =0 (i,7) € E (3.10a)
s + Z ViPi(1ji) — Z Vilir =0 i €N, (3.10b)
JEC; kEA;

where P;(x) denotes projecting  onto the set of phases on bus ¢ if 2 has more phases than ®; and
lifting « onto the phases of bus ¢ with missing phase filled with 0 if  has less phases than ®;, e.g.
if (4,7), (4,k) € € and @, = {a,b,c}, ®; = {a,b} and ®; = {a}, then

Pi(Vi) = (V& W)
Pi(l) = (I§,0).

Similar to BIM on balanced networks in section 3.1, BIM on unbalanced networks also does not
model branch variables directly. In [33], BFM is first generalized to the case of unbalanced networks
that both models branch variables and has better numerical stability than BIM.

For each bus i € N, let v; := VAV, € CI®IXI®l For each line (i,5) € &, £;; := I;If e
Cl®is x5 and Sij == ViIg € CI®ilxI®il The notations are illustrated in Figure 3.1. Then BFM

for unbalanced networks uses the set of matrix variables (v, s, ¢,.S), where

(vi,i € N)

s = (si,i €N)
(Lij, (i) € €)
(Sij, (i,4) € €).



Figure 3.1: Notations for Unbalanced Networks.

Given a network G(N/, &), the branch flow model for unbalanced networks is defined by:

Pi(’l)j) —v; + lesg + SZJZ{J{ — Z”&JZZIJ{ =0 (Z,]) € & (311&)
diag Z Pz(Sﬂ — Zjiéji) — Z Sik | —s;, =0 ieN (311b)
jec; keEA;
Vi Sl .o
€Sy (i,j) € € (3.11c¢)
v; Sz
rank =1 ief, (3.11d)

where P;(v;) denotes projecting v; to the set of phases on bus i and P;(S;; — 2;:¢;;) denotes lifting
the result of Sj; — 2;:£;; to the set of phases ®; and filling the missing phase with 0.

Given a vector (v, s, ¥, S) that satisfies (3.11), it is proved in [33] that the bus voltages V; and
branch currents I;; can be uniquely determined if the network is a tree. Hence this model (3.11) is
equivalent to a full unbalanced AC power flow model, i.e. BIM in (3.10). See [33, Section IV] for
details.

3.2.2 OPF and SDP relaxation

Similar to the OPF problem on balanced networks, the OPF problem on unbalanced networks seecks
to optimize certain objective, e.g. total power loss or generation cost, subject to unbalanced power
flow equations (3.11) and various operational constraints. We consider an objective function of the

following form:

F(s) := Z fi(s;) == Z Z f;b(s?) (3.12)

iEN 1EN ¢pED;
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For instance,

e to minimize total line loss, we can set for each ¢ € ®;, i € N,
AN
Fs7) = pf.

e to minimize generation cost, we can set for each i € N,

¢

FE(s2) = (S0 + B790),

where af,ﬁ? > 0 depend on the load type on bus i, e.g. af = 0 and Bj) = 0 for bus ¢
where there is no generator and for generator bus ¢, the corresponding af, 6? depends on the

characteristic of the generator.

For each bus i € NV, there are two operational constraints on each phase ¢ € ®;. First, the power
¢

injection s; is constrained to be in a injection region If , 1.e.

s?€I? for pc ®;and i€ N, (3.13)

The feasible power injection region If is determined by the types of load attached to phase ¢ on
bus . Some common controllable loads are:

e For controllable load, whose real power varies within [Qf,ﬁf] and reactive power varies within

lq? ,37], the injection region Z7" is
7¢ ={p+ig|pecp’plq € e’ 71} CC. (3.14a)

For instance, the power injection of each phase ¢ on substation bus 0 is unconstrained, and
thus gf,gj’ = —o0 and ﬁf@f = 00.

e For solar panel connecting the grid through a inverter with nameplate Ef’, the injection region
If’ is

I ={p+iq|p>0,p" +¢* < (5{)’} CC. (3.14b)

Second, the voltage magnitude needs to be maintained within a prescribed region. Note that
the diagonal element of v; describes the voltage magnitude square on each phase ¢ € ®;. Thus the

constraints can be written as

v? <0f? <7’ ie N, (3.15)
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where v? ? denotes the ¢sp, diagonal element of v;. Typically the voltage magnitude at substation
buses is assumed to be fixed at a prescribed value, i.e. yf = ff’ =1for ¢ € ®;, i € N,. At other
load buses i € '\ NV, the voltage magnitude is typically allowed to deviate by 5% from its nominal
value, i.e. yf = 0.95% and @f = 1.052 for ¢ € ®;.

To summarize, the OPF problem for unbalanced multi-phase radial distribution networks is:

OPF: min Z Z ff(sf’)

1N ¢ped;
over v,8,S,0 (3.16)

st. (3.11) and (3.13) — (3.15).

The OPF problem (3.16) is nonconvex due to the rank constraint (3.11d). In [33], an SDP
relaxation for (3.16) is obtained by removing the rank constraint (3.11d), resulting in a semidefinite

program (SDP):

ROPF: min Z Z ff(sj’)
* 1EN ¢pED;
over v,8,5,¢ (3.17)

s.t. (3.11a) — (3.11c) and (3.13) — (3.15).

Clearly the relaxation ROPF (3.17) provides a lower bound for the original OPF problem (3.16)
since the original feasible set is enlarged. The relaxation is called exact if every optimal solution of
ROPF satisfies the rank constraint (3.11d) and hence is also optimal for the original OPF problem.
It is shown empirically in [33] that the relaxation is exact for all the tested distribution networks,
including IEEE test networks [48] and some real distribution networks from Southern California

Edison.

3.3 Conclusion

In this chapter, we first formulate the optimal power flow problem on balanced networks and review
how to solve it through the second order cone relaxation. Then, we formulate the optimal power
flow problem on unbalanced networks and show how to solve it through the semidefinite relaxation.
The results in this chapter underlie our work on feeder reconfiguration and distributed algorithm

for optimal power flow problems.
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Chapter 4

Feeder Reconfiguration in
Distribution Networks Based on
Convex Relaxation of OPF

The feeder reconfiguration problem chooses the on/off status of the switches in a distribution network
in order to minimize a certain cost such as power loss. It is a mixed integer nonlinear program
and hence hard to solve. In this chapter we propose a heuristic algorithm that is based on the
recently developed convex relaxation of the AC optimal power flow problem. The algorithm is
computationally efficient and scales linearly with the number of redundant lines. It requires neither
parameter tuning nor initialization for different networks. It successfully computes an optimal
configuration on all four networks we have tested. Moreover we have derived a sub-optimality bound
for the proposed algorithm under certain conditions for the case where only a single redundant line
needs to be opened. We also propose a more computationally efficient algorithm and show that it

incurs a loss in optimality of less than 3% on the four test networks.

Literature A primary distribution system consists of buses, distribution lines, and (sectionalizing
and tie) switches that can be opened or closed. There are two types of buses: Substation buses (or
just substations) that are connected to a transmission network from which they receive bulk power,
and load buses' that receive power from the substation buses. During normal operation the switches

are configured so that
1. There is no loop in the network.
2. Each load bus is connected to a single substation.

Therefore, there is a tree component rooted at each substation and we refer to each such compo-
nent as a feeder. The optimal feeder reconfiguration (OFR) problem seeks to alter the on/off status

of these switches, for the purpose of load balancing or loss minimization subject to the above two

IDistributed generations are viewed as loads with negative real power injections in this chapter.
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requirements, e.g., [6,17,19,65]. See also a survey in [76] for many early papers and references to
some recent work in [45].

The OFR problem is a combinatorial (on/off status of switches) optimization problem with
nonlinear constraints (power flow equations) and can generally be NP-hard. Various algorithms
have been developed to solve the OFR, problems. Following the convention in [45], they roughly fall
into two categories: formal methods and heuristic methods.

Formal Methods solve the OFR problem using existing optimization approach. They usually
require a significant amount of computation time. In [17], the problem is solved using a simulated
annealing technique where the problem is formulated as a multi-objective mixed integer constrained
optimization. In [24], ordinal optimization is proposed to reduce the computational burden through
order comparison and goal softening. In [51], the problem is solved using generalized Benders
decompositions. In [10], a mixed integer linear programming solver is applied to solve the problem
after linearization of the power flow equations. In [39,45], the problem is formulated as a mixed
integer nonlinear program which is then solved as a mixed integer convex program through the
second-order cone program (SOCP) relaxation.

Heuristic Methods exploit structural properties to solve the OFR problem. They are usually more
computationally efficient than formal methods. In [19], an “iterative branch exchange approach” is
applied to OFR. The network is initialized with a feasible topology. At each iteration, an opened
switch is closed and a closed switch is opened to reduce the cost and maintain the radial structure.
The algorithm stops once a local minimum is reached, i.e. for each currently opened switch, closing
it and opening another switch will not further decrease the cost. See [6,36] for further developments
on this approach. This approach has the advantage that the intermediate configuration is always
feasible, and hence we can terminate the algorithm at any iteration to obtain a feasible solution.
However, the performance is sensitive to the initial configuration and sometimes it takes too many
iterations for the algorithm to terminate. A different heuristic approach, first proposed in [65] and
termed “successive branch reduction approach” in this chapter, assumes that all the switches are
initially closed and they are sequentially opened based on a given criteria until a radial configura-
tion is reached. This approach has two major advantages: 1) unlike the “iterative branch exchange
approach”, no initialization is required; and 2) the number of iterations is bounded by the num-
ber of redundant lines, which is usually small in practice. Some developments on this approach
include relaxing the binary variable representing the status on the switch [35] and generalization to

unbalanced network based on a constant current model [20].

Summary Optimal feeder reconfiguration is a mixed integer nonlinear optimization problem and
therefore NP-hard in general. To overcome the first difficulty (mixed integer optimization), we

propose a heuristic approach that only involves solving a small number of AC optimal power flow
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(OPF) problems and no mixed-integer optimization. We theoretically show that the proposed
heuristic can obtain the global optimal solution under certain assumptions. Indeed global optimal
configurations can always be found on the four practical networks in our simulations. To overcome
the second difficulty (nonconvexity of AC OPF), we build on the recent development of SOCP
relaxation of AC OPF. The effectiveness of this new approach is illustrated both through simulations
of standard test systems and mathematical analysis under certain assumptions. Specifically the main
contributions of the chapter are twofold.

First, we propose an algorithm to optimize the “successive branch reduction approach”. The
algorithm uses a branch flow model introduced in [6, 7] for radial systems and exploits the recent
development on solving the optimal power flow problem through convex relaxation [26,27,31]; see

the tutorials in [60,61] for more details. The algorithm has three major advantages:
1. Efficient: the complexity is linear in the number redundant lines that need to be opened.

2. Accurate: The algorithm is proved to solve OFR optimally under certain assumptions in the
case where there is a single line that needs to be opened. Simulations on four practical networks

show that it can find a globally optimal solution in the general case as well.

3. Hassle free: There are no parameters and initialization that need to be tuned for different

networks.

Second, we simplify the above algorithm into one that has a constant complexity, i.e. the time
complexity is independent of the number of redundant lines. Simulations on the same four practical

networks show that the loss in optimality is less than 3%.

4.1 Problem Formulation

In this section, we define the optimal feeder reconfiguration (OFR) problem on a balanced distribu-

tion network.

4.1.1 Notations

In addition to the notations defined in Chapter 3, we introduce the following new notations, which
will only be used in this chapter.

Given two real vectors x,y € R™, x <y means z; < y; for 1 <i <n and z < y means z; < y; for
at least one component. The Pareto front (See [12] for more properties) of a compact set A C R™ is

defined as

O(A):={x € A| 37 € A\ {x} such that & < x}. (4.1)
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Given a graph G(NV, £). Let N denote the set of substation buses, A; denote the set of load buses
and ./V; UM = N For each line (Z,j) S 5, define Sji in terms of Sz’j and éij by Sji = —Sij +€ijzij-
Hence —Sj; represents the power received by bus j from bus i.

For each bus i € N, denote E(i) the set of lines in € that has one end at i, i.e.

E(i) = {(i,k) | i € A, (i, k) € E}U{(5,0) | j € Ci, (4,9) € €}

For any &' C &, a path exists between two nodes 4,5 € N in graph G(N,£’) if and only if there is a

collection of edges in &£’ that connect node 7 and j. Denote

D}, :=# of paths in G(N,E’) among buses in N, (4.2)
D2, :=# of loops in G(N, &) (4.3)
D¢ =D}, + D2,. (4.4)

4.1.2 Model and Problem formulation

There are sectionalizing or tie switches on the lines that can be opened or closed. Optimal feeder
reconfiguration (OFR) is the problem of reconfiguring the switches to optimize certain objective
subject to the topological constraints, power flow equations, and operational constraints on voltage
magnitudes and power injections.

The objective function, power flow equations, and operational constraints for the OFR, problem
are the same as the OPF problem on balanced networks in section 3.1. There are two topological

constraints on configuring the switches during normal operations:
1. Each load bus is connected to a single substation.
2. There is no loop in the network.

Any subset of lines & C £ whose switches can be closed concurrently to satisfy both 1) and 2) is

defined as a feasible configuration. Let

Sr = {&r | GWN, Er) satisfies 1) and 2)},

which represents the set of all feasible configurations.
When |N;| =1, i.e. there is only one substation, Sy consists of the set of £ such that G(N, Er)
is a spanning tree of G(N/, ).

Given a configuration line subset £ C &, define
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o (&) and S(&)

ey = by, (6,5) € &'}
S(E) = {8y, (i,5) €&,

which represent the branch current and power flow on the distribution lines that are actively
used in configuration &', i.e. £(E") (S(E’)) collects all the variables in £ (S) except the branch
current ¢;; (branch power S;;) for (,5) € £\ €. Then denote

(&) = (v,s,L(&),S(E)),

which represents all the physical variables in configuration £’ (The nodal variables v and s will
always be used regardless of the configuration.).
e X(&') and X.(&)

X&) = {x(&) | x(&) satisfies (3.2),(3.4) and (3.6)}
XA (&Y = {z(&) | 2(E') satisfies (3.2a), (3.2b), (3.8) and (3.4), (3.6)},

where X(&’) represents the feasible physical variables that satisfy the branch flow model (3.2),
power injection constraints (3.4), and voltage constraints (3.6). X,.(€’) represents the feasible

sets after SOCP relaxation, i.e. the feasible set of the ROPF problem (3.9).
e OPF-£’ and ROPF-&’

OPF—¢&:  min F(p) over z(&) € X(&)

ROPF-&": min F(p) over z(&) € X,.(&),

which represent the OPF problem defined on configuration £ and the relaxed OPF problem,

respectively.

Using the above notations, the OFR problem can be written as

OFR: min F(p*(&r)) (4.5)

over Er € Sr,
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(a) |Ns| =2 and €] = IN|—1. (b) [INs| =1 and |E] = |N].

Figure 4.1: Possible network topology with one redundant line.

where
x*(Er) = argmxin {F(p) s.t. z(&r) € X(&E)}. (4.6)

Different configurations £ are implemented by different switch settings. OFR is difficult to solve
due to the nonlinear feasible set X(Er) for a given configuration & and the discrete nature of Ep.
In section 3.1.2, SOCP relaxation is shown to be exact for the OPF problem under mild conditions
if the underlying undirected graph is acyclic, which holds for all the feasible configuration &r.
The proposed algorithm leverages the SOCP relaxation to deal with the nonlinearity. Throughout
this chapter, we assume the SOCP relaxation is always exact. Then we have the following result

of [31, Theorem 3|, which will be useful for us.

Theorem 4.1. Suppose the ROPF problem (3.9) is exact and the feasible set is nonempty. Then
there exists a unique solution (v*,€* £*,S5*) provided the objective function F(s) is conver and non-

decreasing in Re(s) and Im(s).

4.2 Network Configuration with Single Redundant Line

In this section we consider the special case where there is only one redundant line that needs to be
opened, i.e. Dg = 1. We develop an algorithm to solve the OFR problem in this case and prove
that the algorithm solves OFR, optimally under certain assumptions. In addition, we simplify the
above algorithm to reduce its computation complexity and incur negligible loss in optimality. We

extend both algorithms to general networks in the next section.

4.2.1 Algorithms

When there is only one redundant line that needs to be opened, there are two possible cases as

illustrated in Fig 4.1.
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1. [Ng|=2and |€] = |N|—1, i.e. there are two substations and |[N| — 1 lines as shown in Figure
4.1a. Then each load bus is connected to two substations and we need to open one line from

the path between the two substations.

2. |Ns| =1 and |€] = [N, i.e. there is one substation and |£| = |NV] lines as in figure 4.1b. Then

there exists a loop and we need to open one line to break the loop.

Algorithm 4.1 Network with one redundant line
Er €&
Solve OPF-£ with an optima z*
Calculate ¢ € argmine{|P;(E7)| | Dezy\e = 0}
Denote é := (n1,n2)
if P; > 0 then

e* < argmin {F(p*(Ex \ e)) | e € N(n2)}
else

e* « argmin A F(p*(Er\e)) | e € N(n1)}
end if
Exr—&x\e*
: return &7}

— =
= O

The algorithm to solve both cases in Fig. 4.1 is stated in Algorithm 4.1. The basic idea of
Algorithm 4.1 is simple and we illustrate it using the line network in Fig. 4.2. For the line network
in Fig. 4.2, let the buses at the two ends be substation buses and buses in between be load buses.
Then N, :={0,0'}, V7 :={1,...,n} and N :={0,1,...,n,0'}. Weuse n+1 and 0’ interchangeably
for notational convenience.

For the line network shown in Figure 4.2, each load bus is connected to both substation 0 and

0’, and thus the set of feasible configuration is given as
Sro=1{E\ (b k+1) | 1<k < n},

i.e. each line in £ can be opened to create a feasible configuration. For each bus k, the set of lines

with one end at it is given as

{(k,k+1),(k—1,k)} k#0,n+1
B(k) =3 {01} k=0
{(n,n+1)} k=n+1

In Algorithm 4.1, we first solve OPF-E, which provides an optimal solution x* assuming all the
lines are closed. Then we search for a branch é, whose branch power flow is minimum in £. Denote

é = (k,k 4+ 1) and the line we will open is based on the following criteria:
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Substation Substation
0 1 2 n-1 n 0]

Figure 4.2: A line Network

1. P: > 0 and k = n + 1: There is only one candidate, i.e. E(n+1) = {(n,n+ 1)} and line

(n,n + 1) is opened. It means substation 0" absorbs real power.

2. P > 0and k < n+1: There are two candidates, i.e. E(k) = {(k,k+1),(k+1,k+2)}. Either
line (k,k+ 1) or (k+ 1,k + 2) is opened, depending on which gives a smaller objective value.

3. P; <0 and k = 0: There is only one candidate, i.e. E(0) = {(0,1)} and line (0, 1) is opened.

It means substation 0 absorbs real power.

4. P; <0 and k > 0: There are two candidates, i.e. E(k+1) ={(k,k+1),(k—1,k)}. Either

line (k,k+ 1) or (k — 1,k) is opened, depending on which gives a smaller objective value.

The intuition behind Algorithm 4.1 is that the line which will be opened is close to the line
where there is minimum branch flow power if we solve the problem assuming all the lines are closed
(OPF-€). Thus, we need to solve two other OPF problems for comparing the objective of the two
candidates in addition to OPF-£. Indeed, we can directly open the line with minimum branch
power flow to simplify the algorithm after OPF-E is solved. By doing this, we sacrifice accuracy,
but simulation results show that the solution of the corresponding algorithm incurs a similar cost as

that of Algorithm 4.1. The simplified algorithm is stated in Algorithm 4.2.

Algorithm 4.2 Network with one redundant line (simplified)

1: Solve OPF-£ with an optima x*.

2: Calculate é € argmine{|P}| | Dg\. = 0}
3: 57*1 +— & \ é

4: return &7,

4.2.2 Performance analysis

We analyze the performance of Algorithm 4.1, i.e. whether the configuration &£} returned by Algo-
rithm 4.1 is optimal for OFR. There are two possible cases as illustrated in Fig. 4.1. Case (b) can
be reduced to case (a) by replacing the substation 0 by two virtual substations 0 and 0" as shown in
Fig. 4.1a, where N, := {0,0'}, M} :={1,...,n}. Thus, we only need to focus on case (a). For ease
of presentation we only prove the results for a line network as shown in Fig. 4.2. They generalize in
a straightforward manner to radial networks as shown in Fig. 4.1a. We make several assumptions

below for our analysis:
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Al : p,<O0forie N and p; > 0 for i € N.

A2 v, =v,=1forieN.

A3 : |0, — 6| < arctan(x;;/r;;) for (i,5) € £.

A4 : The objective function F(s) = F(po,po ) is convex and increasing of pg, po .
A5 : The feasible set X(€) is compact.

A6 : The injection region Z; takes the box constraint defined in (3.5a).

Al says that only substation buses 0 and 0’ inject real power while load buses 1,...,n absorb real
power. A2 says that the voltage magnitude at each bus is fixed at their nominal value. A3 bounds
the angle difference between adjacent buses.? A4 says that the objective function is merely a function
of the power injections at two substations. A5 are technical assumptions that guarantees that our
optimization problems are feasible. A6 says the control on real and reactive power injections can be
decoupled.

The assumptions A1-A6 may not hold in practice, e.g. Al is violated when there are distributed
generators at some load buses, and A2 is violated when buses have limited reactive power injection
capability. However, we only need A1-A6 to make precise statements about the performance of
Algorithm 4.1. We will first explain the intuition before formally stating the result in Theorem 4.3.

We now rewrite the OFR problem (4.5) for the line network in Fig. 4.2. Some new notations will
be defined which will only be used in this section. For any (k,k+ 1) € £, let G§ and gg,“ represent

the two subtrees rooted at 0 and 0’, respectively, if line (k,k + 1) is opened. Denote

W5 P = (PR .m0 (EF4)) (4.7)
where EFFT .= €\ (k, k +1) and 2*(E55T1) is the optimal solution to a given configuration &5t

and defined in (4.6). (p§, plgﬁ' ') represents the minimum power injection at the substations for the
two subtrees G§ and G;™' after line (k,k + 1) is opened. Then the OFR problem (4.5) for the line

network (Fig. 4.2) can be written equivalently as

in  F(pk,pkt). 4.8
Jin - Fpe,py) (4.8)
Define an OPF problem:
OPF-Es: = mi / 4.9
s f(po) i po (4.9)
s.t. Ppo is a given constant

2 Although voltage phase angles 6; are relaxed in the relaxed branch flow model (3.2), they are uniquely determined
by 0; — 0; = Z(vi — 2;535) in a radial network [27].
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pO’ pOI
N N
5 : Optimal solution to OPF-G ¢ : Optimal solution to OPF-G
@ : Solution for each configuration ® : Solution for each configuration
s\ - - -ilevelset of I'(po, por) \.\ — = =:Level setof ['(pg, por)

f(po)
Do

(a) Intuition under A1-Ab5. (b) Intuition without A1-A5.

Figure 4.3: Intuitions of Algoirthm 4.1.

Recall that X(€) is the feasible set of physical variables given a configuration £ and X, (€) is
the convexified X(€). Let P := {(po,por) | Iz € X(E)} represent the projection of X(€) on R? and
P, := {(po,po’) | 3z € X,.(£)} be the projection of X.(€) on R?. By definition of the Pareto front in
(4.1), the exactness of SOCP relaxation implies that O(P) = O(P..).

Lemma 4.2. Suppose A4-A5 hold and the SOCP relazation is exact. Then

1. (po, f(po)) € O(Py).
2. f(po) is a strictly convex decreasing function of po.

By Lemma 4.2-1), (po, f(po)) € O(P.), hence OPF-£ can be written equivalently as

min  F(po, f(po))- (4.10)

In other words, solving OPF-£ is equivalent to finding a point when the level set of F'(pg, po) first
hits the curve (pg, f(po)) on a two-dimensional plane, where the x-axis and y-axis are the real power
injections from substation 0 and 0’, as shown in Fig. 4.3. On the other hand, the OFR problem can
be written as (4.8) and solving OFR is equivalent to find a point when the level set of F(po,po)

first hits one point in {(plg,plgfrl) | 0 < k < n} on the two-dimensional plane. Suppose A1-A5 hold,

all the feasible points (plg,pgfrl) locate exactly on the curve (po, f(po)) as shown in Fig. 4.3a. Thus,
we can obtain exactly the optimal solution to OFR by checking the points (p’g ,p’éfr 1) adjacent to
the optimal solution to OPF-£, which is performed in Algorithm 4.1. The result is formally stated

in Theorem 4.3.

Theorem 4.3. Suppose A1-A6 hold. Then the configuration £ returned by Algorithm 4.1 is optimal
for OFR (4.5).
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Remark: Theorem 4.3 shows that Algorithm 4.1 computes an optimal solution of OFR under
assumptions A1-A6, which may not hold in practice. Without assuming A1-A6, (p, plgf“ 1Y does not
locate exactly on the curve (po, f(po)) as shown in Fig. 4.3b. Thus, the points (plg,p’gfl) adjacent
to the optimal solution to OPF-& may not be optimal for OFR. Indeed, we can create artificial
examples to show that Algorithm 4.1 fails to find a global optimal configuration. However, the
sub-optimality gap is usually small since the points (pf, plgﬂ' 1y are close to the the curve (po, f(po)),
and global optimal configuration can always be found in our simulations on four practical networks.

In the following, we will derive the sub-optimality gap of Algorithm 4.1 by relaxing assumption
A2 by A2+, which is still not realistic, but the result gives further intuition of the performance of

the proposed algorithm.
A2+ 1T =0,;,q; = —q, =0 fori e N

When the voltage magnitudes are fixed but different at different buses, Algorithm 1 is not
guaranteed to find a global optimum of OFR. However, it still gives an excellent suboptimal solution
to OFR. By nearly optimal, it means the suboptimality gap of Algorithm 4.1 is negligible.

Let I, := {po | 3z € X(&)} represent the projection of X(£) on real line. I, is compact since
X(€) is compact by A5. f(pg) is strictly convex and monotone decreasing by Corollary 4.2, it is
right differentiable and denote its right derivative by f’, (po), which is monotone increasing and right

differentiable and denote its right derivative by fjr, +(po). Let

Kf = poiglfpo Jii(po) > 0. (4.11)

k¢ represents the minimal value of the curvature on a compact interval if f(po) is twice differentiable.

Define Ly, for each line (k,k + 1) € £(0,0’) as sequel.

SR T k1 /| 2k kg 2

Lk = 7
2
(b )+l ) -0 (222 41)
where dv, := vy — vg41. Ly represents the thermal loss of line (k,k + 1) when either Py 41

or Pyy1 is 0. Conceptually it means all the real power sending from bus on one end of the
line is converted to thermal loss and the other bus receives 0 real power, namely either Py 41 =
Ci k1T k+1 OF Pry1 i = €k kt17k k+1. Then the expression of Ly = f 417k k+1 can be obtained
by substituting either Py xy1 = lxpt17kk+1 OF Pry1x = lip+17k,k+1 into (3.2a) and (3.2¢c). Ly
is negligible compared to the power consumption of a load in a distribution system. Therefore the
ratio of these two quantities, defined as Ry, := —py /Ly, is usually quite large.

Let R := min Ry, and £y as defined in (4.11), which is a constant depending on the network. Let

F* be the optimal objective value of OFR and F4 be the objective value if we open the line e* given
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by Algorithm 4.1.

Theorem 4.4. Suppose Al,A2+,A3-A6 hold and for all i € N'. Then

2 2
/ 2
F*SFASF*+max{CO,CO} —
co ' ¢y ) R2ky

if F(po,por) := copo + corpor for some positive cy, cor.

Remark: R is large, usually on the order of 103, in a distribution system when there is no
renewable generation. Although it is difficult to estimate the value of sy in theory, our simulation
shows that r is typically around 0.025M W ! for a feeder with loop size of 10, and thus the bound
is approximately 80W if ¢y = ¢o» = 1, which is quite small. Moreover, simulations of two SCE
distribution circuits show that Algorithm 4.1 always finds the global optima of OFR. problem; see
section 4.4. Therefore the bound in the theorem, already negligible, is not always tight.

4.3 General network configuration

In section 4.2, we propose two algorithms to solve the OFR problem assuming there is only one
redundant line that needs to be open. In this section, we will extend both Algorithms 4.1 and 4.2
to general networks where there may be more than one redundant line that need to be opened. As
before, one of the algorithms has a higher accuracy but requires more computation (Algorithm 4.3)
and the other lower accuracy but less computation (Algorithm 4.4).

Loosely speaking, Algorithm 4.1 consists of the following procedure:

1. Solve OPF problem assuming all the lines are closed.

2. Find the line é with minimum branch power flow.

3. Check line ¢é against the lines adjacent to line é and the minimum of those lines as a solution.

For a general network, there are multiple lines that need to be simultaneously open. Then we
generalize Algorithm 4.1 in the following manner: we iterate the procedure in Algorithm 4.1 and
remove one line from £ at the end of each iteration, resulting in a different OPF problem to solve
for the next iteration. There are |€| — |N;| redundant lines and hence |E| — | V| iterations. The
algorithm is formally stated in Algorithm 4.3.

Similarly, we can mimic Algorithm 4.2 and have an efficient algorithm which merely solves one

OPF problem. Algorithm 4.2 consists of the following procedure:
1. Solve OPF problem assuming all the lines are closed.

2. Open the line € with minimum branch power flow.
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Algorithm 4.3 General Network Reconfiguration
L EF €&
2: while Dg; > 0do
3: Solve OPF-&}. with optima x*(€}.)
Calculate ¢ € argmine{|P;(€7)| | De:,
Denote é := (n1,n2)
if P; > 0 then
e* « argmin {F(p*(Ex \e)) | e € C(na) NER}
else
e* «argmin {F(p*(Ex\e)) |e€ C(ny) NER}
10: end if
11: Er &5\ e
12: end while
13: return &;

\e < Dezx}

© ® NPTk

We generalize Algorithm 4.2 in the following manner. We solve only one OPF problem OPF-&,
which assumes all the lines are closed. Then we sequentially choose one line with the smallest branch
power flow in the remaining closed lines merely based on the solution to OPF-£. Our simulations
show that the simplification leads to negligible loss in optimality compared to Algorithm 4.3. The
algorithm is stated in Algorithm 4.4.

Algorithm 4.4 General Network Reconfiguration (simplified)
&€&

: Solve OPF-E&; let * be an optimal solution.

: while Dg; > 0do

Calculate ¢ € argmine{|P;[ | Dgz\o < Dez}
En&Er\é

: end while

: return &

Remark: Algorithm 4.3 scales linearly with the number of redundant lines and Algorithm 4.4
is independent of the number of redundant lines. For large distribution system, solving one OPF
problem requires a significant amount of time and Algorithm 4.4 can greatly reduce the computation

time if there are many redundant lines.

4.4 Simulations

In this section we present examples to illustrate the effectiveness of the algorithms proposed in
section 4.3 (the algorithms in section 4.2 are special cases). We used a Macbook Pro with 2.9 Ghz
Intel Core i7 and 8GB memory. The algorithms are implemented in Matlab 2013a and the OPF
problem is solved using Gurobi optimization solver.

We test the algorithms on four practical distribution networks. Test network 1 is from Taiwan

Power Company and the network data is taken from [81]. Test network 2 is from Brazil and
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Table 4.1: Network of Fig. 4.1: Line impedances, peak spot load KVA, Capacitors and PV genera-
tion’s nameplate ratings.

Network Data

Line Data Line Data Line Data Load Data Load Data PV Generators
Fro. To R X From| To R X Fro To R X Bus Peak | Bus Peak Bus Nameplate
Bus.| Bus.| () (Q2) Bus.| Bus.| (2) () Bus.| Bus.| () (Q) No. MVA | No. MVAR No. Capacity
1 2 0.259] 0.808| 8 41 0.107| 0.031] 21 22 0.198| 0.046| 1 30 34 0.2
2 13 0 0 8 35 0.076| 0.015| 22 23 0 0 11 0.67 36 0.27 13 1.5MW
2 3 0.031| 0.092| 8 9 0.031| 0.031] 27 31 0.046| 0.015| 12 0.45 38 0.45 17 0.4MW
3 4 0.046| 0.092| 9 10 0.015| 0.015| 27 28 0.107| 0.031| 14 0.89 39 1.34 19 1.5 MW
3 14 0.092| 0.031 9 42 0.153| 0.046| 28 29 0.107| 0.031| 16 0.07 40 0.13 23 1 MW
3 15 0.214| 0.046| 10 11 0.107| 0.076| 29 30 0.061| 0.015| 18 0.67 41 0.67 24 2 MW
4 20 0.336| 0.061| 10 46 0.229| 0.122| 32 33 0.046| 0.015[ 21 0.45 42 0.13
4 5 0.107| 0.183] 11 47 0.031| 0.015/ 33 34 0.031| 0.015] 22 2.23 44 0.45 Shunt Capacitors
5 26 0.061] 0.015 11 12 0.076| 0.046| 35 36 0.076| 0.015| 25 0.45 45 0.2 Bus Nameplate
5 6 0.015| 0.031| 15 18 0.046| 0.015| 35 37 0.076| 0.046| 26 0.2 46 0.45 No. Mvar
6 27 0.168| 0.061| 15 16 0.107| 0.015| 35 38 0.107| 0.015| 28 0.13
6 7 0.031| 0.046| 16 17 0 0 42 43 0.061| 0.015 29 0.13 Vbase= 12.35kv 1 6
7 32 0.076| 0.015| 18 19 9] 0 43 44 0.061| 0.015 30 0.2 Sphagse = 1MW 3 1.2
7 8 0.015| 0.015 20 21 0.122| 0.092| 43 45 0.061| 0.015[ 31 0.07 37 1.8
8 40 0.046| 0.015/ 20 25 0.214| 0.046| 1 12 0.076| 0.146| 32 0.13 47 1.8
8 39 0.244| 0.046| 21 24 0 0 1 30 0.116| 0.146| 33 0.27

the network data is taken from [63]. There are no renewable generations in these two networks.
Test networks 3 and 4 are from Southern California Edison with renewable generations and taken
from [26,28]. Since the original data on these two networks consist of a single substation and contain
no loop, we make several modifications to add loops in order to test our algorithms. The modified
circuit diagram and network data of test network 3 are shown in Fig. 4.1 and Table 4.1. The modified
circuit diagram and network data of test network 4 are shown in Fig. 4.2 and Table 4.4.

In the simulations, the voltage magnitude of the substations is fixed at 1 p.u. The voltage
magnitudes at all other buses are allowed to vary within [0.95, 1.05]p.u. Our objective is to minimize
the power loss, i.e. oy =0,8; =1 for i € N in (3.3), which means F(p) := >, pi- For all four
networks, Algorithm 4.3 always computes an optimal configuration and Algorithm 4.4 computes a

configuration with only up to 3% loss in optimality.

4.4.1 Case I: Tai-83 Bus System [81]

The Tai-83 bus system consists of 96 lines and 13 of them needs to be kept open to satisfy the
configuration requirement. This network has been tested in [15, 18,45, 80, 81, 87] using different
approaches. In [45], Jabr, et. al show that opening lines (7, 13, 34, 39, 42, 55, 62, 72, 83, 86,
89, 90, 92) gives an optimal solution using mixed integer convex programming solver. The results
are summarized in Table 4.3, where we also show the loss reduction®, which represents the relative
saving on power loss due to reconfiguration.

We run both Algorithm 4.3 and 4.4 for this network. Algorithm 4.3 returns the same optimal
solution as [15,45,87]. However, Algorithm 4.3 is computationally very efficient since we only solved
39 OPF problems, which take 0.94 seconds on a laptop (MacBookpro). Algorithm 4.4 opens lines
(7, 13, 33, 39, 42, 63, 72, 82, 84, 86, 89, 90, 92) with a power loss of 471.39KW. Compared with the
optimal solution of 469.88KW, the difference in the power loss is less than 0.4% but we only need
to solve 1 OPF problem, which takes 0.024 second on a laptop.

power loss (after reconfiguration)

3 ion—1 —
loss reduction=1 power loss (before reconfiguration)
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Figure 4.1: A modified SCE 47-bus feeder. The blue bar (1) represents the substation bus, the red
dots (13, 17, 19, 23, 24) represent buses with PV panels, and the other dots represent load buses
without PV panels.

Table 4.2: Summary on Brazil-135 Bus System

Method Opened Lines Losses (KW) | Loss reduction
51,106,136 ,137 138,130,141 ,142 ,143
[63] 144,145 ,146 ,147 ,148 ,149 ,150 ,151 285.77 10.80%

,152 ,154 ,155 ,156
7 .35 51,90 ,96 ,106 ,118 ,126 ,135 ,137
[15,45] 138,141 ,142 ,144 ,145 ,146 ,147 ,148 280.19 12.54%
,150 ,151 ,155

7 .35 .51 ,90 ,96 ,106 ,118 ,126 ,135 ,137
Algorithm 3 | ,138 ,141 ,142 ,144 ,145 ,146 ,147 ,148 280.19 12.54%
,150 ,151 ,155

35 51 ,55 ,84 ,90 ,106 ,126 ,135 ,136
Algorithm 4 | ,137 ,138 ,141 ,143 ,144 ,145 ,147 ,148 288.01 10.10%
,152 ,150 ,151 ,155

4.4.2 Case II: Brazil-135 Bus System [63]

The Brazil-135 bus system consists of 156 lines and 21 of them needs to be kept open to satisfy the
configuration requirement. This network has been tested in [15,45,63] using different approaches.
In [45], Jabr, et. al show that opening lines 7, 35, 51, 90, 96, 106, 118, 126, 135, 137, 138, 141,
142, 144, 145, 146, 147, 148, 150, 151, and 155 gives an optimal solution using mixed integer convex
programming solver. The results are summarized in Table 4.2.

Algorithm 4.3 computes the same optimal solution as [15,45]. However, Algorithm 4.3 is compu-
tationally very efficient since we only solved 63 OPF problems, which take 2.2 seconds on a laptop.
Algorithm 4.4 opens lines 35, 51, 55, 84, 90, 106, 126, 135, 136, 137, 138, 141, 143, 144, 145, 147,
148, 152, 150, 151, and 155 with a power loss of 288.01KW. Compared with the optimal solution
of 280.19KW, the difference in the power loss is less than 2.8% but we only need to solve 1 OPF

problem, which takes 0.055 seconds on a laptop.
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Table 4.3: Summary on Tai-83 Bus System

Method Opened Lines Losses (KW) | Loss reduction
[18,80,81] 7,13 ,34 ,39 ,41 ,55 ,62 ,72 ,83 ,86 ,89 ,90 ,92 471.08 11.45%
[15,45,87] | 7,13 31,39 42 55 .62 ;72 .83 ,36 ,89 ,00 ,02 169.88 11.63%

Algorithm 3 | 7,13 ,34 ,39 ,42 )55 ,62 ,72 ,83 ,86 ,89 ,90 ,92 469.88 11.68%
Algorithm 4 | 7, 13 ,33 ,39 ,42 ,63 ,72 ,82 ,84 ,36 ,89 ,90 ,92 471.39 11.40%

Table 4.4: Network of Fig. 4.2: Line impedances, peak spot load KVA, Capacitors and PV genera-
tion’s nameplate ratings.

Network Data

Line Data Line Data Line Data Load Data Load Data Load Data
Fro To R X Fron] To R X Fro To R X Bus Peak | Bus Peak | Bus Peak
Bus.| Bus.| () () Bus.| Bus.| (Q) () Bus.| Bus.| (Q) (Q) No. | MVA| No. | MVA| No. MVA
1 2 0.160| 0.388| 20 21 0.251| 0.096| 39 40 2.349| 0.964| 3 0.057| 29 0.044 52 0.315
2 3 0.824| 0.315[ 21 22 1.818| 0.695 34 41 0.115| 0.278| 5 0.121| 31 0.053 54 0.061
2 4 0.144| 0.349| 20 23 0.225| 0.542( 41 42 0.159| 0.384| 6 0.049| 32 0.223 55 0.055
4 5 1.026( 0.421| 23 24 0.127| 0.028| 42 43 0.934| 0.383| 7 0.053| 33 0.123 56 0.130
4 6 0.741| 0.466| 23 25 0.284 0.687| 42 44 0.506| 0.163| 8 0.047| 34 0.067 Shunt Cap
4 7 0.528| 0.468| 25 26 0.171| 0.414| 42 45 0.095| 0.195| 9 0.068| 35 0.094 Bus Mvar
7 8 0.358| 0.314| 26 27 0.414| 0.386| 42 46 1.915| 0.769| 10 0.048| 36 0.097 19 0.6
8 9 2.032| 0.798| 27 28 0.210| 0.196| 41 47 0.157| 0.379| 11 0.067| 37 0.281 21 0.6
8 10 0.502| 0.441| 28 29 0.395| 0.369| 47 48 1.641| 0.670[ 12 0.094| 38 0.117 30 0.6
10 11 0.372| 0.327| 29 30 0.248| 0.232| 47 49 0.081| 0.196| 14 0.057| 39 0.131 53 0.6
11 12 1.431| 0.999 30 31 0.279| 0.260 49 50 1.727| 0.709| 16 0.053| 40 0.030 Photovoltaic
11 13 0.429| 0.377| 26 32 0.205| 0.495 49 51 0.112| 0.270 17 0.057| 41 0.046| Bus Capacity
13 14 0.671| 0.257| 32 33 0.263| 0.073| 51 52 0.674| 0.275 18 0.112| 42 0.054
13 15 0.457| 0.401| 32 34 0.071] 0.171 51 53 0.070| 0.170[ 19 0.087| 43 0.083 45 5MW
15 16 1.008| 0.385| 34 35 0.625| 0.273| 53 54 2.041| 0.780] 22 0.063| 44 0.057
15 17 0.153| 0.134 34 36 0.510| 0.209| 53 55 0.813| 0.334 24 0.135| 46 0.134 Vhase = 12kV
17 18 0.971| 0.722| 36 37 2.018/ 0.829| 53 56 0.141| 0.340| 25 0.100| 47 0.045 Shage = IMVA
18 19 1.885| 0.721| 34 38 1.062| 0.406| 1 32 0.113| 0.434| 27 0.048| 48 0.196 Zhase = 1440
4 20 0.138| 0.334| 38 39 0.610| 0.238| 53 57 0.1 0.3 28 0.038| 50 0.045
19 58 0.09 0.2

4.4.3 Case III: SCE-47 Bus System

The original data for the SCE 47-bus system does not contain loops, so we added two lines to connect
the substation bus 1 to two load buses, 12 and 30, respectively. Thus there are 49 lines and 2 of
them needs to be open in the modified feeder. In addition to the loads, there are 5 PV panels and
their power injections can be controlled. The nameplates for these 5 PV panels can be found in
Table 4.1.

There are in total 95 feasible configurations. We first calculate the objective value of all the 95
configurations. The best configuration is opening lines {(1,2),(8,9)}, resulting in 32.6KW power
loss. The average power loss is 63.7KW and the worst configuration’s power loss is 136.9KW across
the 95 configurations. Thus the average power loss is almost twice as bad as the minimum power
loss and the worst configuration is 4 times as bad as the minimum!

Both Algorithms 4.3 and 4.4 find the optimal configuration for this network. Algorithm 4.3 solves
4 OPF problems (0.055 second) and Algorithm 4.4 solves 1 OPF problem (0.014 second). Compared
with solving one OPF problem for each configuration to obtain the optimal solution, both algorithms

are much more efficient without any loss in optimality.



Figure 4.2: A modified SCE 56-bus feeder. The blue bars (1, 57, 58) represent the substation buses
and the red dot (45) represents the bus with PV panels.

4.4.4 Case IV: SCE-56 Bus System

In contrast to the SCE-47 system, where there are 5 relatively small PV panels, the SCE 56-
bus system consists of a single big PV system with a capacity of 5MW. We make the following

modifications:
e We add a line between bus 1 and bus 32 to create a loop.

e We assume there are two additional substations (bus 57 and 58): attached to substation 19

and 53, respectively.

There are 59 lines and 3 lines need to be kept open. There are in total 724 feasible configurations.
We first calculate the objective value of all the 724 configurations. The best configuration is opening
lines {(11,13), (23,25), (41,47)}, resulting in 9.89 KW power loss. The average power loss is 23.4KW
and the worst power loss is 211KW across the 724 configurations.

We run both Algorithm 4.3 and 4.4 for this network. Algorithm 4.3 computes the optimal
solution by opening lines {(11,13),(23,25), (41,47)} but solves just 9 OPF problems, which take
0.14 seconds. Algorithm 4.4 opens lines {(11,13),(23,25), (47,49)} with a power loss of 9.92KW.
Compared with the optimal solution of 9.89KW, the difference in the power loss is less than 0.3%
but Algorithm 4.4 only needs to solve one OPF problem, which takes 0.015 seconds.

4.5 Conclusion

We propose two algorithms with different tradeoffs on efficiency and accuracy for feeder reconfig-
uration, based on the SOCP relaxation of OPF. We derive a sub-optimality gap of the proposed
algorithm under certain conditions and argue that the gap is usually small for practical networks. We

also demonstrate the effectiveness of our algorithms through simulations on four practical networks.
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Appendix

4.A Proof of Lemma 4.2

We will first show that (po, f(po)) € O(P.). Since O(P.) = O(P), it is equivalent to prove
(po, f(po)) € O(P).

By property of Pareto Front [12], for each point (po,por) € O(P,.) = O(P), there exists a convex
nondecreasing function F* : R? — R such that (pg,po/) is an optima for OPF-£. Given any
(po,por) € O(P), let F*(po,por) be the objective function such that (pg,po-) solves OPF-E. Since

F*(po, po) is a nondecreasing function, OPF-£ can be written equivalently as

min F*(po, por)
Po

s.t. por = f(po)-

Therefore, at optimality, f(po) = por and (po, f(po)) € O(P).

Next, we prove f(pg) is a strictly convex decreasing function of py.

Lemma 4.5. Let A be a compact and convex set in R%. Define g(x) := y for any (x,y) € O(A).
Then y = g(x) is a convex decreasing function of x for (z,y) € O(A).

Proof. We first show g(z) is a decreasing function and then show g(z) is also convex.

Let (z1, g(z1)) and (22, g(z2)) be two points in O(A). Without loss of generality, assume z1 > x2.
If g(x1) > g(x2), it violates the fact that (z1,g(x1)) € O(A) and hence g(x1) < g(x2), which means
that g(z) is a decreasing function.

Next, we will show g(-) is convex. Recall that A is a compact set, we have (1, g(x1)), (z2, g(z2)) €

O(A) C A. Ais also a convex set, and thus (2322 g(ml);g(“)) € A. By definition of Pareto front,

Ty + X9 . 9(x1) + g(z2
o OET =gy < YT
(52 y)eA
which shows ¢(z) is a convex function. O

Since X, (€) is convex and compact by A5, its projection on a two dimensional space P, is also

compact and convex. Note that (po, f(po)) € O(P.) by part 1) of Lemma 4.2, we have part 2).
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4.B Proof of Theorem 4.3

For the line network in Fig. 4.2, denote é = (k,k + 1) (Line 4 in Algorithm 1). Without loss of
generality, assume P,;J; 41 > 0 and we need to show that e* is the optimal line to open for OFR, i.e.
either (k,k+ 1) or (k+ 1,k + 2) will be opened for the optimal solution.

Based on Theorem 4.1, there exists a unique solution z* for any OPF problems with convex
nondecreasing objective function. Therefore there is also a unique solution z* to OPF-Es for any
feasible real power injection py at substation 0. In other words, z* is a function of py and let
x(po) = (s*,5*) represents the solution to OPF-£s with real power injection pg at substation O.
We skip v and ¢ in x since v; is fixed by A2 and £y ;11 is uniquely determined by S 41 according

to (3.2c). By Maximum theorem, x(pg) is a continuous function of py.

Lemma 4.6. Suppose A2-A6 hold. Then Py, j+1(po) is an increasing function of po for all (k,k+1) €
E.

Proof. See Appendix 4.C for the proof. O

Since Py r+1(po) is an increasing and continuous function of pg, there exists a unique pg to

Py 1+1(po) = 0 and denote py(k) := P,;;H(O), ie. Py rt1(po(k)) =0.
Lemma 4.7. Suppose A1-A6 hold. Then po(k) < po(k +1) for 0 <k <n.
Proof. By Al (p; <0 for i € ;) and (3.2b), we have for 0 < k < n,

Pr, i+1(po) = Prt1,k+2(0) — Prt+1 > Prt1,k+2 (Do),

which means

0= Prr+1(po(k)) > Pry1k+2(po(k)).

By Lemma 4.6, Pi11 k+2(po) is a increasing function of pg, hence po(k) < po(k + 1). O

Recall that (p§, p’éfr 1) is the minimal real power injection for subtrees G§ and g{;,“, respectively.

Our next result shows that (pf, pk™) = (po(k), f(po(k)))-

Lemma 4.8. Suppose A2-A6 hold, then

(w5, 265") = (po(k), f(po(k))) (k. k+1) €€,
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Proof. By definition, Py +1(po(k)) = 0. Then, we have

22k k41 Qrk+1(P0 (k) = L ps1 (Po(K)) 2k e [
Q% 51 (po(K))
U1 (po(k)) = B2
v,
if vy, = v41 based on (3.2b) and (3.2¢c). Solving the above two equations gives Qg x+1(po(k)) = 0.
Therefore, po(k) is a feasible power injection for subtree GF and it means pf < po(k). Next, we
will show that po(k) is the smallest possible power injection for G§. Suppose we have pk < po(k),
then (pf, f(po(k))) is a feasible power injection for network G with p§ < po(k). It contradicts
(po(k), f(po(k))) € O(P) (Lemma 4.2). Therefore we have p§ = po(k) and pf™ = f(po(k)). O

By Lemma 4.2, (po(k), f(po(k))) € O(P). Then Lemma 4.8 means the minimal power injection
for each partition of graph G locates exactly on the Pareto front of the feasible power injection region

of OPF-E. Therefore the OFR problem (4.8) is equivalent to the following problem:

: k k+1\ _ .
Og}clgnF(pmpw )—OgllggnF(po(k),f(po(k))% (4.12)

whose minimizer is denoted by k*.

On the other hand, by (4.10), OPF-£ can be rewritten as

min F(po, f(po)),
Po

whose unique minimizer is denoted by pg.

Lemma 4.9. Suppose A1-A6 and P}, ;_(py) > 0 hold. Then,

po(k) < p§ < po(k +1).

Proof. By our assumption at the beginning of the proof, P; ; ,(pj) > 0, which implies that po(k) <

pg- since P;;_;;+1(P0) is a increasing function of py based on Lemma 4.6. On the other hand, by Al

Prii1®0) = Piy iy 2(00) = Py (90) > Py 2 (P0)

implying that Py, 3, ,(p5) < 0. Otherwise [Py ;. (p5)| > P11 442(p5), contradicting that (k, K+
1) = arg min {|P*(€)|}. Therefore, p§ < po(lzz +1) since P, ;,,(po) is an increasing function of po
by Lemma 4.6. O
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Considering Lemma 4.7 and 4.9, we have

po(k) <py k<k

po(k) >ps k>k
Since F(po, f(po)) is a convex function with minimizer p¥, we have for ki < ky < k

F(po(k1), f(po(k1))) = F(po(kz), f(po(k2))) = F(pg, f(p5))-

For kl Zkg Z];‘,

F(po(k1), f(po(k1))) < F(po(k2), f(po(k2))) < F(pg, f(pg))s

which indicates the OFR problem (4.12) can be reduced to

min Fpo(k), f(po(k) = min Fpo(k), f(po(F)))
<k<n k=k,k+1

which is solved in line 6 of Algorithm 1. Hence Algorithm 1 solves the optimal solution to OFR.

4.C Proof of Lemma 4.6

For a line (k,k + 1) between two buses k and k + 1 with fixed voltage magnitude, (Sk k+1, lkk+1)
are governed by (3.2b)-(3.2¢c) and Qg k+1,fk k+1 can be united solved given a Py 41 if A3 holds.

Denote

&(Pr+1) = —Pr k1 = Prjr1 — Uk 1Tk k1

and we have the following result.

Lemma 4.10. Suppose A2 and A3 hold, ¢(Py r+1) is a concave increasing function of Py pt+1 for

(k,k+1)€&.

Proof. By (3.2c), we have g 41 = (P,f’kJrl + Qi)kﬂ)/vi and substitute it in ¢(Py k1), we have

Tk k+1
A(Prk+1) = Prpr1 — ” (P2 iy1+ Qigr) -

K2

The relation between Py r+1 and Qg k41 is governed by (3.2b). Let 0y k41 := 6; —0; and then P, 41
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and Q) k+1 can be written as

ViTk,k+1 Uiy .
Pyr1 = sin(Ok k+1 — Bk k+1
* |2k 412 Es (Bt +)

ViTk, k41 ViV
Qrk+1 = |;k il 1/ P ;;P coS(Ok k1 — Brk+1)s

where By k11 1= arctanry g1/ k+1. Substitute them into ¢(Py x+1), we obtain

ViTk k+1 V; U4 .
$(Pipr1) =~ 4 [ ——L s sin(B) k1 + Brprn):
|2k k1] |2k k1]

Take derivative of ¢(Py x+1) with respect to Py k41, we have

dd(Pr 1) cos(Ok ky1 + Brkt1)

APy k1 cos(Ok k+1 — Brk+1)

which is always positive by assumption A3 that |0y k41| < arctanxy g41/7% k+1. Furthermore,

Po(Prprr) _  [lzepnl?  sin2Brrin
AP iy vvj  cos®(Ok k1 — Brek+1)’

which is always negative by assumption A3 that |0y k41| < arctanxy g+1/7k k+1. Thus, @(Py r+1) is

a concave increasing function of Py p41.

O

Lemma 4.10 means that if the one end of the line increases its real power injection on the line,
the other end should receive more real power under assumption A2 and A3. We now show that
Py 1+1(po) is a nondecreasing function of py for all (k,k+1) € £.

Suppose Py r+1(po) is not a nondecreasing function of py at p§ for a line (k,k + 1) € &, then

either C1 or C2 below will hold for arbitrary small € > 0,

C1: 3pg € (po,p§ + €) such that Py xy1(po) < Prr+1(0§)-
C2: 3pg € (po — €,p) such that Py xy1(po) > Prr+1(05)-

We will show by contradiction that (p§, f(p§)) ¢ O(P) in this case, which violates Lemma 4.2.
Assume without loss of generality that P, ;11(po) is a nondecreasing function of pg for 0 <14 < k.
Case I: q(p§) > q,- Suppose C1 holds, then there exists a monotone decreasing sequence p(()m) Ry

such that {Pk7k+1(pém)), m € N} is a monotone increasing sequence that converges to Py x+1(p§)
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because z(pg) is continuous over pg. By power balance equation (3.2b) at bus k, for any m, we have

pk(p(()m);g) = Pk,k+1(pém))—¢(Pk—1,k(p(()m)))

< Pk,k+1(108m+1)) - (ZS(Pkfl,k(p(()erl)))
pém—i—l)).

P (

Thus {pk(p(()m)),n € N} is a monotone increasing sequence that converges to pr(pj). We now
construct a point & = (P, Q, 7, q) as follows. First, pick up (ﬁk)k+]_,©k;)k+1,ﬁk,dk) such that pj €
{pk (pgm); G),m N}, gx € (gk, qr(py)) and they satisfy the following equations:

Pr i1 =Pr i1 (05) — i(05) + Pr (4.13a)
Qker1 =Quese+1(05) — a1 (P5) + G (4.13b)

D2 N2
Py i + Qi g

|2k k1] (4.13c)
Uk

Vg1 =V, — 2(Tk k1 Prohot 1 + Thohot1 Que k1) +

The existence of (Pk;,k_i'_l, Qk7k+1, Dk, k) is guaranteed by the following two facts:

° (pgm)) is a monotone increasing sequence that converges to pg(pj).

e (i is a continuous decreasing function of py, if they satisfy (4.13).

Since pk,k+l € [Pk,k;_‘_l(pél)), P, k+1(p§)] and x(po) are continuous over pg, then there exists a pj, €
(b5, p5”] such that Sy ki1 (Bh) = Skt

Next, we will construct the feasible physical variable for ¢ # k. For 0 < i < k, let §; = s;(p{) and
Siiv1 = Siiy1(py). For k < i <m,let 3 = s;(p)) and S; ;11 = Siiy1(p}). Clearly that 7 € X(E)
with (p§, f(py)) as the real power injection at substation 0 and 0'. However, f(py) < f(p§), which
contradicts (p, f(pg)) € O(P).
Case II: qx(p§) < G, Similar approach can be used to show C2 does not hold by contradiction.

So far, we have shown that Py x+1(po) is non-decreasing either on its left or right neighborhood.
Thus Py 1,+1(po) is non-decreasing of pg if q, <d because P(pp) is a continuous function of py. The

case where q, = q can be covered by taking limitation of the case of q, <qp-

4.D Proof of Theorem 4.4

Lemma 4.11. Suppose A2+ and A3-A6 hold. Given a solution x(pg) to OPF-Es, Py +1(po) is a

concave increasing function of po for all (k,k+1) € £.

Proof. Tt is shown that Py x4+1(po) is a nondecreasing function of py in Lemma 4.6. We now show

it is also a concave function of py. Let Gy = (N1,&1), where A7 = {i | 0 < ¢ < k+ 1} and
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& ={(i,i+1) | 1 <4 <k}. All the physical constraints are the same as G except the bus injection

power si41 at node k + 1, which is relaxed to be a free variable. Mathematically, it means

liiv1(G1) = 4iip1(G) 1<k
5i(G1) = si(G) i<k and Sp41(G1) =0
5,(G1) = 8(9) i<k and s,,,(G1)

—00.
Consider the following OPF problem:

OPF-Gsl: min pr41 s.b. po is a fixed.
z€X(G1)

Let px+1(po; G1) be the optimal value for OPF-Gsl and Py ;+1(po; G1) be the real branch power flow
across line (k, k + 1), respectively.
Next, we will show Py x+1(05) = Prkt1(ph; G1). Clearly that P r11(pf) < Pr.r+1(p5;G1). Oth-

erwise, by Lemma 4.10, we have

—Pr+1(Po; gl) = ¢(Pk,k+1(173; G1)) < ¢(Pk,k+1(278))7

which contradicts that py11(pg; G1) is optimal for OPF-Gsl. Thus, it suffices to show Py p11(p§) <
Py, 1+1(phy; G1) does not hold. Suppose Py, k+1(p§) < Pr.k+1(pG; G1) holds. By Lemma 4.6, Py, ;41(po)

is a nondecreasing function of pg, and thus there exists a pp > pf such that

Py 1+1(Po) € [Prk+1(00), Prk+1(pg; G1))-

Recall that X,.(€), which is the set of feasible solutions after the SOCP relaxation, is convex and is
connected, there exists a x € X, () with Py 41 = Pr r+1(Po) but po = p§. It means (pg, f(po)) is
also feasible for OPF-€, which contradicts that (po, f(po)) € O(P).

Now we have Py ;11(p§) = P k+1(p§; G1). Since the convex relaxation is exact, pr+1(po; G1) is a

convex decreasing function of py by Lemma 4.2. In addition,

&(Prk+1(00)) = &(Pr k+1(0; G1)) = —Pr+1(Po, G1),

where ¢(+) is a continuous increasing function, and thus is invertible. Thus, we have Py +1(po) =

¢~ (—pr+1(po, G1)), which means Py x41(po) is a concave function of pq. O

Let p (k) be the solution to Py x11(po;G) = 0 and p§(k) be the solution to Pyy1 x(po;G) = 0.

The uniqueness of p(’;(k’) and p§(k) can be shown in a similar manner as the uniqueness of po(k) in

the proof of Theorem 4.3. When the voltage magnitude of each bus is the same, pg(k) = p4(k) and
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they degenerate to po(k).

Lemma 4.12. Suppose A1,A2+,A3,A4 hold. For any (k,k+ 1) € &, pk = pg(k:) and p’OC,H =
Fwh(k)).

Proof. It suffices to show pg (k) is optimal for G& due to symmetry. First, we show pg (k) is feasible
for G¥. Given a solution :r(pg(k)) to OPF-Es, let Z := (P, Q, p, §), where

Siiv1 = Siin(l(k) i<k
5 = slp(k) i<k
P = pre(p)(k)
@ = Pl (k) = Qrrra(pf (k).

Thus, we have Z € X(GF), which means p (k) is feasible for G§. Next, we will show pf (k) is the

minimal power injection for G§. Suppose pg < p(’; (k) is feasible for GF, then we can construct
a feasible solution Z € X(&) and the real power injection at node 0 and 0’ are py and f (pg)c (k)),
respectively. Therefore it contradicts that (pg k), f (pg (k))) € O(P). The construction process is as

follows:

. Sii+1(Do) i<k

Siiv1 =
Siina(ph (k) i >k,

si(po) i<k
§i = 4 pr(bo) +i(ar(Bo) + Quir1 (P (k) i=k-

si(ph (k) i>k
It can be verified that Z € X(€). Therefore, we show that pg (k) is the minimal power injection for
gk, O

Lemma 4.13. Suppose A1,A2+,A83,A4 hold. Then we have

phk) —phk)  _ 1
Phk D)~ ph(k) ~ Ri

Proof. By Lemma 4.11, Py 1,+1(po) is a concave increasing function with respect to pg. Therefore

—Piy1,5(po) = ¢(Pr.k+1(po)) is also a concave increasing function of py. Recall that —P;Hl’k(pg(k‘)) =
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—Ly, —Piy1.1(P4(k)) = 0 and —P;HLk(pg(k‘ +1)) = —pr+41 = —Ppy1, and we have

0—(=Li) o —Pry1 =0
py(k) — pl (k) ~ pl(k+1) - ph(k)

by definition of a concave function. Rearrange the above inequality, and we obtain

ph(k) —pb(k)  _0— (L) _ 1

ph(k+1) =ph(k) = “Pryr =0 R’

O

Lemma 4.14. Let g(x) be a strictly convexr decreasing function supported on [a,b] and kg =
infye(ap) glJr(po). Define G(z) := c1g9(x) 4+ cox (c1,¢2 > 0), which is also strictly conver with a

unique minimizer x* on [a,b]. Let a <y; < -+ < yap_1 < yan < b be a partition on [a,b] such that

Yoi — Y2i-1 < 1

<3 (1<i<n-1) (4.14)

for some R > 0. Then there exists a 0 < k < 2n such that yr < ¥ < ygy1, where yo = a and
Yont1 = b. Let G, := c19(Yai) + c2y2i—1 for 1 <i<n and G* := mini<;<, {G;}. Define

G1 ifk=0
Gn if k=2n
Gy =
G(k—l)/2 ka is odd
min{Gy 2, Gr/a41} if k# 0,2n and is even
Then
2 2 2
G"<Ga<G +maxd L 2
e’ 1) R%ky
Proof. Without loss of generality, assume ¢; < ¢y and let )\ := % The unique minimizer z* of
G(z) := c19(x) + cox is
" = arg sup {z |G/ (z) <0}

z€[a,b]

= arg sup {z|g\(z) < -A}
z€la,b]
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In addition, let

1
T, = arg sup {x | (@) < =M1+ )}
z€Ja,b] R
z, = arg inf {z|g\ (zr)>-\1- l)
T gze[a,b] 9+ - R '

Then we have x; < 2* < z,. because g(x) is strictly convex. Let

t1 = max{i|y_1 <z}

to = min{i|yo > 22 — 2"}

ts = min{i |y > 2"}

ty = max{i|ys_1 <2z, —z*}.

Next, we will prove the result for different & as sequel.
Case I: £ = 2n. In this case, we have d, = G,, t1 = n. We need to further divide it into two
categories.

(1.a) [yot,—1 < xp or Yor, —1 € [z, 2*] and t; = to].

For any ¢ < t1,

Gi_CiOGiH = Ag(y2i) + Y2i-1 — 9(y2i+2) — AY2it1
> Ag(Y2i) + y2i—1 — 9(Y2it+1) — Ay2it1
= AMy2i-1 — v2i) + G(y2i) — G(y2i+1)
> %(ym —Y2iv1) + G(y2i) — G(y2i11)
> 0. (4.15)

The first inequality follows from g(x) is an increasing function and the second inequality follows
from the assumption (4.14). For the last inequality, if y2;, -1 < 2;, we have G’ (y2i41) < —A/R
for all i < n and the inequality holds according to mean value theorem. If yo;,—1 € [z;,2*] and

t; = ta = n, the inequality holds for ¢ < n — 1 due to similar reason above. When i =n — 1,

G(y2i) — G(y2i41) > G/Jr(l'l)(y% — Y2iy1) > —%(yzz‘ — Y2i41)

because ya,—2 < 22; — 2* by definition of t5 and G(z) is convex. (4.15) means the sequence {G;} is
of descending order and G* = G, = G 4, and thus G* — G4 = 0.
(1.b) [yat,—1 € [z, 2*] and t2 < t4].
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In this case, y2;+1 — y2; < 2(z* — ;) for t2 < i < t;. Denote

Y2it1 — Y2i _ 2(x* — @)
R - R

0Yi = Y2i — Y2i—1 < (4.16)

for to < < t;. Note that the curvature of g(x) is bounded below by x4, and that 2* —z; < A/(Rky).

Substitute it into (4.16), and we have for ¢t <i < t;

2
oy < . 4.17
yi < o, (4.17)
Then for t; <14 < tq,
Gi— Gy = cag(yei) + cayei1 — Gy,
> c19(y2i) + coy2i—1 — G(Yat, —1)
= —c20y; + G(y2i) — G(y2t,-1)
> 20%
- a1 R?ky’

Clearly the first inequality holds. The second inequality follows from (4.17) and G(z) is monotone

decreasing for = < x*.

. . - 2c3
Fori < t3, G; > Gy, can be shown in a similar manner as (1.a). Thus, we have G;—G,, > — CIRC;N
g
. . . . * 203
for any % < n, which indicates G4 — G* < TRy

Case II: £k = 0. In this case, G4 = GG and the bound can be established in a similar manner as Case

1.
Case III: k is odd. In this case, Ga = G(r_1)/2, t1 = t3 = (k — 1)/2. A similar approach can be
applied as Case I and Case II to show

25% oo -

— <

G > G(y2t,-1) Cszﬁg ifi<t
G(yats) — 2 if 1 > t3.

c1R?kg

2
And GA = G(k—l)/2 < maX{G(ygtl_l),G(ygtS)} < Gz + cj%cfﬁg for 1 <1< n.
Case IV: k # 0 and is even. In this case, G4 = min{Gy /2, Gijo41} and t; = k/2, t3 = k/2+ 1. A

similar approach can be applied as Case I and Case II to show

2¢2 o
a > th - cch22nq if 4 é tl
;> .

2
Gy, — —%—  ifi>1s

c1R%ky

and we arrive at our conclusion. O
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Consider the sequence p{ (0) < p§(0) < ... < pl(n) < p4(n) as the partition on I,,, and f(po) as

the function g(z) in Lemma 4.14, and we can prove Theorem 4.4.
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Chapter 5

Alternating Direction Method of
Multipliers (ADMM)

Alternating direction method of multipliers (ADMM) blends the decomposability of dual decompo-
sition with the superior convergence properties of the method of multipliers [11]. It is well suited to
distributed convex optimization, and in particular to large-scale problems arising in statistics and
machine learning. In this chapter, we first review some background knowledge of ADMM. Then we
show how to develop efficient centralized and distributed algorithms for a broad class of optimization
problem based on ADMM. The proposed approach is applied in the design of efficient algorithms
that solve the OPF problem on balanced networks in Chapter 6 and unbalanced networks in Chapter

7.

5.1 Background on ADMM

Consider the following optimization problem!:

min  f(z) + g(y)
over x,y € C"™X" (5.1)

s.t. res yeky

=Y,

where f(z),g(y) are convex functions and K,,/C, are convex sets. Let A denote the Lagrange

multiplier for the constraint x = y. Then the augmented Lagrangian is defined as

Loy, N) = [(@) +9(y) + Az = y) + Slle —yl3, (5:2)

1This is a simplified version of the general ADMM introduced in [11]. The general problem allows a linear constraint
Az+ By = c between z and y instead of z = y. The z variable used in [11] is replaced by y since z represents impedance
in power system.
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where p > 0 is a constant. When p = 0, the augmented Lagrangian degenerates to the standard

Lagrangian. At each iteration k£, ADMM consists of the iterations:

2" e arg min L,(x, 4", \F) (5.3a)
rel,

y* L e arg n€1,1cn Ly (a1 gy, \F) (5.3b)

ML — 2B gkt — R, (5.3¢)

Specifically, at each iteration, ADMM first updates x based on (5.3a), then updates y based on
(5.3b), and after that updates the multiplier A based on (5.3c). Compared to dual decomposition,

ADMM is guaranteed to converge to an optimal solution under less restrictive conditions. Let

ko= 2R — o2 (5.4a)
s = pllyt =y e (5.4b)
which can be viewed as the residuals for primal and dual feasibility, respectively. They converge to
0 at optimality and are usually used as metrics of convergence. Assume:

e Al: f and g are closed proper and convex.

e A2: The unaugmented Lagrangian L has a saddle point.
The correctness of ADMM is guaranteed by the following result; see [11, Chapter 3].

Proposition 5.1 ( [11]). Suppose A1 and A2 hold. Let p* be the optimal objective value. Then

lim r* =0, lim s* =0,
k—o0 k—o0

and

lim f(2*) +g(y*) = p*.

k—o0

To better leverage ADMM, we generalize the above standard ADMM as below. Instead of using
the quadratic penalty term £z — y||% in (5.2), we will use a more general quadratic penalty term,
1

2(z—y)" A(z —y), where A is a positive diagonal matrix. Then the augmented Lagrangian becomes

La(z,y,A) i= f(o) + g(y) + (N z—y) + %(m -y Az - y). (5.5)

The convergence result in Proposition 5.1 carries over directly to this general case.
ADMM has broad applicability in different areas, e.g. matrix factorization [83], image recovery

[1]. It is particularly useful when the subproblems can be solved efficiently [34], for example when
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the subproblems in the z-update (5.3a) and the y-update (5.3b) admit closed form expressions. In
the following analysis, we show how to develop efficient algorithms for a broad class of optimization

problem through ADMM.

5.2 Algorithm Design using ADMM

There are various generic optimization solvers for convex programs, e.g. Gurobi [69] and MOSEK
[68], etc.. Most of them employ general purpose algorithms, such as interior point method [64],
and do not leverage the special problem structures, which are conducive to improving the compu-
tation efficiency. In this section, we will apply ADMM to develop both centralized and distributed
algorithms that can efficiently solve a broad class of problem defined in (5.6).

Consider the following optimization problem:

min Z filxs) (5.6a)

ieN
over  {z;|ieN} (5.6b)
s.t. Z Ajjz; =0 for ieN (5.6¢)
JEN;
z;, €K; for ieWN, (5.6d)

where for each i € NV, z; is a complex vector, f;(x;) is a convex function, K; is a convex set, and A;;
(j € N;,i € N) are full row rank matrices with appropriate dimensions. A broad class of graphical
optimization problems (including ROPF) can be formulated as (5.6). Each node ¢ € N is associated
with some local variables stacked as x;, which belongs to a local feasible set K; and has a cost
objective function f;(z;). Variables in node i are coupled with variables from their neighbor nodes

in NN; through linear constraints (5.6¢). The goal is to minimize the total cost across all nodes.

5.2.1 Centralized Algorithm

In this subsection, we develop a computationally efficient centralized algorithm that solves the

problem in (5.6). We introduce a set of variables y; for ¢ € N, which represents a “duplicate” of the
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original variable x;, and then (5.6) can be reformulated as

min Z fi(xy) (5.7a)

ieEN

over z={z;|ieN}
y={yilieN}

s.t. Z Aijyj =0 for ieN (57b)
JEN;
z,eK; for ieN (5.7¢)
v;=y; for ieN, (5.7d)

where x and y represent the two groups of variables in standard ADMM. The consensus constraint
(5.7d) ensures that each duplicate y; equals the original variable xz;, and thus the solution z* to (5.7)
is also optimal to the original problem (5.6).

The problem (5.7) falls into the standard form of ADMM, where (5.7b) and (5.7¢) correspond
to ICy and K, respectively. The key feature of (5.7) that makes it potentially easier to solve than
(5.6) is that z; are decoupled into local costs f;(z;) and local constraints (5.7c), and that, taking
the entire vector y = {y;,7 € N} as a single local variable, (5.7b) is a local constraint. Moreover,
the cost function does not contain y and, as we will see below, this allows a closed form solution
for the subproblem that updated the y variable. Then the only coupling constraint is the consensus
constraint (5.7d), one for each i. This is not only simpler and more local than the constraint (5.6c¢),
more importantly, it decouples variables x; and x;. This allows the z-update step to be completely
local to each i (see (5.12) below).

Loosely speaking, the optimization subproblems ((5.3a) and (5.3b)) are potentially easy to solve
because the constraints (5.7b) and (5.7¢) are distributed into different optimization subproblems.

Following the standard ADMM procedure, we will relax the consensus constraint (5.7d), whose
Lagrangian multiplier is denoted by \; for ¢ € A/. Then the augmented Lagrangian for (5.7) can be

written as

Ly(w,y.N) = Y (Fild) + o =) + Dlles = will3) (5.8)
ieN

In the z-update (5.3a) at each iteration k, we solve the following optimization problem to update

k1

: k yk
"cnelllCIL Lp(x7y ?)\ )7 (59)
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where K, is the Cartesian product of each local constraint ;, i.e.

For the objective, it can be written as a sum of local objective as shown below

p
Ly(o,y' A = 3 (filws) + Oz =) + Dl = 13)
ieN
= Z Hi(z;) — ZO‘?) yf>7
ieEN iEN

where the last term >, \(A¥, y¥) is independent of the decision variable z and
Hi(w) = fila:) + (M, @) + Sl — wb 3. (5.10)
Then the problem (5.9) can be written explicitly as

min Z H;(x;)
ieN
over x={x;|ieN} (5.11)

s.t. x; €Ky for i€ N,

whose objective and constraint are both separable, and hence can be decomposed into |A| indepen-
dent problems that can be solved in parallel for each node i € A. The associated problem for node
7 is

in H;(z;). 5.12
min () (5.12)

Whether (5.12) can be solved efficiently depends on the form of f;(z;) in the objective H;(z;) and
the constraint set IC;. For the ROPF problem on balanced radial distribution networks, we show in
Chapter 6 the corresponding (5.12) can be solved with closed form solution.

Next, we investigate the subproblem solved in the y-update (5.3b). At iteration k, the variable
y**1 is updated according to (5.3b):

in L, (2" ky. 1
[nin p (@, AF) (5.13)
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For the objective, it can be written as

: 14
L@y, ) = )y (fi(wf“) + O 2 ) + Sl - yz'II%)
ieEN
= Z Gl(yZ) + Z (fi(mi'chl) + </\§7$§+1>) )
1EN 1EN

where the last term Y, (f; (BT 4+ (0, :cf“)) is independent of y; and

p
Gily) ===\l wa) + §H~T§H — yill3-

The constraint K, can be written explicitly as

Ky: y|ZA”y]:OfOI'ZEN

JEN;

Then the subproblem solved in the y-update can be explicitly written as

min Z Gz (yl)

ieN
over y={y; |i €N} (5.14)
s.t. Z Aijyj =0 for 1€N.
JEN;

To solve (5.14) in closed form, we can stack the real and imaginary part of the variables y = {y; |

i € N'} in a vector with appropriate dimensions and denote it as . Then (5.14) takes the following

form:
1
min 5gTMg +c'y
over 7 (5.15)
st.  Aj=0,

where M is a positive diagonal matrix, A is a full row rank real matrix since A;; has full row rank,

and c is a real vector. M, ¢, A are derived from (5.14). There exists a closed form solution for (5.15)

given by
= (M*lAT([1]\4*1,2@)*1,21M*1 - M*l) c. (5.16)

which can be obtained by the KKT conditions of (5.15).

In summary, the original problem (5.7) is decomposed into two subproblems that can be solved
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using ADMM. At each iteration, we solve (5.12) in the z-update and (5.14) in the y-update. Since
there exists a closed form solution (5.16) to (5.14), whether (5.7) can be solved efficiently depends
on the existence of an efficient solver for (5.12).

In Chapter 6, we show that the corresponding (5.12) admits a closed form solution for the ROPF
problem on balanced radial distribution networks. However, for unbalanced radial distribution
networks, the corresponding (5.12) does not admit any efficient solution. In the following, we will
investigate how to further reformulate (5.7) such that all the subproblems can be solved efficiently
for unbalanced networks as well.

For i € NV, let K (0 <7 < R;) for some integer R; > 0 denote a superset of K; and
NE K = K.
Then (5.6) can be reformulated as

min Z fz (1‘,’0) (517&)

1EN

over  z={z4 |0<r<R;ieN}
y={yili €N}

st > Ayy; =0 for ieN (5.17b)
JEN;
Tir €Ki for 0<r<R; ieN (5.17¢)
Ty =1y; for 0<r<R; iecN. (5.17d)

In contrast to (5.7), where there is one copy x; for each node 7 € N, there are multiple copies ;. in
the xz-update for each node i € N. Likewise, we apply ADMM and relax the consensus constraint
(5.17d), whose Lagrangian multiplier is denoted by A;. for 0 < r < R; and ¢« € N. Then the

augmented Lagrangian for (5.17) can be written as

N

r=

R,
Ly(w,y.0) = (ﬁ-(xio) + 3 (i ir = i) + Sl - yz-n%)) . (5.18)

iEN

In the z-update, the optimization subproblem that updates z**?! is

Iin Ly(z,y", A%). (5.19)
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For the objective, it can be written as a sum of local objective as shown below:

R;
Ly(x,yF ) = Z<fi<xio>+2(<xﬁ,xir—yf>+§||xi,.—yf||§)>

iEN r=0
R; R;
= DD Hilww) = D> (N ul),
ieN r=0 iEN =0

where
p
Hip(ir) = fi(@i0)1grmoy + (Ao, 240) + §H93ir —yrll5-

For the constraint set Ky, it can be represented as a Cartesian product of ).\ (R; + 1) disjoint

sets, i.e.
_ R;
Kz = Qien @20 Kir.

Thus, the z-update can be decomposed into ) ;. \-(R; + 1) subproblems and there are R; + 1
subproblems associated with node ¢. The 7, (0 < r < R;) problem for node i is

min  H;(x4). (5.20)

Tir €L

(5.20) is structurally simpler than (5.12) due to the simpler constraint. However, whether (5.20)
admits an efficient solution relies on both the partition and the form of ;. In Chapter 6, we show
that a single partition (R; = 0) suffices for solving OPF efficiently in balanced networks, i.e. (5.7)
can be used directly. In Chapter 7, we show that two partitions (R; = 1) are required in order to
have a computationally efficient algorithm for the ROPF problem on unbalanced radial distribution
networks.

In the y-update, the optimization problem that updates y**+1 is

: k+1 k
ynel}cli LP(I 7y7>\ )’ (521)

which has similar structure as (5.13) and can be written explicitly as below.

min Z G,(yl)
iEN
over y={y;|ieN} (5.22)
s.t. Z Aijyj =0 for ieN,

JEN;
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where

R;

Gily) =Y (~ Ok v+ Ellak = will3).

r=

(5.22) still takes the form of (5.15) and admits a closed form solution (5.16).

5.2.2 Distributed Algorithm

In section 5.2.1, we show how to develop an efficient solution using ADMM that solves (5.6) in
a centralized manner. In this section, we further leverage ADMM to develop a computationally
efficient distributed algorithm.

Recall that the original optimization problem (5.6) can be mapped onto a graph G(N,&). Then

a distributed algorithm satisfies the following two properties:

e Computation is local to each node i € N such that all the nodes in N can solve their own

problems in parallel.
e Communication is only required among neighbors on the graph G.

For the centralized algorithms that solve (5.17), the problem in the z-update (5.19) can be decom-
posed into |[N| subproblems, i.e. the subproblems (5.20) are local to each node i. However, the
problems solved in the y-update (5.22) involve variables from all the nodes in A. In this subsection,
we will further reformulate (5.17) such that the subproblems in the y-update can also be decomposed
into local subproblems, which can be solved in parallel.

Note that the coupling among nodes is due to (5.17b) in (5.17). To decouple the constraint
(5.17b), we introduce another set of slack variables y;;, which represents the variables of node j

observed at node i for j € N;, i € N. Then (5.17) can be further reformulated as

min Z fi(zio) (5.23a)
iEN
over x={2y |0<r < Ryi e N}

y=A{yjilj€ Ni,i € N}

st > Ayy;=0 for ieN (5.23b)
JEN;
ZTir €Ki for 0<r<R;, ieN (5.23¢)
Tip =1y for 1<r<R; ieN (5.23d)
Ti0 = Yij for je N; @€ N. (5238)

The constraints that involve both = and y in (5.23) are the two sets of consensus constraints (5.23d)

and (5.23e). Therefore, we relax both constraints, whose Lagrangian multipliers are denoted by A;;-
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and p;5, respectively. The augmented Lagrangian then can be written as

L,(z,y,\ 1) (5.24)
- P p
= Z fi(wio) + Z (<)\ir7xir —Yii) + §Hxir - Z/uH%) + Z (<,uija1'i0 — Yij) + §||3?i0 - yzj||§)
ieEN r=1 JEN;

Next, we show that both the z-update (5.3a) and y-update (5.3b) can be decomposed into local
subproblems that can be solved in parallel by each node ¢ with only neighborhood communications,
i.e. the problem (5.23) can be solved in a distributed manner using ADMM.

For each node ¢ € N, it updates not only its own duplicates x;, and the associated multiplier ;.
for 0 < r < R;, but also the “observation” of variables y;; from its neighbor IV; and the associated

multiplier p;;. Let A; denote the set of local variables for node ¢ and
Ai = A{xip, Xir | 0 < < Ry U{yji, i | 5 € Ni}- (5.25)
In the z-update, the optimization subproblem that updates z**1! is

;2’1& LP(IvykaAk)7 (526)

which has similar structure as (5.19) and there are R; + 1 subproblems associated with each node 4.

The 74, subproblem is

min  H;(z;), (5.27)

Tir €L

where

filmio) + Y sen, (1dy, zio) + §llwio —yi5l13) ifr=0

Hir(mir) = (528)

<>‘i€r7$ir> + g”xir - yfz”% otherwise

In (5.27), the variables yfj, ,ufj € A; are stored in ¢’s neighbor IV;. Thus, each node ¢ needs to collect
(yfj, ,ufj) from all of its neighbors prior to solving (5.27). The message exchanges in the z-update is
illustrated in Fig. 5.1a.

In the y-update, we solve the following problem to update y*+!:

min L, (2" y, AF), (5.29)
yeKy,



88

(a) Before = update. (b) Before y update.

Figure 5.1: Message passing for a node 1.

whose objective can be written as a sum of local objective as shown below.

Lp(karlv yv >‘k+1)

R;
=3 [ Al + D0 (Ol i) + Dl —wal) + D0 (Gad ki — i) + Sl - wisl3)
iEN r=1 JEN;
R;
=3 [ Al + D0 (Ol =) + Dl —wal) + D0 (Gek ol — ) + Sl - wiil3)
iEN r=1 JEN;
Rv
*ZG {yjl |J GN} +Z fl k+1 Z<>‘fr7 k+1>+ Z(Mjl? %H> )
1EN 1EN r=0 JEN;
where
R;
k
Gil{wsi |5 € NP =D (=Nhwia) + Sllab = yalld) + D2 (—lubiows) + Ellald = wiil)
r=1 JEN;

For the constraint set K, it can also be represented as a Cartesian product of |N| disjoint sets, i.e.
Ky = ®ieN{yji,j €N;| Z Aijyji = 0}.
JEN;

Therefore, the subproblem (5.29) in the y-update can be decomposed into |[N| subproblems and the

subproblem for node 7 is

min Gi({yji | J € Ni})
over  {yj;; | j € Ni} (5.30)

s.t. Z Aijyji =0,
JEN;
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which still takes the form of (5.15) and admits a closed form solution (5.16). Note that in order to
solve (5.30), not all the information is available to the node i, e.g. x%“ (j € N;) resides in node 4’s
neighbor. Thus, before updating {y;; | 7 € N;}, each node i needs to request those data from its

neighbor and the communication is shown in Fig. 5.1b.

5.3 Applications

In [11], the authors show that many optimization problems, such as ¢; regularization problem,
consensus and sharing, distributed model fitting etc. can be cast into the general ADMM form
(5.1). In this section, we show that another two important optimization problems: the optimal
power flow problem and second order cone program, can be recast into the form (5.6). By using the
proposed technique, closed form expression can be derived for subproblems for both the xz-update
and y-update. Hence those two problems can be solved more efficiently than using generic iterative

optimization solvers.

5.3.1 Optimal Power Flow

The ROPF problem for both balanced (3.9) and unbalanced (3.17) networks takes the form of (5.6).
Here, we will use ROPF for balanced networks as an example. Note that (3.9) can be written

explicitly as

min Z fi(s:) (5.31a)

ieN

over v,s,S,/ (5.31b)
s.b. v; —vi + (20557 + Sijzr;) — lijlzi)* =0 (i,5) € &€ (5.31c)
> (Ski — Lrizki) +si— Y Sij =0 ieN (5.31d)

keC; JEA:
1951 < vili; (i,7) € € (5.31e)
s; €1y ieN (5.31f)
v S0 ST ieN (5.31g)

Denote z; := (v;, s;,{Sij,4ij | j € Ai}), then (5.31c) and (5.31d) correspond to the coupling con-

straints (5.6¢). For constraint (5.31e), it can be written equivalently as

i) ee{vir Sijr lij | 156517 < viliz}

= ®Rien{vi, {Sij, lij | § € Ai} | |Si;* < wilij,j € Ai}



Figure 5.1: Graph representation of SOCP.

Thus, (5.31e) together with (5.31f), (5.31g) can be written in the form of (5.6d). The details are
illustrated in Chapter 6.

5.3.2 Second Order Cone Program

Second order cone program (SOCP) is a nonlinear convex problem that minimizes a linear function
over the intersection of second order cones. Various problems can be recast into SOCP, e.g. robust

linear program [9], robust least square [29], etc. In [58], the general SOCP is written as:

min frz
over reR" (5.32)
s.t. ||All'+bz||2 SC?{E-FCZZ, izl,...,N,

where f € R", 4; e R% ! xn, b; € R~ ! ¢; € R?, and d; € R. Next, we will show how to solve
(5.32) efficiently by casting (5.32) into (5.6).
Denote z; :== A;x+b; and t; := clz+d; fori = 1,..., N, then (5.32) can be written equivalently

as

min  flx (5.33a)
over xeR" {z,t;|i=1,...,N} (5.33b)
s.t. Ax—2z+b;=0 1=1,...,N (5.33¢)
cfo—ti+di=0 i=1,...,N (5.33d)
lzilla < t; i=1,...,N. (5.33e)

which takes the form of (5.6). Specifically, (5.33e) corresponds to the local constraint (5.6d), and
(5.33¢)—(5.33d) correspond to the coupling constraint (5.6¢).
For brevity, we will only show how to solve (5.33) in a centralized manner using the proposed

method and the distributed version can be derived in a similar manner. (5.33) can be represented
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using the graph in Figure 5.1, where only node 0 is associated with an objective f7z. Following

the procedure in chapter 5.2.1, we introduce a duplicate for x,{z;,t; | i = 1,..., N}, denoted by
y, {w;,v; |t =1,...,N}, and (5.33) becomes

min Tz

over x,{zi,t; |i=1,...,N}

y,{wi,v; |i=1,...,N}

s.t. Alﬂ?—yz—I—bZ:O ’L:L,N

Tr—ti+d;=0 i=1,....N
lwillg <wv;, i=1,...,N,
y==x

w; =2z, t=1,...,N

’Ui:ti, i=1,...,N.

Note that the problem (5.14) in the y-update has a closed form solution and can be solved efficiently.

We show below the problem (5.11) in the z-update also has a closed form solution. Let A, u;, v

denote the Lagrangian multiplier associated with (5.34g)—(5.34i), respectively. At each iteration k,

the corresponding problem for node 0 in the z-update is

. P
min S[|y* — x5 — ()",
z 2

whose closed form solution = = y* + )‘%. For node i = 1,..., N, the corresponding problem is
min £ (Jwf = 23 + (¢ = 0)?) = () ws = Ao,
over Wi, V; (5.35)
s.t. [lwill2 < vy,
which can be written equivalently as
min - F(v;) + 5t —v)? =, (5.36)
where
: p
Fog) =min gy —will3 = () wi (5.37)

s.t. ||U)Z||2 S Vi,
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whose solution

llef1i3 ()Tt : uE k
- = () y if v; > [|55 +y7ll2
F(v;) = % T ' o

§ (7 + 1y l3) — lnf + pyll2vi, - otherwise.

Substitute it into (5.36), and we can obtain the closed form solution to (5.35) as:

k k k k
(i + 5t + %), if 6 + 5 = 15 + il
(U}' U‘)_ P P P P

1y Y1) T k

k k k
1 (tk 4 i By k Ky tPY; ;
1 (4h i i : w i +py; )
5 (tz + 5t ||2> (Iluf+py§“|\z’1)’ otherwise

5.4 Conclusion

In this chapter, we first review the standard alternating direction method of multipliers (ADMM),
which blends the decomposability of dual decomposition and superior convergence performance
of augmented Lagrangian. Using the standard ADMM, we then develop efficient centralized and

distributed algorithms that solve a broad class of graphical optimization problems.
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Chapter 6

Distributed OPF Algorithm:
Balanced Radial Distribution
Networks

The optimal power flow (OPF) problem is fundamental in power system operations and planning.
Large-scale renewable penetration in distribution networks calls for real-time feedback control, and
hence the need for fast and distributed solutions for OPF. This is difficult because OPF is nonconvex
and Kirchhoff’s laws are global. In this chapter we propose a solution for balanced radial distribution
networks. It exploits the results in Chapter 3.1 that suggests solving for a globally optimal solution
of OPF over a radial network through the second-order cone program (SOCP) relaxation. Our
distributed algorithm is based on the ADMM based algorithm proposed in Chapter 5. Unlike
standard ADMM algorithms that often require iteratively solving optimization subproblems in each
ADMM iteration, our decomposition allows us to derive closed form solutions for these subproblems,

and greatly speed up each ADMM iteration.

Literature The optimal power flow (OPF) problem seeks to optimize certain objective such as
power loss and generation cost subject to power flow equations and operational constraints. The
continued growth of highly volatile renewable sources on distribution systems calls for real-time
feedback control. Solving the OPF problems in such an environment has at least two challenges.
First, the OPF problem is hard to solve because of its non-convex feasible set. We have addressed
this issue through convex relaxation in Chapter 3.

Second, most algorithms proposed in the literature are centralized and meant for applications
in today’s energy management systems that centrally schedule a relatively small number of genera-
tors. In future networks that simultaneously optimize (possibly real-time) the operation of a large
number of intelligent endpoints, a centralized approach will not scale because of its computation
and communication overhead. In this chapter we address this challenge by developing a distributed

algorithm that solves the SOCP relaxation of OPF for balanced radial distribution networks.
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Various distributed algorithms have been developed to solve the OPF problem. Through op-
timization decomposition, the original OPF problem is decomposed into many local subproblems
that can be solved in parallel. Based on the optimization decomposition used, existing algorithms

roughly fall into four categories:

e Dual decomposition: Dual decompositions are applied to the convexified OPF problem
in [54,55] under certain assumptions. In [55], only voltage constraints are considered and power
injection constraints are ignored. On the other hand, in [54], voltage magnitude is assumed to
be fixed for each bus. However, in typical distribution networks, those assumptions usually do

not hold and the algorithms in [54,55] do not apply directly.

e Method of multipliers: Different method of multipliers are leveraged to develop distributed
OPF algorithms, including some of the early works [5,52], which do not deal with the non-
convexity issue of the OPF problem. Therefore, the convergence of these algorithms is not
guaranteed. In contrast, algorithms for the convexified OPF problem are proposed to guarantee
convergence, e.g. the algorithm in [23] is based on SDP relaxation for the bus injection model

and [57] is based on SOCP relaxation for the branch flow model.

e ADMM: Most of the recent algorithms are based on ADMM, e.g. [21,53,82], because ADMM
blends the distributed structure of dual decomposition and the convergence property of aug-
mented Lagrangian. In [82], ADMM is applied to the nonconvex OPF and convergence is not
guaranteed. In [53], ADMM is applied to the DC-OPF model, which is extensively used in
transmission networks but is a less accurate model for distribution networks. In [21], it is

applied to SDP relaxation for the bus injection model.

e Optimality condition decomposition: Optimality condition decomposition [42,67] only
requires solving a single Newton step for each subproblem, instead of the optimal solutions as
required by the above methods. However, convergence is not guaranteed because it depends

on the optimal solutions to the problem, which are not known a prior.

One of the key performance metrics of a distributed algorithm is the time of convergence (ToC),
which is the product of the number of iterations and the computation time to solve the subproblems
in each iteration. To our knowledge, all the distributed OPF algorithms in the literature rely on
generic iterative optimization solvers, which are computationally intensive, to solve the optimization
subproblems. In this chapter, we will improve ToC by reducing the computation time for each

subproblem.

Summary We develop a scalable distributed algorithm through decomposing the convezified OPF
(ROPF) problem into many local subproblems based on the ADMM based algorithm proposed in
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Chapter 5.2.2. In particular, the ROPF problem can be cast into the form (5.6) and the proposed

algorithm has two advantages:

1. We provide a sufficient condition, which holds for practical applications, for the existence
of closed form solutions to the optimization subproblems, thus eliminating the need for an

iterative procedure to solve a SOCP problem for each ADMM iteration.
2. Communication is only required between adjacent buses.

We demonstrate the scalability of the proposed algorithm using a real-life network. In particular,
we show that the algorithm converges within 0.6s on a laptop for a 2,065-bus system. To show the
superiority of deriving close form solutions of each subproblems, we compare the computation time
for solving a subproblem by our algorithm and an off-the-shelf optimization solver (SDPT3, [85]).
Our solver requires on average 6.8 x 10~4s while SDPT3 requires on average 0.5s. We also show that
the convergence rate is mainly determined by the diameter ' of the network through simulating the

algorithm on networks of different topologies.

6.1 Problem formulation

The OPF problem and its SOCP relaxation for balanced networks are discussed in Chapter 3.
Because the focus of this chapter is on network with radial topology, we will first simplify the
notations used in Chapter 3, which allows arbitrary network topology. The following assumptions

are made throughout this chapter.
A1 : The network graph G(N, €) has a tree topology.
A2 : There is one substation indexed by 0 in the network, i.e. Ny = {0}.

A3 : The SOCP relaxation is exact, i.e. the solution to the ROPF problem (3.9) is feasible for
the original OPF problem (3.7).

A4 : There exists a closed form solution to the following optimization problem for all i € N

min i (s)+ 5 ls = 33
over s (6.1)

s.t. sel;

given any constants § and p.

IThe diameter of a graph is defined as the number of hops between two furthest nodes.
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Under assumption Al and A2, for each node ¢ € A"\ {0}, there is only one element in its ancestor
set A;. Thus we will abuse notation and denote A; as i’s unique ancestor. Consequently the notation
for the line set £ can also be simplified, and for each directed line connecting node ¢ and its ancestor
A; we will simply denote it as 4 instead of (i, A;). Therefore the line set becomes £ = {1,...,n}.

Using the simplified notations, the OPF problem (3.7) can be written as:

min Z fi (81)

iEN

over v,s,S5,{

st. va, — v+ 28F + Sizf — Lz =0 1€€&
D (Sj—zit;) = Si+si=0 ieN
i€y
1Si[? = v:ts ice
s; € I; 1eEN
v, < v <05 ieN

Under assumption A3, we can solve the ROPF problem (3.9) to obtain the optimal solution for
OPF. The ROPF problem can be written explicitly as:

min Z fi(si) (6.3a)

ieN
over v,s,S,/ (6.3b)
st. va, — v+ 28F + Sizf — iz =0 1€€& (6.3c)
D (8= zty) = Si+si=0 ieN (6.3d)

ieC;
1S:]? < vty i€& (6.3e)
s; €1 ieN (6.3f)
v; <v; < ieN. (6.3g)

Denote

v = {vi,s, 80} (6.4)
Ki = {a;| |Si|2 <wily, 8; €ZL;, v, <v; < T} (6.5)

Then (6.3) takes the form of (5.6), where (6.3¢)—(6.3d) correspond to (5.6¢), and (6.3¢)—(6.3g)
correspond to (5.6d).

A4 is a technical assumption that is required for the existence of closed form solutions for all
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the subproblems when the algorithm in Chapter 5.2.2 is applied to solve the ROPF problem. In
practice, the objective function f;(s) usually takes the form of f; (s) := %p® + Bip (a;,8; > 0),
which models both line loss and generation cost minimization as discussed in Chapter 3.1.2. For the
injection region Z;, it usually takes either (3.5a) or (3.5b). It is shown in Appendix 6.B that there

exist closed form solutions for all of those cases. Thus, (5.27) can be solved efficiently for practical

applications.

6.2 Distributed OPF Algorithm on Balanced Networks

We assume Al-A4 and now derive a distributed algorithm that solves the ROPF problem (6.3)
based on the algorithm in Chapter 5.2.2. Specificially, using the ADMM based algorithm developed
in Chapter 5.2.2, the global ROPF problem is decomposed into local subproblems that can be solved
in a distributed manner with only neighborhood communication. In addition, we provide a sufficient
condition for the existence of closed form solutions to all the optimization subproblems. Compared
with existing methods, e.g. [5,21,23,52,54,55,57,82], that use generic iterative optimization solver
to solve each subproblem, the computation time is improved by more than 1000 times.

Note that in Chapter 5.2.2, the proposed algorithm requires specifying the partitions of set /C;
for each ¢ € N. For our application, we use R; = 0, i.e. (5.27) is the same as (5.12), for i € N,
which is sufficient to have a closed form solution.

Recall that there is always a closed form solution to the optimization subproblem (5.30) in the
y-update. Now we will show if the objective function f;(s) and injection region Z; satisfy A4, the
subproblems in the z-update can also be solved with closed form solutions for the ROPF problem.

Based on Chapter 5.2.2, we first need to transform (6.3) into the form of (5.23). Note that (6.3¢)—-
(6.3g) are local constraints to bus 4 that correspond to K; in (5.6d), and (6.3c), (6.3d) describe the
coupling constraints among ¢ and its neighbors that correspond to (5.6¢). Since there is only one

partition of IC;, i.e. R; = 0, we will skip the subscript r in z; and simply denote it as x;. Then
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ROPF can be written in the form of (5.23) as follows,
min Z fz(sgm)) (6.6a)
iEN
over r:={z;,i €N}

y:={yji, j€N;, i e N}

st o) = o 42 (S0) + Wz — (D) = 0 ic€  (6.6b)
) (Sa('?) - ijyf)) — S +s =0 ieN (6.6¢)
eC;
|Si($)|2 < vl@)gl(_l’) e (6.6d)
sV et ieN  (6.6e)
v, <ol <7 ieN (6.6f

)
z; —yi; =0 JjEN; ieN, (6.6g)
where we put superscripts (-)(®) and (-)® on each variable to indicate whether the variables are
updated in the xz-update or y-update.

The problem (6.6) falls in the general form of (5.23) with R; =0 for all i € NV, i.e. K; in (6.5) is
not partitioned. Specifically, (6.3c) models the voltage of its ancestor A; as a function of the local
variables of bus 4, and (6.3d) describes the power flow balance among the set of children C; and bus
i itself. In other words, the coupling between a node and its ancestor is different from coupling with
its children. Thus, each bus ¢ does not need full duplicates of its neighbors’ variables. It only needs
)

voltage information v, ; from its parent A; and branch power S J(f) and current Eﬁ’) information from

its children j € C; based on (6.6). Thus, y;; contains only partial information about ;, i.e.

(S(y) S22 (y))

AR AR AT ] =1
vii = (S 68 j=4
(0 j €.

As a result, z; and y;; do not consist of the same component for j # 4 in the consensus constraint

(6.6g). Here, we abuse notation and x; — y;; is composed of the components that appear in both x;

and y;;, i.e.
(57— S99 9, ol ) =
i = yis = 4 (S5 = S50 —6%) j=4i-

(0 — o)) e
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Table 6.1: Multipliers associated with constraints(6.6g)

70§ = g uﬁ?: (T — )
3 T

. v( 7 _ (y) 7 ( ) _ s(y)

/1“5114)1 S(f) — S(?J) /1’1(124)1 g(f) — g(y)

o T

Recall that the local variables to each node 7 include its original copy z;, its “observation” of
variables y;; from its neighbor INV;, and the corresponding multiplier f;;. Then the set of local

variables A; (defined in (5.25)) for each bus i can be written explicitly as

Ai = {zi U{yji, i | 7 € Ni}

(519, 69,0050 U 40,602, 0 D) 2 90

U{S y)vg(y)vﬂjz 7/1‘31) ‘;7 € C}U{U%)Z,MA Z}

where p denotes the Lagrangian multipliers associated with (6.6g) and each component is defined
in Table 6.1.

Next, we will show how to solve the subproblem (5.27) in the z-update with closed form solution
under A4. For ease of presentation, we remove the iteration number k in (5.3) for all the variables,
which will be updated accordingly after each subproblem is solved.

In the z-update, the subproblem (5.27) solved by each bus ¢ can be written explicitly as

min H;(z;) (6.7a)
over T;

st S92 <Pl (6.7b)

s e (6.7¢)

v <ol <, (6.7d)

H;(x;) is defined in (5.28) and

Hi(w) = filst™) = > (pijom) + Z\m vis I3 (6.8)

jeNz ]EN,
= pH(1 (S Ku), )) +H(2)( (2 )) + constant,
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where

T x T T a T 2 Cz 1 T ~
HO(SE, 00 0f®) = |80 = 5 4160 a2+ S Lo e (6.9)
x x p xT ~
HP(s7) = fils™) + Dl = i3 (6.10)

The last step in (6.8) is obtained by completing the square and the variables labeled with hat are

constants for the z-update, i.e.

e N )

i = 5 %
2 2

PR R

1 2 2p

3

b = ol e “z(;“‘l) i) + 2 e, Hij

Z Cil +1 p(IC] + 1)

s
§ = s 4B
p

Thus, the objective (6.7a) in (6.7) can be decomposed into two parts, where the first part
HO(S™ 17 o)y involves variables (S, 61 v(*)) and the second part H® (s{™) involves 5"
Note that the constraint (6.7b)—(6.7d) can also be separated into two independent constraints.
Variables (Sl-(z),fgm), UZ(I)) only depend on (6.7b)—(6.7d) and sgx) depends on (6.7c). Hence, (6.7) can

be decomposed into two subproblems, where the first one solves the optimal (SZ-(I),EZ(-‘T), vl(w)) and the

second one solves the optimal sl(x). The first subproblem can be written explicitly as

~ 12 ) ~ 12 ; 1 2
min Si(x) - Si’ + ’EE” — bl + % vgx) -
over vl@, él(»x), Si(w) (6.11)
s.t. ‘ng) ? < @)

v < v <7,
which has a quadratic objective, a second order cone constraint and a box constraint. (6.11) has a
closed form solution and the procedure is illustrated in Appendix 6.A. Compared with using generic
iterative solver, the procedure is computationally efficient since it only requires one to solve the zero
of three polynomials with a degree less than or equal to 4, which have closed form solutions.

The second subproblem is

min fi s(-z)) +2 Hsgm) — 5

@) (6.12)

over S

s.t. S
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which has exactly the same structure as A4 and thus can be solved with closed form solution. Thus,
all the subproblems involved in the z-update can be solved with closed form solutions and we have

the following theorem.

Theorem 6.1. Under assumption A4, there exists a closed form solution to the subproblem in the

x-update (5.27) for ROPF with R; = 0.

In the y-update, the subproblem solved by each agent i takes the form of (5.30) and can be

written as

min Gi{yi | 7 € Ni})
over  {y;i|j € Ni} (6.13)
s.t. U,(fi)i_vz(?) + 2 (S'('y)) +Si(zy)z% _Egiy)‘ziﬁ =0

K22 K2

> (88 -t - s+ s =0,
i€Cy

which has a closed form solution given in (5.16) and we do not reiterate here.

Algorithm 6.1 Initialization of the Algorithm
: vgx) =1forieN

1

2: Randomly pick a point in Z; to initialize ngc) fori e N
3: Initialize S®) by calling DFS(0)
4

()2
: EZ(.‘T) = Li(z)' fori e N
v

5 Yji = T forjENiandieN

6: function DFS(i)
S

8: for j € C; do

9: 54 = DFS(j)
10: end for

11: return SZ-(T“)

12: end function

Finally, we specify the initialization and stopping criteria for the algorithm. A good initialization
can greatly reduce the number of iterations for convergence. We use the following initialization

suggested by our empirical results. We first initialize the x variable. The voltage magnitude square

(z) (z)

v;’ = 1. The power injection s;,”’ is randomly picked from a feasible point in the feasible region Z;.

()

%

from the nodes connected
sl

The branch power SZ-(w) is assumed to be the aggregate power injection s

by line 7 (Note that the network has a tree topology.). The branch current éz(-w) according

to (3.2c). The y variables are initialized using the corresponding = variable according to (6.6g).
Intuitively, the above initialization procedure can be interpreted as finding a solution to the branch

flow equation (3.2) assuming zero impedance on all the lines. The procedure is formally stated in
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Figure 6.1: Simulation results for 2065 bus distribution network.

Algorithm 6.1.

For the stopping criteria, there is no general rule for ADMM based algorithm and it usually
hinges on the particular problem. In [11], it is argued that a reasonable stopping criteria is that
both the primal residual r* defined in (5.4a) and the dual residual s* defined in (5.4b) are below
10_4\/m. We adopt this criteria and the empirical results show that the solution is accurate

enough. The pseudo code for the complete algorithm is summarized in Algorithm 6.2.

Algorithm 6.2 Distributed OPF algorithm on Balanced Radial Networks

1: Input:network G(N, &), power injection region Z;, voltage region (v;,7;), line impedance z; for
ieN.

2: Output:voltage v, power injection s.

3: Initialize the z and y variables using Algorithm 6.1.

4: while r* > 107%,/|N] or s* > 107*{/|]N| do

5: In the z-update, each agent i solves (6.7) to update x.
6: In the y-update, each agent 7 solves (6.13) to update y.
7 In the multiplier update, update u by (5.3¢).

8: end while

6.3 Case Study

In this section, we first demonstrate the scalability of the proposed distributed algorithm by testing
it on the model of a 2,065-bus distribution circuit in the service territory of the Southern California
Edison (SCE). We also show the advantage of deriving closed form expression by comparing the
computation time of solving the subproblems using off-the-shelf solver (SDPT3 [85] through CVX
[37]) and using our algorithm. Second, we simulate the proposed algorithm on networks of different
sizes to understand the impacts of network size and diameter on the convergence rate. The algorithm

is implemented in Matlab 2014 and run on a Macbook pro 2014 with an i5 dual core processor.
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Table 6.1: Statistics of different networks

Network | Diameter | Iteration | Total Time(s) | Avg time(s)
2065Bus 64 1114 1153 0.56
1313Bus 53 671 471 0.36
792Bus 45 524 226 0.29
363Bus 36 289 112 0.24
108Bus 16 267 16 0.14

6.3.1 Simulation on a 2,065-bus circuit

In the 2,065-bus distribution network, there are 1,409 household loads, whose power consumptions
are within 0.07kw—7.6kw, and 142 commercial loads, whose power consumptions are within Skw—
36.5kw. There are 135 rooftop PV panels, whose nameplates are within 0.7—4.5kw, distributed across
the 1,409 houses.

The network is unbalanced three phase. We assume that the three phases are decoupled such
that the network becomes identical single phase network. The voltage magnitude at each load bus
is allowed to lie within [0.95,1.05] per unit (pu), i.e. ; = 1.05? and v; = 0.95% for i € A"\ {0}. The
control devices are the rooftop PV panels whose real and reactive power injections are controlled.
The objective is to minimize power loss across the network, namely f;(s;) = p; for i € N. Each
bus is a node and there are 2,065 nodes in the network that solve the OPF problem in a distributed
manner.

We mainly focus on the time of convergence (ToC) for the proposed distributed algorithm. The
algorithm is run on a single machine. To roughly estimate the ToC (excluding communication
overhead) if the algorithm is run on distributed machines, we divide the total time by the number
of nodes. Recall that the stopping criteria is that both the primal and dual residual are below
10~%/|N| and Figure 6.1a illustrates the evolution of T‘k/\/m and sk/\/m versus iterations
k. The stopping criteria are satisfied after 1,114 iterations. The evolution of the objective value is
illustrated in Figure 6.1b. It takes 1,153s to run 1,114 iterations on a single computer. Then the ToC
is roughly 0.56s if we implement the algorithm in a distributed manner not counting communication
overhead.

Finally, we show the advantage of closed form solution by comparing the computation time of
solving the subproblems by an off-the-shelf solver (SDPT3) and by our algorithm. In particular,
we compare the average computation time of solving the subproblem in both the z-update and the
y-update step. In the z-update step, the average time required to solve the subproblem is 1.7 x 10™%s
for the proposed algorithm but 0.2s for SDPT3. In the y-update step, the average time required
to solve the subproblem is 5.1 x 10~%s for the proposed algorithm but 0.3s for SDPT3. Thus, each
ADMM iteration only takes about 6.8 x 10~*s for the proposed algorithm but 0.5s for using the
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Figure 6.2: Topologies for tree and fat tree networks.

Table 6.2: Statistics of line and fat tree networks

Size | # of iterations (Line) | # of iterations (Fat tree)
5 43 31
10 123 51
15 198 148
20 286 87
25 408 173
30 838 119
35 1471 187
40 2201 109
45 2586 182
50 3070 234

iterative algorithm, which is a 1,000x speedup.

6.3.2 Rate of Convergence

In section 6.3.1, we demonstrate that the proposed distributed algorithm can dramatically reduce
the computation time within each iteration and therefore is scalable to a large practical 2,065-bus
distribution network. The time of convergence(ToC) is determined both by the computation time
required within each iteration and the number of iterations. In this subsection, we study the number
of iterations.

To the best of our knowledge, most of the works on convergence rate for ADMM based algorithms
study how the primal/dual residual changes as the number of iterations increases. Specifically,
it is proved in [41,88] that the general ADMM based algorithms converge linearly under certain
assumptions. Here, we study empirically how the rate of convergence depends on the network size
N and diameter D, i.e. given the termination criteria in Algorithm 6.2, the impact of network size
and diameter on the number of iterations.

First, we simulate the algorithm on different networks (that are subnetworks of the 2,065-bus
system) and some statistics are given in Table 6.1. For simplicity, we assume the number of iterations

T to converge takes the linear form 7' = aN + bD. Using the data in Table 6.1, the parameters
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a = 0.34, b = 5.53 give the least square error. It means that the network diameter has a stronger
impact than the network size on the rate of convergence.

To further illustrate the phenomenon, we simulate the algorithm on two extreme cases: 1) Line
network in Fig. 6.2a, whose diameter is the largest given the network size, and 2) Fat tree network
in Fig. 6.2b, whose diameter is the smallest (2) given the network size. In Table 6.2, we record
the number of iterations for both line and fat tree network of different sizes. For line network, the
number of iterations increases notably as the size increases. For fat tree network, the trend is much

less prominant compared to the line network.

6.4 Conclusion

In this chapter, we have developed an ADMM based distributed algorithm for the optimal power flow
problem on balanced radial distribution networks. We have derived a closed form solution for the
subproblems solved by each bus, and thus significantly reduced the computation time. Preliminary
simulation shows that the algorithm is scalable to a 2,065-bus system and the optimization sub-
problems in each ADMM iteration are solved 1,000x faster than using generic iterative optimization

solver SDPT3.
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Appendix

6.A Solution Procedure for Problem (6.11)

Denote z1 := Re(,S’Z-(m))7 To 1= Im(SZ-(m)), T3 = |Ci2‘+1vi(z) and x4 = Egm). Then the optimization

problem (6.11) can be written equivalently as

4
min Z(mf + ciz;) (6.14a)
i=1
over T1, T2, T3, T4
2, .2
s, TET g, (6.14b)
T3
x5 <23 < T3, (614(})

where Tz > 5 > 0 and ¢;, k are constants that hinges on the constants in (6.11).

Next, we will derive a procedure that solves (6.14). Let v > 0 denote the Lagrangian multiplier
for constraint (6.14b) and A, A > 0 denote the Lagrangian multipliers for constraint (6.14c), then
the Lagrangian of P1 is
! (m% + a3

L \) = 2+ e
(@7, 0) =Y (] + cimi) + -

- k2x4> +X(£C3 — fg) — A(l‘d — Qg).
=1

The KKT optimality conditions imply that the optimal solution x* together with the multipliers

v AT, N\ satisfies the following equations. For ease of notations, we sometimes skip the superscript
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* of the variables in the following analysis.

2y + ¢y + 292 =0 (6.152)
z3
T2
2z + co + 2’}/; =0 (615b)
3
2 2
2£3+63—’yz1;—2$2+x—A:0 (6.15¢)
3
214 +cy — K>y =0 (6.15d)
X(l’g - Tg) =0 X > 0 T3 < T3 (6156)
AMzg—23)=0 A>0 3>z, (6.15f)
2 2 2 2
5y <~T1+=’fz - k‘2x4> =0 >0 Tty < k2z4. (6.15g)
T3 x3

Lemma 6.2. There exists a unique solution (z*,v*,A*,X") to (6.15) if Ts > x5 > 0.

Proof. P1 is feasible since z = (0,0, z5,1) satisfies (6.14b)-(6.14c). In addition, P1 is a strictly
convex optimization problem since the objective (6.14a) is a strictly convex function of z and the
constraints (6.14b) and (6.14c) are also convex. Therefore, there exists a unique solution z* to

P1, which indicates there exists a unique solution (z*,~v*, A*,X") to the KKT optimality conditions

(6.15). O

Lemma 6.2 says that there exists a unique solution to (6.15), which is also the optimum to P1. In
the following, we will solve (6.15) through enumerating value of the multipliers v, A, A. Specifically,
we first assume v* = 0 (Case 1 below), which is equivalent to assuming that the constraint (6.14b)
is inactive. If there is a feasible solution to (6.15), it is the unique solution to (6.15). Otherwise,
we assume v = 0 (Case 2 below), which is equivalent to assume that the equality is obtained at

optimality in (6.14Db).

Case 1: If v =0, (6.15) becomes

214+ =0 (6.16a)
2r3 +ca =0 (6.16b)
23+ c3+A—A=0 (6.16¢)
2r4 4+ ¢4 =0 (6.16d)
AMrs —T3) =0 A>0 z3<73 (6.16e)
AMas —25) =0 A=20 23>24 (6.16f)
T ka4 (6.16g)
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The solution to (6.16a)—(6.16f) ignoring (6.16g) is

5l =5
—, 3 = |—— Ty — ——
’ 21e,’ 2

A= — (23 + c3)1{ag=za}, A = — (203 + €3)1{2y—a,}

and if the solution satisfies (6.16g), it is the solution to (6.15). Otherwise, we go to Case 2.

Case 2: If v > 0, (6.15) becomes

921 +¢1 + 27% =0 (6.17a)
3
T2
2x9 + co + 2’7; =0 (617]1))
3
2, .2
2:173+037'y$1;2x2 FA-A=0 (6.17¢)
3
X(.Tg — 53) =0 A >0 x3<73 (617d)
AMag—23) =0 A>0 x3> 24 (6.17e)
1
7= 12224+ ) (6.17f)
2, .2
1+ T3
_ 6.17
T4 k225 ( g)

Substitute (6.17g) into (6.17f), and we obtain

1 222 +23) ey
Then substituting (6.17f) into (6.17a)-(6.17¢e), we can write (6.17) equivalently as
c1 (22 + 23) 2¢y
24+ —+14 =0 6.19
+ 1 + k4$§ k2£L'3 ( a)
Co (22 + 23) 2¢y
24+ —+14 =0 6.19b
+ 9 + k42 k225 ( )
24 .2)2 24 .2 _
2+i3_2(x11“ﬁ2) Lt T ATA (6.19¢)
T3 ktas x5 T3
AMzs—z3)=0 A>0 3>z, (6.19¢)

where (6.19a)—(6.19c) are obtained through dividing both sides of (6.17a)—(6.17¢c) by x1, z2 and

x3, respectively. The variables v, z4 can be recovered via (6.17f) and (6.17g) after we solve (6.19).
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By (6.19a) and (6.19Db),

a_©a
I o X2
Denote p := L= = 2. Then (6.19) is equivalent to the following equations:
p= i S (6.20a)
C1T3 CoX3
1 42 +c3) , c4
9 L 9 6.20b
* pIT3 < P + k2x3 ( )
ez 2(c2+c2)? , B+ p? A-X
24+ — = — 6.20
+ T3 ]4;4 k‘2 I3 + X3 ( C)
Mzz—Z3) =0 A>0 x3<7T3 (6.20d)
Mzs—23)=0 A>0 23>z, (6.20e)

where (6.20b) is obtained by substituting x5 = copzs into (6.19b), (6.20c) is obtained by
substituting z1 = c1pzs, and x5 = caprs into (6.19¢). To solve (6.20), we further divide our

analysis into two sub-cases depending on whether 3 hits the lower or upper bound.

e Case 2.1: 25 =73. (A =0,\ > 0) ( The case of % = z; can be solved using similar
procedure.)

We first substitute x3 = T3 into (6.20b) and have

4(cA+c3) 4 Cq 1
—_— 2 2 — =0, 6.21

k4 Pt k2T + Pt T3 ( )
whose solution? is denoted by p*. Then substitute p* and T3 into (6.20a), we can recover x
and z3. Then we can obtain v*, A" using (6.18) and (6.19¢) by substituting z7, ..., z%. If
7*,7‘ > 0, they collectively solve (6.15). Otherwise, we go to Case 2.2.

e Case 2.2: z; <z} <7T3 (A, A =0).
Since A and A = 0, (6.20) reduces to

D= = (6.22a)
C1T3 CoI3
1 4(c2 +¢c3) , cy
24— =— 2 6.22b
+ pIT3 < k4 Pt k25 ( )
6 AGTAR . . ald+d) P
2 = —. 6.22
+ I3 ]4?4 p + k‘2 I3 ( C)

2There are potentially multiple solutions and we need to check all the real solution p* using the following procedure.
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Dividing each side of (6.22b) by (6.22c) gives

2z3+ 5 2

203 +c3 (3 +3)p?’

which implies

(cf +c3)p+ 2cs

2@+ AP+ 2) (6.23)

r3 — —

Then substitute (6.23) into (6.22b), we have

(F+3)p*+2 2 +65) o 2ca((f +c3)p* +2)

J— p =
(cf + c3)p* + 2cap k* k2((c3 + c3)p + 2c3)

)

which is equivalent to

(+)* 4, d+a (2, 3 2¢4
i + 2 2 G)r + €= 73 p—1=0,

whose solution? is denoted by p*. Substitute p* into (6.23), and we can recover x3, and then x},x}
can be recovered via (6.22a). v* is recovered using (6.18). If v* > 0, the corresponding solution

solves (6.15).

6.B Solution Procedure for Problem (6.1).

We assume f; (s) := %pQ + Bip (e, B; > 0) and derive a closed form solution to (6.1).

6.B.1 7, takes the form of (3.5a)

In this case, (6.1) takes the following form:

. a a
min - —p?+bip+ —q% + bag

P,q 2 2
s.t. P, <p<p
q. <q<49,

where aq,as > 0 and by, by are constants. Then the closed form solution is

p=|— q=|—"" s
a1y 2]

=i =i

b

where [z]. := min{a, max{z, b} }.
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6.B.2 7, takes the form of (3.5b)

The optimization problem (6.1) takes the following form:

. a a
min —1p2 +bip+ —2q2 + bagq

P,q 2 2
s.t. 102 + q2 <
p >0,

where a1,a2,c > 0 ,by, by are constants. The solutions to (6.24) are given as below.

Case 1: b; > 0:

2
Case 2: b1<Oaunda—§—|—a—%<c2
1 2
g bk
aq a2
b2 b2 5
Case 3: b1<Oanda—§+a—%>c:
1 2

First solve the following equation in terms of variable A:

b3 (ag + 20)% 4 b3(ar +20)? = (a1 +20)2(az + 2))?,

(6.24a)
(6.24b)

(6.24c)

(6.25)

which is a polynomial with degree of 4 and has closed form expression. There are four solutions to

(6.25), but there is only one strictly positive A*, which can be proved via the KKT conditions of

(6.24). Then we can recover p*, ¢* from A* using the following equations:

b1 N

b
=——— and q¢" = 2

*

ay + 2\*

_CL2 4+ 22

The above procedure to solve (6.24) is derived from standard applications of the KKT conditions

of (6.24). For brevity, we skip the proof here.
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Chapter 7

Distributed OPF Algorithm:
Unbalanced Radial Distribution
Networks

In Chapter 6, we have developed an ADMM based distributed algorithm that solves the OPF problem
on balanced radial networks. We show that by using the technique in Chapter 5.2.2, a closed form
expression for each optimization subproblem can be derived. Thus, the computation time is reduced
significantly and the proposed algorithm is scalable to a 2,065-bus network.

In this chapter, we will develop an ADMM based distributed algorithm that solves the OPF
problem on unbalanced radial networks. The main idea is still to exploit the tree topology of distri-
bution networks and decompose the OPF problem in a way that the subproblems in each ADMM
macro-iteration can be solved efficiently. In contrast to the algorithm in Chapter 6 for balanced
networks, where there exist closed form solutions for all the subproblems, the optimization subprob-
lems reduce to either closed form solutions or eigenvalue problems whose size remains constant as
the network size scales up. However, we show that the proposed algorithm can still speed up the
algorithm by 100x compared with using the generic iterative optimization solvers. We present simu-
lations on IEEE 13, 34, 37, and 123 bus unbalanced distribution networks to illustrate the scalability

and optimality of the proposed algorithm.

Summary We develop a scalable distributed algorithm that solves the convezified OPF (ROPF)
problem for unbalanced radial networks. In particular, we decompose the ROPF problem into local
subproblems that can be solved in parallel based on the ADMM based algorithm in Chapter 5.2.2.

The proposed algorithm has two advantages:

1. We provide a sufficient condition, which holds for practical applications, for the existence of
a computationally efficient solution (either solved with closed form solution or through eigen-

decomposition of a 6 by 6 matrix) to the optimization subproblems. It eliminates the need for
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an iterative procedure to solve SDP problems for each ADMM iteration.
2. Communication is only required between adjacent buses.

We demonstrate the scalability of the proposed algorithms using standard IEEE test networks
[48]. The proposed algorithm converges within 0.7s on all the IEEE-13, 34, 37, 123 bus systems.
To show the superiority of using the proposed procedure to solve each subproblem, we compare the
computation time for solving a subproblem by our algorithm and an off-the-shelf SDP optimization
solver (SDPT3 [85]). Our solver requires on average 3.8 x 10~3s while SDPT3 requires on average
0.58s, which is a 100x speedup on a laptop.

The rest of this chapter is structured as follows. We formulate the OPF problem on unbalanced
radial networks in section 7.1. The distributed algorithm is developed in section 7.2 and simulation

results on IEEE standard test networks are demonstrated in section 7.3.

7.1 Problem formulation

The OPF problem and its SDP relaxation on unbalanced networks are discussed in Chapter 3.2.
Because the focus of this chapter is on network with radial topology, we will first simplify the
notations used in Chapter 3, which allows arbitrary network topology. Similar to Chapter 6, the

following assumptions are made throughout this chapter.
A1 : The network graph G(N, £) has a tree topology.
A2 : There is one substation indexed by 0 in the network, i.e. N; = {0}.

A3 : The SDP relaxation is exact, i.e. the solution to the ROPF problem (3.17) is feasible to the
original OPF problem (3.16).

A4 : There exists a closed form solution to the following optimization problem for all i € A" and
e P

min f—¢ (s¢)+§HS¢—§¢

2
% ‘ 2

over 5? (7.1)

s.t. s? e If’

given any constant 5% and p.

Under assumption A1 and A2, for each node i € A"\ {0}, there is only one element in its ancestor
set A;. Thus we will abuse notation and denote A; as i’s unique ancestor. Consequently the notation
for the line set £ can also be simplified and for each directed line connecting node ¢ and its ancestor

A;, we will denote by i instead of (i, A;). Therefore the line set becomes € = {1,...,n}.
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Using the simplified notations, the OPF problem (3.16) for unbalanced radial networks can be

written as:

min Z Z 1e(s?)

iEN ¢pED;

over v,s,S,/

s.t. P'L(UA7) *’U1+ZZSZH<|>5121H 722&21}[ =0 1e&
diag(Z Pi(Sj—ijj)—Si> +s5;,=0 ieEN
ieC;
vi S
€S+ 1€E&
SZ-H l;
V; Si
rank =1 1€€&€
SiH l;
s? e 1? pe® andiec N
v <o <7’ ¢ €@ andiec N,

and the ROPF problem (3.17), which removes the rank-1 constraint, can be written explicitly as:

min Z Z ff(sf)

iEN p€P;

over v,s,S5,¢

s.t. Pi(va,) —vi + ziSiH + SiziH — zl&zZH =0 1€&
diag (Z 'Pz(SJ — Zjéj) — S,L> +s, =0 ieN
i€C;
(o Sz
GSJr 1€ €&
SH 1,
s? e I? pe® andic N
Q?SUZMSU? pc®, andic N

(7.3a)

(7.3b)
(7.3c)

(7.3d)

(7.3e)

(7.3f)

(7.3g)

where S, is the set of (Hermitian) positive semi-defintie matrices. Under assumption A3, the

relaxation (7.3) is exact and has the same optimal solution with the the original OPF problem.
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Denote

;= {vi, 8,80} (7.4)
V; SZ

K, = ; €Sy, {sPeT? o ®), {v) <P <T |pedi}p.  (T.5)
SH g,

Then (7.3) takes the form of (5.6), where (7.3¢)—(7.3d) correspond to (5.6¢) and (7.3e)—(7.3g) cor-
respond to (5.6d).

A4 is a technical assumption that is required for the existence of efficient solutions for all the
subproblems when the algorithm in Chapter 5.2.2 is applied to solve the ROPF problem. In practice,
the objective function f?(s), usually takes the form of fj) (s) := %pQ + ﬁj’p, which models both line
loss and generation cost minimization as discussed in Chapter 3.2. For the injection region If , it
usually takes either (3.14a) or (3.14b). Then we can use the same procedure as (6.1) to solve (7.1)

with closed form solution, which is shown in Appendix 6.B.

7.2 Distributed OPF Algorithm on Unbalanced Networks

We develop in this section a distributed algorithm that solves the ROPF problem (7.3) based on
the approach developed in Chapter 5.2.2 under assumption A1-A4. Specifically, the global problem
is decomposed into local subproblems that can be solved in a distributed manner with only neigh-
borhood communication. In addition, we provide a sufficient condition, which holds in practice, for
the existence of efficient solution to the optimization subproblems, thus eliminating the need for an
iterative procedure to solve a SDP problem for each ADMM iteration.

Following a similar method in Chapter 6 for balanced radial networks, we first rewrite (7.3) in

the form of (5.23), the differences between balanced and unbalanced networks are threefold:

1. For balanced networks, we show that R; = 0 for ¢ € N suffices to provide an efficient solution.
In contrast, for unbalanced networks, R; = 1 for i € N are required to have computationally

efficient solutions for all the subproblems.

2. There are closed form solutions for all the subproblems for the algorithm of balanced networks.
For unbalanced networks, there exists one subproblem that can only be reduced to an eigenvalue
problem for a 6 x 6 matrix, which does not admits a closed form solution. However, we
demonstrate in the simulation that a 100x speedup is still achieved on the standard IEEE test

networks compared with using iterative optimization solvers.

3. For balanced networks, we use standard augmented Lagrangian (5.2) for our ADMM based
algorithm. For unbalanced network, we rely on using the generalized augmented Lagrangian

(5.5) to have an efficient ADMM based algorithm.
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As stated above, we will use R; = 1, i.e. we have two partitions ;o and K;; of set KC; for each

node i € N, given as

Vi Sl

Ki = €Sy, {sP €Tl | pcdi} (7.6)
G

K = {of <of? <] | ¢ € @i}, (7.7)

Recall that there is always a closed form solution to the optimization subproblem (5.30) in
the y-update, we next show the subproblems in the z-update can also be solved efficiently under
assumption A4.

Note that the ROPF problem (7.3) falls in the form of (5.6), where (7.3e¢)—(7.3f) are local con-
straints to node (bus) ¢ that correspond to K; in (5.6d), (7.3c) and (7.3d) describe the coupling
constraints among node ¢ and its neighbors that corresponds to (5.6¢). Similar to the design of the

algorithm for balanced networks, we can transform (7.3) in the form of (5.23) as below:

min Y > F(sp) @) (7.8a)

1EN pED;
over z:={z; |0<r<1,ie N}

y:={yji|lj €Ny i € N}

s.t. Pi(vffi)i) - vgly) + zi(Si(ly))H + Sl(ly)zzH - zzégf)zZH =0 ieé (7.8b)

: o) oy o) (y) _ .
diag | D Pi(Sj) = 503) - 5 |+ =0 ieN (7.8¢)

i€Cy

vy S |

€Sy ie& (7.8d)
(S(g))H 6(1)

(si) @ e ¢ ¢p€®; andieN (7.8¢)
v? < (i@ <5? ¢ €®; and i €N (7.8f)
Tir — Yii = 0 r=1landieN (7.8g)
ZTio — Yij =0 j € N;and i € N, (7.8h)

where we put superscript (-)(®) and (-)) on each variable to denote whether the variable is updated
in the z-update or y-update step. The problem (7.8) falls in the general form of (5.23) with R; = 1,
where ;o and K;; are defined in (7.7). Similar to balanced radial networks, each bus i does not

(v)
A

need full information of its neighbor. For each node ¢, only voltage information v,; is needed from

its parent A; and branch power Sﬁ’) and current Egg) information from its children 5 € C; based on
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(7.8). Thus, y;; contains only partial information about x;o, i.e.

(S(y) 1) @) (y))

it ot o Vi 5 Sy J=1
i = (S j=Ai
(v)) jeC;

On the other hand, only z;y needs to hold all the variables and it suffices for x;; to only have a

duplicate of v;, i.e.

(Sz‘(g)7£z(‘§)vvz(§)vsz('g)) r=0

(vi7") r=1

As a result, x;,, y;; in (7.8g) and x;0, y;; in (7.8h) do not consist of the same components. Here, we

abuse notations in both (7.8g) and (7.8h), which are composed of components that appear in both

items, i.e.

(51%6) . S(y) g(z) . g(y) v(m) . U(y) (z) (y))

ii 20 ii 2 Yio ii 940 Sii Jj=i
Tio =Yy = (S5 = S 05 - a%) j=A
(Ui(g) - Ui;'/)) jeC;

Tir — Yii = {(vl(f)—v(y)) r=1-

%

Recall that the local variables to each node ¢ include z; (0 < 7 < 1), y;; j € N;, and the corre-
sponding multiplier A;., pj;. Then the set of local variables A; (defined in (5.25)) for node i can be

written explicitly as
Ai = {2, Xir |0 <7 <1FU{yjs, pji | § € Ni},

where A denote the Lagrangian multiplier for (7.8g) and p the Lagrangian multiplier for (7.8¢g). The
detailed mapping between variables and those multipliers are illustrated in Table 7.1.
Next, we apply the approach in Chapter 5.2.2 to develop a distributed algorithm that solves the

ROPF problem. To obtain an efficient solution, we will use the generalized augmented Lagrangian
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Table 7.1: Multipliers associated with constraints (7.8g)-(7.8h)

)\i1: (I) ’Uz(,zl)
OB S(z) ST [ 60 = ¢

o W By T,
M+ Vio” = Yy M | Sio” = Sii
PRI AT A T ST
s L=

(5.5), which can be explicitly written as below for our problem.

Lp(xayaAvu) (79&)

= Z fi(S%)) + (Nits i1 — i) + (Wais Tio — Yai) + (fia, Tio — Yia,) + Z (Mijs Tio — Yij)+

1EN JEC;
p
3 lzin = yiill3 + llzio — vall? + w0 — via, 5 + Z 2o —wizll5 | | (7.9b)
JE€C;
where
12— 21C- 3 S(I)_ C 1 g(r _((y 2 2 (2) (z) _y) 2
lzio — wiills == (2Ci] + 3)[|S5 3+ (Cil + 1) 13+ 20103 — o113 + s — 52113
(7.10a)
li0 — =55 - — 673, (7.10b)

Here, the weights in front of each term of (7.10a) are different and the corresponding Lagrangian
(7.9) takes the form of (5.2). We still denote the augmented Lagrangian as L,(-) instead of Lx(-)
since the only parameter that appears in the generalized quadratic penalty term is p.

Using the generalized augmented Lagrangian (7.9), we now show how to solve the z-update
subproblem (5.27) using eigen-decomposition under assumption A4. For ease of presentation, we
remove the iteration number % in (5.3) for all the variables, which will be updated accordingly after
each subproblem is solved.

In the z-update, each bus i needs to solve two subproblems (7.11) and (7.12), which update x;o
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and x;1, respectively. The first one that updates x;g is

min Hio(xio) (7113)

over Tip = {“zo ,Ezg),SZO , zO } (7.11b)
g S

s.t. () @ | € Sy (7.11c)
(Sio )T g

(50)" €Ty e, (7.11d)

where Hjo(z0) is defined in (5.28) and can be written explicitly as

Hio(zi0) = fi(s (x)) + (piis Tio) + (ia, > Tio) + Z (i, Zi0)
Jj€C;

2 { o = wiall? + llwio = wia, I+ 3 llwio — w3

JEC;
The second problem that updates x;; is
min Hil(xil)
over T = {vff)} (7.12)

s.t. yf < (vﬁd))("”) < Ef) ¢ € D,
where

Hﬂ(iﬂu) = <)\i1,ﬂfz‘1> (||$11 ynllg) .

l\?\b

We first derive an efficient solution for problem (7.11). Note that H;o(zi) can be further decomposed

as

Hio(xi0) = fi(sﬁﬁf)) + (iis Tio) + (Hia,, Tio) + Z (i, xio) (7.13)
JjeC;
)
+5 | llzio — yiill2 + llzio — 24> o — visli3
Jj€C;
p(|Ci| +2)

= in(l)(Si(g),ﬁ%) (x))—i—H(Q)( (x))—i—constant
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where

>

s\ (a8

D) gl@) p(x)  (z)
H;7 (S, 40 s v50) .
(S 6y ) \SE

7 20 2 %20 » Y20

>

S

2

2 x
H )(sz('()))

K2

xT P x A~
Filsi)) + Sllsie’ — &3

The last step in (7.13) is obtained by completing the square and the variables labeled with hat are
some constants for the z-update.

Hence, the objective (7.11a) in (7.11) can be decomposed into two parts, where the first part
H(l)(Sl-(g)Jl(-g), vgg)) involves variables (Si(g),ﬁl(-g),vfg)) and the second part H(Q)(sl(-g)) involves S%).
Note that the constraint (7.11¢)—(7.11d) can also be separated into two independent constraints.
Variables (Sz(g),ﬂgg),vgg)) only depend on (7.11¢) and 5%) depends on (7.11d). Then (7.11) can be
decomposed into two subproblems, where the first one (7.14) solves the optimal (Si(g ),fgg ), vgg )) and

the second one (7.15) solves the optimal 8%). The first subproblem can be written explicitly as

min H-(l)(ng)vf%)yvgg))

7

over S’Z-(g),égg),vg) (7.14)
(2) ()
! S
s.t. i0 i0 c S+,

(ST 05
which can be solved using eigen-decomposition of a 6 X 6 matrix via the following theorem.

Theorem 7.1. Suppose W € S™ and denote X (W) := argminxes, |X — W|3. Then X(W) =

D0 Niwgull, where N, u; are the i eigenvalue and orthonormal eigenvector of matriz W, re-
s\

spectively.
Proof. The proof is in Appendix 7.A. O
Denote
_[u S I A
W:=1| . ] and X :=
St b (ST 67

Then (7.14) can be written compactly as
min || X - W% st. X €S,

which can be solved efficiently using eigen-decomposition based on Theorem 7.1. The second problem
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is

. T P xT A
min  fi(sf3)) + Gllsi’ - 43
over SZ(-S:) (7.15)

st. (sp)@ ez’ sca,

Recall that if fl(s ) > sed, f (( 1) @), then both the objective and constraint are separable for
each phase ¢ € ®;. Therefore, (7.15) can be further decomposed into |®;| number of subproblems

as below.

min - f7((s%))
over (5?0)(“”) (7.16)

s.t. (s2)@) e 72,

which takes the same form as of assumption A4 and thus can be solved with closed form solution
based on the assumptions.
For the problem (7.12) that updates x;1, which only has one component vl(f ), the closed form

solution is given as

T

Af11¢2 P162\(y) ’ _
(vﬁld’?)(’”) _ L— + (v5; %) o D1 = @2 .
b1 P2
)\i1p + (UZ¢;1¢2)(y) ¢1 7& ¢2

To summarize, we show that under assumption A4, the problems in the xz-update for each bus 7 either
has a closed form solution or can be solved via eigen-decomposition. Then we have the following

theorem.

Theorem 7.2. Under assumption A4, the subproblems for ROPF in the x-update (5.27) with R; = 1

can be solved via either closed form solutions or eigen-decomposition of a 6 x 6 hermitian matrix.

In the y-update, the subproblem solved by each node i takes the form of (5.30) and can be

written explicitly as

min Gi({yji | j € Ni})
over {yji | J € Ni} (7.17)

s.t. Pi (Uff)l) ( )—l—zz(S( )7+ S W), H ziégf)zlﬂ =0

d1ag<z73 (58 — 2y — s@)) +sW =,

ieC
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which has a closed form solution given in (5.16) and we do not reiterate here.

Finally, we specify the initialization and stopping criteria for the algorithm. Similar to the
algorithm for balanced networks, a good initialization usually reduces the number of iterations for
convergence. We use the following initialization suggested by our empirical results. We first initialize
the auxiliary variables {V; | i € N} and {I; | ¢ € £}, which represent the complex nodal voltage
and branch current, respectively. Then we use these auxiliary variables to initialize the variables
in (7.8). Intuitively, the above initialization procedure can be interpreted as finding a solution to
the bus injection model (3.10), assuming zero impedance on all the lines. The procedure is formally

stated in Algorithm 7.1.

Algorithm 7.1 Initialization of the Algorithm

Vo=1,V)=e 5" VE=ei"forie N
Initialize sf using any point in the injection region If fori e N
Initialize {I? | ¢ € ®; i € N'} by calling DFS(0,¢) for ¢ € ®;
o = VVE Y = LI, S = ViIH and s = s, fori € N
Yij = 0 for j € N; and i € N

T = X0 for i € N

1

function DFS(i,¢)
®
9: for j € bl do
10: I?+ = DFS(j, ¢)
11: end for
12: return If
13: end function

We use the same stopping criteria as the one used for balanced networks in Chapter 6, i.e. both
the primal residual r* and dual residual s* are below 10~*/|N/|. The pseudo code for the complete

algorithm is summarized in Algorithm 7.2.

Algorithm 7.2 Distributed OPF algorithm on Unbalanced Radial Networks

1: Input:network G(NV, £), power injection region Z;, voltage region (v;,v;), line impedance z; for
ieN.

2: Output:voltage v, power injection s

Initialize the x and y variables using Algorithm 7.1.

while r* > 107%/|]N] or s*¥ > 107%,/|N]| do
In the z-update, each agent ¢ solves both (7.11) and (7.12) to update ;o and x;;.
In the y-update, each agent i solves (7.17) to update y;; for j € N;.
In the multiplier update, update A, u by (5.3c).

end while
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Table 7.1: Statistics of different networks

Network Diameter | Iteration | Total Time(s) | Avg time(s)
IEEE 13Bus 6 289 17.11 1.32
IEEE 34Bus 20 547 78.34 2.30
IEEE 37Bus 16 440 75.67 2.05
IEEE 123Bus 30 608 306.3 2.49

7.3 Case Study

In this section, we first demonstrate the scalability of the distributed algorithm proposed in section
7.2 by testing it on the standard IEEE test feeders [48]. To show the efficiency of the proposed
algorithm, we also compare the computation time of solving the subproblems in both the x and y-
update with off-the-shelf solver (SDPT3 [85]). Second, we run the proposed algorithm on networks
of different topology to understand the factors that affect the convergence rate. The algorithm is

implemented in Python and run on a Macbook pro 2014 with i5 dual core processor.

7.3.1 Simulations on IEEE test feeders

We test the proposed algorithm on the IEEE 13, 34, 37, 123 bus distribution systems. All the
networks have unbalanced three phase. The substation is modeled as a fixed voltage bus (1 p.u.)
with infinite power injection capability. The other buses are modeled as load buses whose voltage
magnitude at each phase can vary within [0.95,1.05] p.u. and power injections are specified in
the test feeder. There is no controllable device in the original IEEE test feeders, and hence the
OPF problem degenerates to a power flow problem, which is easy to solve. To demonstrate the
effectiveness of the algorithm, we replace all the capacitors with inverters, whose reactive power
injection ranges from 0 to the maximum ratings specified by the original capacitors. The objective
is to minimize power loss across the network, namely ff’ (s?) = pf for ¢ € ®; and i € N.

We mainly focus on the time of convergence (ToC) for the proposed distributed algorithm. The
algorithm is run on a single machine. To roughly estimate the ToC (excluding communication
overhead) if the algorithm is run on multiple machines in a distributed manner, we divide the total
time by the number of buses.

In Table 7.1, we record the number of iterations to converge, total computation time required
to run on a single machine and the average time required for each node if the algorithm is run on
multiple machines excluding communication overhead. From the simulation results, the proposed
algorithm converges within 2.5 second for all the standard IEEE test networks if the algorithm is
run in a distributed manner.

Moreover, we show the advantage of using the proposed algorithm by comparing the computa-
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Figure 7.1: Topologies for line and fat tree networks.

Table 7.2: Statistics of line and fat tree networks

Size | # of iterations (Line) | # of iterations (Fat tree)
5 57 61
10 253 111
15 414 156
20 579 197
25 646 238
30 821 272
35 1353 304
40 2032 337
45 2026 358
50 6061 389

tion time of solving the subproblems between off-the-shelf solver (SDPT3) and our algorithm. In
particular, we compare the average computation time of solving the subproblem in both the x and
y update. In the z-update, the average time required to solve the subproblem (7.17) is 9.8 x 10~°s
for our algorithm but 0.13s for SDPT3. In the y-update, the average time required to solve the sub-
problems (7.11)—(7.12) are 3.7 x 10~3s for our algorithm but 0.45s for SDPT3. Thus, each ADMM
iteration takes about 3.8 x 10~ 3s for our algorithm but 5.8 x 10~ !s for using iterative algorithm, a

more than 100x speedup.

7.3.2 Rate of convergence

In section 7.3.1, we demonstrate that the proposed distributed algorithm can dramatically reduce
the computation time within each iteration. The time of convergence (ToC) is determined by both
the computation time required within each iteration and the number of iterations. In this subsection,
we study the number of iterations, namely rate of convergence.

Rate of convergence is determined by many different factors. Here, we only consider two factors,
network size N, and diameter D, i.e. given the termination criteria in Algorithm 7.2, the impact of
network size and diameter on the number of iterations. The impact from other factors, e.g. form of

objective function and constraints, is beyond the scope of this thesis.
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Similar to the method used for balanced networks in Chapter 6, we simulate the algorithm on
two extreme cases: 1) Line network in Fig. 7.1a, whose diameter is the largest given the network
size, and 2) Fat tree network in Fig. 7.1b, whose diameter is the smallest given the network size. In
Table 7.2, we record the number of iterations for both line and fat tree network of different sizes.
For the line network, the number of iterations increases notably as the size increases. For the fat
tree network, the trend is much less prominent compared to the line network. It means that network

diameter has a stronger impact than network size on the rate of convergence.

7.4 Conclusion

In this chapter, we have developed a distributed algorithm for OPF problem on unbalanced radial
distribution networks based on ADMM. We show that the optimization subproblems for each node
reduce to either a closed form solution or an eigenvalue problem whose size remains constant. We
have tested the algorithm on standard IEEE test networks, and the optimization subproblems in

each ADMM iteration are solved 100x faster than using generic iterative optimization solver.
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Appendix

7.A Proof of Theorem 7.1

Let Ay :=diag(A;, 1 <4 < n) denote the diagonal matrix consisting of the eigenvalues of matrix W.
Let U := (u;,1 < i < n) denote the unitary matrix. Since W € H*, U~! = U and W = UAw U™,
Then

X -W|5 = tr(X -W)T(X-W))
= tr((X -W)(X -W))
= tr(UH(X -W)UUH(X —W)U)
(

= tr(U?XU - Aw)(UP XU - Aw)).

Denote X := U¥ XU = (&;,;,4,j € [1,n]), note that X € S; since X € S;. Then

IX=WI5 = > @a— )+ |2l (7.18)
i=1 i#j
> ) (& — M) (7.19)
=1
> Y A (7.20)
A <

A <0

where the last inequality follows from #;; > 0 because X € S;. The equality in (7.20) can be

obtained by letting

N )\i 1= j7 A7 > Oa
IL'ij = y
0 otherwise

which means X (W) = UXU" = D i >0 Nitiug.
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