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In this treatise, we will present a dynamic version of the Security Constrained Opti-
mal Power Flow (SCOPF) problem, the “Look Ahead Security Constrained Optimal Power
Flow” (LASCOPF) problem, with post-contingency states representation and redispatch
scheme for restoration to normal operation, following an assumed outage represented in the
mathematical formulation. We will also propose a distributed algorithm to solve the OPF,
SCOPF, and LASCOPF problems. The objective of the problem is to minimize the cost of
operation, over a number of dispatch intervals and across all contingency scenarios subject
to the constraints of the network. It is, therefore, a large optimization problem, requiring
an effective distributed solution method. As one of the means to address this challenge,
we will be extending the Prozimal Message Passing (PMP) algorithmic framework, which
is based on another algorithm, called Alternating Direction Method of Multipliers (ADMM)
and combine it with the Auxiliary Problem Principle (APP). The resulting algorithm, which
we hereafter, will call, Auziliary Proximal Message Passing (APMP) is extremely scalable

with respect to both network size and the number of scenarios. We implement a look-ahead
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contingency planning, representing the post-contingency states of the system ahead of time,
in a Receding Horizon Control (RHC) or, Model Predictive Control (MPC) type of formu-
lation. One goal of this work is to particularly focus our attention on the trajectories of
post-contingency line temperature rise, line MW flow rise, and line current rise and try to
limit them through our proposed method. The reason for paying particular attention to
line temperature rise and limiting the same, is the intention of the present scheme to make
the most use of the existing transmission capability, without costly transmission upgrades.
The means of attaining that goal is to make use of short term thermal overload rating and
dynamic thermal limit, and in the event of an actual outage, modifying the dispatch in such
a way, that the flows on the remaining lines can be brought back to within allowed values
in a given time interval. We demonstrate the effectiveness of our distributed method with
a series of numerical simulations based on some simple systems and the IEEE test systems.

Finally, we conclude, with a suggestion to some possible future research directions.
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Chapter 1

Introduction

1.1 Overview and Background

1.1.1 The Premise

Maintaining economic efficiency along with continuity of reliable service, even in the
presence of random outages or sudden changes is a very critical and crucial aspect of modern
day power systems operation and planning. Without proper planning well ahead of time,
it is difficult to ensure continuous efficient operation of the grid, especially if the abnormal
conditions are large, fast, and non-deterministic. The dynamic ramp rate constraint on
generators, which restricts how quickly they can adjust their generation levels is one of the
most important limiting factors, affecting the ability of the grid to cope with random events,
other limiting factors include generator start-up and shut-down times, network topology,
and response times of relays, circuit breakers, and isolators. When large and unpredictable
changes occur to the grid, the set of power flows which corresponds to the efficient operation
of the new state of the grid can require large changes to generators’ current generation levels.
These large changes can be very costly or impossible to immediately execute. As a result,
proactive schemes, which can ensure continual operation with minimal (or no) disruptions
in the presence of large and unforeseen events, are required for effective grid operation.

Traditionally, the different Independent System Operators/Transmission System Opera-



tors/Independent Grid Operators (ISOs/TSOs/IGO, as they are known in different parts
of the world), utilities, electricity traders etc have been solving the Economic Dispatch (ED)
problem, the Optimal Power Flow (OPF) problem, and the Security Constrained Optimal
Power Flow (SCOPF) problem to choose how to generate power from the generators most
economically in order to meet the demand and also to satisfy network constraints, together
with solving the Security Constrained Unit Commitment (SCUC) problem to most econom-
ically decide which generators to switch on or off. Although some ISOs, like the CAISO,
include lookahead over multiple future dispatch intervals for their scheduling, they do not
explicitly represent the post-contingency states. We will aim at explicit representation of
post-contingency states in this work. We give below brief definitions of each of the above

problems.

1.1.1.1 Economic Dispatch (ED) Problem

The ED problem aims at scheduling the generators’ power outputs such that the
demand is met at the lowest possible cost while satisfying generators’ generating limits. It
does not pay attention to obeying transmission limits while solving this problem. In other
words, it is implicitly assumed that none of the transmission limits will be violated. The
ED problem can be stated mathematically as shown in equation (1.1) and diagramatically
shown in figure 1.1, where the left panel shows different sources of generating electricity,
with possibly different cost curves, thus representing the varied generation portfolio while
the right panel represents the power demand. In figure 1.2, we have shown a schematic

diagram for the ED problem.



Objective :

Powerrcr;leiilemtwn Total Generation Cost (1.1a)
Constraints :

Supply Demand Balance (1.1b)

Generation Limit (1.1c)

1.1.1.2 Optimal Power Flow (OPF) Problem

The OPF problem schedules the generators’ power outputs such that the load demand
is met at the lowest possible cost while satisfying generators’ generating limits as well as
satisfying the transmission limits. The OPF problem can be stated mathematically as shown
in equation (1.2) (in which the boxed constraints represent the ones that are different from ED
problem) and is shown diagramatically in figure 1.3, where the trasmission towers represent
the constraints pertaining to the line power flow limits. In figure 1.4, we have shown the

schematic diagram for the OPF problem.

Objective :
Powerxgeigemtwn Total Generation Cost (1.2a)
Constraints :
Supply Demand Balance (1.2b)



Minimum

111 88S 111

Figure 1.1: Economic Dispatch: Meeting Electrical Load Demand at the Minimum Possible
Cost.
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Figure 1.2: Economic Dispatch: Schematic Diagram for Economic Dispatch (ED)



Figure 1.3: OPF: Meeting Electrical Load Demand at the Minimum Possible Cost, while
obeying Trasmission Constraints.

Generation Limit (1.2¢)

'New Constraint — Line Power Flow Limit )| (1.2d)

Thoughout this work, we will adopt the convention that a newly introduced constraint or

issue is blocked as in (1.2d).

1.1.1.3 Security Constrained Optimal Power Flow (SCOPF) Problem

The SCOPF problem is similar to the OPF problem, but with the added set of

constraints pertaining to the different scenarios corresponding to post-contingency or post-
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Figure 1.4: Schematic of OPF Problem



outage power flows on the transmission lines. The pre-contingency (or healthy state) line
power flows correspond to the generations that abide by the post-contingency as well as
pre-contingency limits. A contingency scenario, in this context, refers to a network state
or topology with the outage of a certain number of network components (generators, trans-
mission lines, loads, transformers etc.). These components are generally chosen because
their outage is a credible event. In the present work, we will assume the outage of only
one component for each contingency scenario, which is known as (N — 1) contingency sce-
nario/analysis. This is justifiable, because the probability of more than one component
going out of service in a grid simultaneously, is extremely low. For most of this work, we
will mostly consider line contingencies, while also analyzing generator contingencies towards
the end. The SCOPF problem can be stated mathematically as shown in equation (1.3)
(in which the boxed constraints represent the ones that are different from OPF problem)
and is shown diagramatically in figure 1.5, where the picture of the flashover represents the
constraints to ensure security with respect to outage of any one line at a time. In figure 1.6,
we have shown the schematic diagram of the SCOPF problem, where along with the base

case scenario, we have also shown several contingency scenarios.

Objective :
PowerI(I;leiBemtion Total Generation Cost (1.3a)
Constraints :
Supply Demand Balance (1.3b)
Generation Limit (1.3¢)
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Figure 1.5: SCOPF: Meeting Electrical Load Demand at the Minimum Possible Cost, while

obeying Trasmission Constraints both at the base-case as well as several contingency scenar-
ios.

Line Power Flow Limit (Base Case) (1.3d)

New Constraint — Line Power Flow Limit (Contingency Cases) (1.3e)

As shown in the example in the next section, each of the above approaches fails to address
the issue of post-contingency restoration and ensuring secure operation of the system after

a random outage takes place.
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Cost = $10/MWh Cost = $20/MWh
0OMW < P, <1000 MW 0OMW < P, <1000 MW

RD = —100MW/Interval ~— RU = T0MW/Interval

Figure 1.7: Three Bus Sys-
tem; Solution to the OPF.

a, b, ¢: capacity 100 MW /125 MW

1.1.2 Case Study

In this section, we will present a scenario that sheds light on the short-comings of
the existing dispatch methods as described above. It, therefore, provides a rationale for the
emphasis in this dissertation, on the need for a new dispatch scheme. The system that we
consider for the purpose of illustration is a simple power system consisting of two buses,
three identical transmission lines, two generators (whose power outputs are symbolized by
Py and P respectively, with generating limits ranging from 0-1000 MW each), and two
loads as shown in figure 1.7 (indicated as D; and Dy with values, 300 MW and 500 MW
respectively). As shown in the figure, the two generators have marginal costs of $ 10/MWh
and $ 20/ MWh respectively. RD and RU refer to “Ramp-Down” and “Ramp-Up” limits
respectively which are expressed in the units of MW /dispatch interval. From the figure,
therefore, generator-1 can ramp down its production at a maximum rate of 100 MW from
one dispatch interval to the next, while generator-2 can ramp up by a maximum of 70 MW.
We assume that all three transmission lines have the same impedance and each has a long
term rating and an emergency rating of 100 MW and 125 MW, respectively, to transmit
power.

When OPF is solved for such a system, Generator-1 generates 600 MW and Generator-2

generates the remaining 200 MW. Hence the power flow on each line is 100 MW, which is at

11



the nominal rated value and hence, the system operating conditions are healthy. However, if
any of the lines goes out of service, the system will no longer stay healthy, since the flows on
the remaining two lines would exceed both the long-term and the emergency ratings. Hence,

this operating mode is not secure with respect to one line outage.

In the SCOPF case, if short-term emergency rating of 125 MW is adhered to, then
the dispatches will change to 550 MW, and 250 MW, respectively, so that the total power
transferred from bus-1 to bus-2 is 250 MW, which ensures security with respect to outage
of any one of the lines. This is because, even if one of the lines goes out of service, the
power flowing on each of the remaining lines will then be 125 MW, which is at the short
term rating. So, at least for a short duration of time, (which depends on the time the short

term rating is intended for) the flows are within the rating.

But, if a (permanent) outage of a line actually happens during the upcoming dispatch
interval and it is required to restore to security with respect to another contingency within

one further dispatch interval, then with the given ramping capability, it’s IMPOSSIBLE

The reason is that, although generator 1 can ramp down by 100 MW, it will be al-
lowed to ramp down only by 70 MW, as it has to match the ramp up of generator 2, which
can only ramp up by 70 MW to 375 MW, reducing imports to 125 MW, which is the secure
limit with one line permanently out. The dispatch is therefore required to be as shown in

figure 1.8. In this case, the total import from bus 1 to bus 2 is 195 MW. If an outage

12



Cost = $10/MWh Cost = $20/MWh
0OMW < P, <1000 MW 0OMW < P, <1000 MW

495 1 2 305
MW w _
Figure 1.8: Three Bus Sys-
tem; Solution to the Look-
Ahead SCOPF.
300 MW 500 MW

a, b, c: capacity 100 MW
actually occurs, then generator 1 can very well ramp down its output by 70 MW, within one
dispatch interval to bring down the power flow value to 125 MW, which is the secure value,
with only two lines in operation. At the same time, generator-2 can ramp up by 70 MW, to
make up for the loss of power for load at bus 2.

Thus, we can see that neither the OPF nor the SCOPF are adequate enough to solve this

The Locational Marginal Price (LMP) of electricity at the two buses/nodes is as shown in
the table 1.1

Table 1.1: Locational Marginal Prices.
Problem LMP1 ($/MWh) LMP2 ($/MWh)

OPF 10 20
SCOPF 10 20

problem. Moreover, we have illustrated here restoration to security with respect to next set
of outages/contingencies in just one further dispatch interval. But, in real world, it will be
required to restore the system first to long term rating in possibly multiple dispatch intervals,
and then to make the system secure with respect to next set of contingencies at the end of
a few more intervals. In the next section, we will present some real world concerns that are

actually driving the kind of issue we just presented in this case study.
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1.2 Motivation

In this section, we will be describing some recent real world issues and problems,
which motivates the work that we will be presenting in the next few chapters. We start with

the CAISO case in the following section.

1.2.1 Contingency Modeling Enhancements by CAISO

In the 2012 stakeholder initiatives catalog, the California Independent System Oper-
ator (CAISO) and its stakeholders both highly ranked the issue of “Additional Constraints,
Processes, or Products to Address Exceptional Dispatch,” which sought proactive market
alternatives to the current practices of restoration followed by the ISO. The NERC relia-
bility standard TOP-007-0R2 and the WECC (Western Electricity Coordinating Council)
reliability standard TOP-007-WECC-1R1 require the ISO to restore the system to security
within 30 minutes following an actual, permanent, outage. The current practice of the ISO
is to restore the system through Exceptional Dispatch (ExD) and Minimum Online Capacity
Constraints (MOC), following an actual outage that has resulted in the violation of Secure

Operating Limits (SOL) or Interconnect Reliable Operating Limit (IROL).

Figure 1.9 and figure 1.10 show the money spent and the MWh deployed for SOL
restoration by ExD and is a significant proportion. The problems with ExD and MOC are
that they are non-flow based, localized, not optimized, based on operator discretion, and
are not market based solutions. Therefore, in the March, 2013 issue paper [203], CAISO
proposed the “preventive-corrective constraint” formulation, in which the post-contingency

restoration within 30 minutes is represented within the dispatch model and the affected gen-

14



erators are compensated by LMP or through capacity payment reflected in the model. The
CAISO has subsequently taken the stakeholder feedback and comments [204], [210], [206],
[206], [208], [212] released a straw proposal [209] and three revisions of it so far [205], [207],
[211] (as of 10th December, 2015). However, CAISO is not yet taking into consideration the
temperature change on transmission lines, ambient temperature, and several other factors,

which we will present in this work.

1.2.2 Increasing Renewable Energy Penetration

As will be shown in the subsequent chapters, in the present work we consider the
dynamic adaptive line rating based on temperature rise of the transmission line relative to
the ambient temperature, while considering restoration to security after the outage of a line.
This means that we are going to make maximum utilization of the existent system while
making it resilient to outages without costly transmission upgrades. As compared to a static
transmission limit based on conservative estimates, the use of dynamic adaptive ratings al-
lows for the dispatch of more low cost generation [380]. If we assume the generation cost to
be contributed by only fuel cost, then renewable resources are the lowest cost generations. In
figure 1.11, we have shown the EIA estimate of fuel mix for USA and in figure 1.12, we have
shown a similar chart for only the renewable fuels. Both these charts forecast the growth

through 2040 of renewables in electricity generation and especially for wind (based on the
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Figure 1.9: Monthly Exceptional Dispatch Dollars by CAISO in 2012 (Source: CAISO).
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Figure 1.10: Monthly Exceptional Dispatch MWh by CAISO in 2012 (Source: CAISO).
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data through 2013). In figures 1.14 and 1.13, respectively, we show the EIA estimates of the
electricity generation by different fuels and by renewables only (excluding hydro and pumped
storage), through 2015 for the USA. Figure 1.12 shows a steady rise in the renewable pene-
tration. With increasing penetration of renewables, there will be less dispatchable thermal
generation online. Therefore, the available ramp capacity for post-contingency actions will
be more limiting. That is, the type of example illustrated in figure 1.8 will become more
typical. In order to facilitate more renewables, we need newer dispatch methodologies, which

the present work will focus upon.

1.2.3 Computational Challenge

The objective functions that we consider in the present work extend over a given
time horizon and encode operating costs and constraints for a given device operating under
a particular scenario. Hence even for a modest size network, the problem becomes quite
challenging to solve. For a large network size (for example, the western interconnection,

operated by WECC, the eastern interconnection, or the Texas grid operated by ERCOT
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Figure 31. Electricity generation by fuel in the Reference case, 2000-2040
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Figure 1.11: EIA Estimate of Electricity Generation till 2040 (Source:EIA).

19



Figure 34. Renewable electricity generation by fuel type in the Reference case, 2000-2040
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Figure 1.12: EIA Estimate of Renewable Electricity Generation till 2040 (Source:EIA).
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Figure 1.13: Electricity by Renewables till 2015 (Source:EIA).
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(Electric Reliability Council of Texas) shown in figure 1.15), the whole problem becomes even
larger. We therefore need an effective distributed algorithm or a combination of distributed

algorithms to solve such a massive optimization problem.

The present research attempts to come up with algorithms and solution techniques
in order to achieve post-fault redispatch of the system following an outage and also to
ensure security of the system with respect to the next set of outages or contingencies only
through computational means, instead of costly transmission upgrades or ad-hoc operator
experience-based operational procedures. The goal is to minimize a composite cost function
that includes the cost (and constraints) of nominal operation, as well as those associated with
operation in any of the (adverse) scenarios. This results in a large optimization problem,
since each variable in the network, namely, real power flow, is repeated |£| times, where |£|

is the number of contingencies.

We use a suitably modified version of the proximal message passing algorithm in
[234], combined with the auxiliary problem principle to solve this problem efficiently. This
gives us a highly scalable and fine-grained distributed algorithm, which can ensure fast so-
lution for big networks. There are other distributed algorithms, which have been explored
and compared in the literature (See, for example, the recent work by Kargarian et al on
the comparison of different distributed algorithms, as applied to solving the OPF problem
[220]). The main reasons we use the above ones are assured convergence, less dependence
on the nature of the objective function (other than it being convex, closed, and proper), and

robustness.
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1.3 Problem Definition

After setting up the context and the background in sections 1.1 and 1.2, we are now
ready to present a formal definition of the problem and the solution method. We will first

take a look at a brief description of emergency transmission rates in the next section.

1.3.1 Emergency Transmission Rates

In this section, we’ll discuss the idea of using different power ratings for transmission
lines depending on the temperature rise and the capability of the system to restore itself
following an actual contingency or any other event initiating a sudden change in the mag-
nitude of line current (and hence power flow). Figure 1.16, which is based on the material
presented in [269], shows three different ratings. The top most graph shows the step increase
of current on a transmission line, following the outage of some other line or a major change
in the system. The graph at the bottom shows the temperature of the line. As can be seen,
there is a limit to the final temperature to be attained, and immediately following the step
increase of current, the temperature of the line undergoes a transient phase. The details of
the calculation of the temperature under steady case and transient case have been presented
in the references [1], [380], while [45], [43], [8] explore the current-temperature relationship
under stochastic ambient conditions. Reference [331] applies a similar concept to calculate
the start-up costs of generators. In figure 1.16, initially, when I; was flowing through the
transmission line, the temperature, which was in equilibrium with the atmosphere was below
the maximum that the line can withstand. When the post-fault current /¢ corresponds to

the long term rating, the temperature after undergoing the transient approaches the max-
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imum limit asymptotically. For practical purposes, we can think of the line reaching its
maximum temperature after a long time, ¢;. If, on the other hand, the power system has
enough capability to redispatch itself fast enough, we can allow much higher post-fault cur-
rent to flow corresponding to either the short term emergency rating (I3 with the recovery
scheme needed to start acting at or before ¢3), or the adaptive emergency rating (I, with the
recovery scheme needed to start acting at or before ) and our goal is to still nevertheless
be able to guarantee that the system can be restored to security with respect to the next
contingencies within a required time. In our new SCOPF scheme, we will make use of this

idea to maximize the utilization of the existent transmission system.

1.3.2 Look-Ahead SCOPF (LASCOPF) Problem

In the present work, we consider a multiple dispatch interval security constrained
optimal power flow, which we call the Look Ahead Security Constrained Optimal Power Flow
(LASCOPF) problem, in which, at the beginning of each dispatch interval, we actually solve
the SCOPF problem looking forward several dispatch intervals in the future and accounting
for all the possible contingencies in those intervals. For each dispatch interval and each
contingency and/or base-case scenario, we consider a power network in which devices are
connected and there exists a set of scenarios — each corresponding to the failure and/or
degradation of a set of devices — over which we must ensure efficient operation of the
network. For each scenario, the scenario objective is to minimize the sum of the objective
functions associated with that scenario for each device. We extend the application of the
Proximal Message Passing algorithm from solving the standard static Optimal Power Flow

(OPF) problem to solving the (N —1) Security Constrained OPF (SCOPF). We then combine
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this approach with the Auxiliary Problem Principle (APP) to solve a multiple time horizon
look-ahead dispatch problem, which considers the potential for multiple sequential outage
of transmission lines and/or Generators. Our ultimate motive is to develop a mathematical
model for the problem which considers the line temperature rise trajectory following an
outage and attempts to limit the maximum value of this temperature within some safe limit
decided by the continuous/short term rating of the line. In order to accurately solve this
problem, we actually need a full AC-OPF representation. Nevertheless, as a starting point,
we will look at a DC-OPF model of the same, which provides valuable insights to the actual

and more accurate problem.

1.3.3 Stages of Development of the Look-Ahead SCOPF (LASCOPF) Problem

After having a brief discussion about modeling different devices, we derive the Math-
ematical Formulations for several different scenarios gradually increasing the level of com-
plexity in our model. For almost all the cases we show the formulations in both the “Angles
Eliminated” or “Power Transfer Distribution Factor (PTDF)” as well as the “Angles In-
cluded” versions, whereby we represent the different real power flows on the transmission
lines in terms of the real powers injected at the buses and the voltage phase angles at the
buses with respect to a system slack bus, respectively. We then reformulate all the preceding
cases into a different framework, the so-called DTN (Devices-Terminals-Nets) Formulation,
which is particularly suitable for the ADMM (Alternating Direction Method of Multipliers)
[49] based Proximal Message Passing algorithm to be applied to the problems. Thereafter,
we derive the Proximal Message Passing Algorithm for the different scenarios discussed pre-

viously. We finally discuss the results of some simulation studies conducted on some simple

28



and the IEEE test systems.

For simplicity, we consider only DC power flows in this work. The extension to AC
power flow, which we will need to model line temperature rise explicitly and accurately,
involves applying the AC-OPF model from [15], [242], [335], [334] and [243] to each scenario
and requiring that the phase angles of a given device are equal across all scenarios in the
first time period. We will present some highlights of the mathematical formulation for the
AC-OPF problem in appendix A. After having presented an introduction to our work, in

this chapter, we will next take a brief look at the body of literature, in the next chapter.
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Chapter 2

Literature Survey and Related Previous Work

2.1 Literature Survey on Electrical Power Systems and Optimal

Power Flow

As nicely stated by Grainger and Stevenson, in their classic text Power System Anal-
ysis [175], “Economic operation is very important for a power system to return a profit on
the capital invested. Rates fized by regulatory bodies and the importance of conservation of
fuel place pressure on power companies to achieve mazximum possible efficiency...”. These
sentences adequately emphasize the importance and the associated challenges of solving the
problem of economic operation of power systems.The Optimal Power Flow (OPF) problem
is at the heart of every kind of Power Systems planning and operations activities. The OPF
attempts to solve the power generation scheduling problem of generators, so that the supply
meets the demand, while satisfying the constraints of line flow limits, generating limits of
generators etc. at the minimum possible cost [194]. It has been studied for more than half
a century now, started by the work of Carpentier [67] in 1962. Early works summarizing
the state of art for OPF and Economic Dispatch are [180] and [81]. Some of the recent
references that provide a good summary of the historical development of the problem are
[61] by Cain, O’Neill, and Castillo, and [280, 280] by Momoh, El-Hawary, & Adapa. The

references cited there also provides good insights into formulation and modeling particularly
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of the ACOPF. The OPF is an extremely hard problem to solve, owing to the typical size
of the power network to which it is applied, and also to the high degree of non-convexity of
the problem (which is caused primarily by the presence of cross product terms in the voltage
variables & trigonometric terms [372] and also due to the non-convexity in the cost-functions
of generators, mainly caused by valve switchings [376]). Over the past five and half decades,
several authors have suggested different approaches to solve this extremely hard problem,
some of which are due to Torres-Quintana [349, 348, 350], Wang et al. [368], Dommel et al.
[106] etc.

2.2 Literature Survey on Security Constrained Optimal Power

Flow

Security Constrained OPF (SCOPF) takes the concept of OPF one step further and
ensures an optimal dispatch of the power system such that even in the event of an outage
no line will be overloaded past its emergency ratings. The pioneering work on the Security
Constrained OPF (SCOPF) was done by Stott et al in [340]. Chiang et al. applied a
variation of the interior point algorithm in their work [79], which takes advantage of the
structure of the problem. The ideas of applying distributed algorithms to solving SCOPF
problems appears in the recent works of Phan et al. [301], Chakrabarti et al. [71], Liu et al.
[254] etc. In the context of being able to solve look-ahead SCOPF (which we will present
in this work) where the load demands change over future intervals, it is very crucial, as a
simplifying assumption, that the PTDF's or, shift factors stay constant despite variation of
loading (as long as we are solving the linearized or DC-SCOPF). Evidence for this assumption

is presented in [19]. Equally important for solving multiple time interval look-ahead SCOPF
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is the concept of “Model Predictive Control” or “Receding Horizon Control,” some of the

good references of which are [307, 80, 184, 341, 235].

2.3 Literature Survey on Mathematical Optimization

Mathematical Optimization is a huge field of study, that can be broadly divided into
“Convex Optimization” and “Non-Convex Optimization.” In this work, we will mostly be
concerned with Convex Optimization. Significant work on Convex Analysis, which is the
theoretical field on which Convex Optimization is based is by Rockafellar [318]. The classic
references for Convex Optimization are the works by Boyd & Vandenberghe [50], Baldick
[17], Dattoro [98], Bertsekas [41, 42] etc.

2.4 Literature Survey on Distributed Optimization Algorithms

The Alternating Direction Method of Multipliers first originated in the 1970s with
the works of Mercier-Gabay [163], Glowinski-Marocco [168], Gabay [161], Fortin and Glowin-
ski [152] etc., followed by those during the 90’s which include the works by Eckstein and
Fukushima [129], Eckstein [122]. Gabay and Eckstein-Bertsekas first offered the convergence
properties of the ADMM algorithm in their works [162] and [126], respectively. In that same
work, Gabay also showed that there exists a more generalized method called the Douglas-
Rachford method of splitting monotone operators [112], [251], of which ADMM is a special
case. ADMM came into being as a result of the amalgamation of two previously proposed
algorithms: Dual Decomposition (which is, in turn, based on the Dual Ascent algorithm)
and the Method of Multipliers for solving augmented Lagrangian problems in a distributed

manner (which is also similar in flavor to the Gauss-Siedel iterative method). ADMM com-
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bines the robustness of the augmented Lagrangian and the method of multipliers with the
distributed computational capability of dual decomposition. Hestenes in [185] and Powell
in [306] first proposed the augmented Lagrangian and the method of multipliers in the 1960s.
Dual Decomposition also made its appearance in the 1960s in the works of Everett [136],

Dantzig-Wolfe [96], Benders [30], and Dantzig [94].

The classic references for the Auxiliary Problem Principle (APP) are [84], [85]. APP
was applied previously in OPF and transmission planning problems in [223], [18], [118], [24]

etc.

Some previous works on Proximal Message Passing (PMP) and the prox-project al-
gorithm include [354], [314], [282], [281], [68] etc. Combining these fields gives rise to the
Distributed Computational methods for OPF problem and significant references in that field
include works by Baldick and Kim [223], [224]. In [234], [254] and [71], Kraning et al., Liu
et al. and Chakrabarti et al., respectively, applied the Proximal Message Passing algorithm
to solving the standard Static Optimal Power Flow (OPF) Problem and solving the (N — 1)
Security Constrained OPF (SCOPF). Our present work will build up based on the works
of all these previous authors’” works. In the next chapter, we will present the system of

notations and conventions, to set up the tone for presenting our work.
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Chapter 3

Conventions for Notations and General Model

3.1 Model

Tn the present work, we will be using variables and parameters that are shared
between different components of a network, as well as among the different scenarios and
dispatch time intervals. Therefore, we will be heavily overloading our symbols and nota-
tions. Hence, it is very important to set up a consistent system of notational and modeling
convention in this chapter, so that we can use it throughout the rest of the work. We will
extend the network model and overload the notation from [234] to handle scenario planning.
Any power system network is made up of a finite set of terminals T, a finite set of devices
D, and a finite set of nets (nodes or buses) N. The set of devices D and nets N are parti-
tions for the set of terminals (i.e., each terminal is associated with exactly one device and

one net). Let us now define the notations to be used throughout, with the above idea in mind.

!Parts of this chapter appear in the published papers, “Security Constrained Optimal Power Flow via
Proximal Message Passing,” “Toward Distributed/Decentralized DC Optimal Power Flow Implementation
in Future Electric Power Systems,” and “A Survey of Distributed Optimization and Control Algorithms for
Electric Power Systems.” The author of this treatise is the first author of the first paper, contributed section
V, parts of sections IX and X of the second paper, and contributed parts of section III and V of the third

paper.
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3.1.1 Notations and Conventions

We have categorized the entities used in the subsequent formulations into four differ-

ent groups: Sets, Elements, Indices and Parameters.

3.1.1.1 Sets

D: Set of Devices

T: Set of Terminals

N: Set of Nets (that is, Buses, or Nodes)

The next three sets form partitions of the set of devices:

G C D: Set of Generators

T C D: Set of Transmission Lines

L C D: Set of Loads

L =1{0,1,2,....]£|}: Set of possible (N — 1) Contingencies. The element, 0 indicates the
base case.

Q2 =1{0,1,2,...,]Q|}: Set of Dispatch intervals or, the net Dispatch Horizon under consid-
eration. 0 indicates the first dispatch interval under consideration. It is to be noted that
the first dispatch interval under consideration, for which the calculation is done is actually
the forthcoming (upcoming) one. Hence, dispatch interval —1 (which is not in this set) is
the current running one. Later, when we will consider the intra-dispatch interval variation
of generation (or, equivalently, variation of demand, as well), we will be more interested,
for the purposes of attaining supply-demand balance (and also, other inequality constraints,
at least as a simplifying first step), in the ends of each dispatch interval. In those case, it

is immaterial whether we consider duration of dispatch interval -1, its end, or the duration
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of dispatch interval 0, as the current time (as long as we have fast enough computational
power and command and control at our disposal to perform the computation and implement
the results by the end of the current dispatch interval, if we consider the current interval
as 0). Table 3.1 establishes the convention for numbering the look-ahead as well as present
dispatch intervals. In the table, s indicates the count of dispatch interval starting from the
upcoming/forthcoming interval (which we will denote by the letter, 7. As we will soon see, T
will also serve the purpose of indexing the dispatch intervals, or, more precisely, it’s (7 +s)).
Also, in the table, I'ryp, 'rsp, and I'y;rp has been introduced, which will be explained in

chapter 6.

T will be used to denote the transpose of a vector or matrix.

3.1.1.2 Elements

t: Elements of T
g: Elements of G
D: Elements of L
T: Elements of T’
N: Elements of N
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3.1.1.3 Indices

1,7: Nets,

k: Terminals,

q: Generators,

r: Transmission Lines,

d: Loads,

c: Contingencies,

7: Dispatch Intervals,

v: Iteration count for ADMM /PMP algorithm,

uapp: Iteration count for APP algorithm

3.1.1.4 Parameters

Rr, X1, Zr, = Ry, + (V/—1)X7,: Resistance, Reactance and Impedance of the r* Trans-
mission Line.

Qg,s Bgys Vg, Quadratic, Linear, and Constant Cost Co-efficients of the ¢'" Generator.

Cy, (), faen(.) will be used to denote the cost function of the g, generator and that of a
generic device, respectively, throughout. We will introduce the other cost functions in the
appropriate sections.

ng, ng,ﬁgq, qu(: —}_%gq, usually), Ly, denote the maximum and minimum generating lim-
its of generators, maximum ramp-up and ramp-down limits of generators, and power carrying
capacity of transmission lines respectively.

The variables are the real power P and the bus angles 6 (There are no bus angles for DC

tie-lines). The following is the convention we follow in order to identify the associations of
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any particular variable to the sets:

. Contingencylndex)(DispatchTime#2 ;
(Vamable( gency )(Disp #2) ) ' )(IteTatzonCount)_
Net/DeviceElement ... i Numbper (€) (DispatchTime#1)

The above notation refers to a variable associated with a particular terminal indexed
by the Terminal Number of either a net or a device for the contingency scenario indexed
by ContingencylIndex during DispatchTime#2, as estimated by a computing unit linked
to DispatchTime#1 and contingency scenario, c¢. Sometimes we will use the net number
instead of the terminal number in the above convention, when we want to indicate several
devices connected to a particular net. If it is part of an iterative algorithm, then the outer-
most superscript indicates the iteration count. Whenever a variable is boldface, one or more
of the indices will be missing and that means the boldface variable is a vector each of whose
components will have all or some of the missing indices (the components themselves can
be vectors or scalars). When the variable is not bold-face and still some of the indices are
missing, that means it is a scalar and the missing indices are either irrelevant or their values
are implied from the context (See, section 3.1.1.5 for some exaples that clarify this notational
convention). Also it is to be observed that since generators and loads are single terminal

devices, it is not necessary to specify the terminals for these, unless absolutely required.

3.1.1.5 Examples

In order to understand and get familiar with the above system of notational conven-

tion, we will refer to figures 3.1 and 3.2 first and then present some examples. Figure 3.1
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is a modified reproduction of figure 1.7 or figure 1.8 appearing earlier. Here, the terminals
have been shown as the solid dots and the buses or the nets have been shown as dashed
boxes. In figure 3.2, we have shown a bipartite graph corresponding to this simple power
system, where we have classified all the devices (generators: ¢;, go; transmission lines: 77,
Ty, T3; loads: D;, Ds) into nodes of one category and represented them as green colored
boxes and the buses or nets (N; and Ny) as nodes of the second category and represented
them as blue colored boxes. The terminals, which connect the devices to the respective nets
have been shown as the edges. We have colored all the terminals connecting to the net Ny,
black and those connecting to net Ny, red. We have labeled the terminals with the letters
of same colors. The labeling convention for the terminals is that we first write the name of
the terminal, followed by the notation for power at the device end of the terminal and that
at the net end, seperated by a comma, within a set of parantheses. We now give several

examples below:

1. P}V‘? )t indicates the real power flowing out of the k' terminal, which belongs to the *"
vty

net, for the contingency scenario, (c).

2. P}C)t indicates the real power flowing out of the k" terminal, which belongs to the r'*
Ttk

Transmission Line (Device), for the contingency scenario, (c).

3. Pg(g(?)) indicates the real power output of the k' terminal, which belongs to the ¢
k

Generator (Device) during dispatch interval, 71, as assumed by a computing unit for
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Figure 3.1: Two Bus System (modified).

dispatch interval, 7 for the contingency scenario, (c).

. (P(C)(Tl)

i (T))(”) indicates the real power output of the k¥ terminal, which belongs to the
123

q'" Generator (Device) during dispatch interval, 7;, as assumed by a computing unit

for dispatch interval, 7 for the contingency scenario, (c), in the v-th iteration.

. PES) = [P;:(IT)), Pg(;(lT)), s Pg(‘Tcl‘)(T)]T represents the vector of MW outputs of all genera-
tors in the network, in the dispatch interval, 71, as assumed by the computing unit
associated with solving the OPF problem for the dispatch time interval 7. It is to be

observed that even though some indices of each component are missing, they are all

scalars. This means that indices such as contingency index, iteration count etc. are
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either not relevant or are implied in the context.

6. Py = [PES), ng), ...]T represents the vector of MW outputs of all generators in the
network, in the dispatch intervals, 71, 7y, ..., and so on, as assumed by the computing
unit associated with solving the OPF problem for the dispatch time interval 7. In this
case, since each component of the vector is also vector, the hidden index will depend

on the context and each component vector also needs to be defined.

7. Associated with each terminal ¢, € T is a set of contingency power schedules Py, =

[Pig), Pii), . ,P,ELLD], where P,Ei) e R for a given time horizon |Q)|, if we use P,Ei)
to denote a vector that has the different schedules for different dispatch intervals as
its components and |£| is the number of scenarios (we use scenario 0 to signify the
nominal network state). We will refer to a contingency power schedule as simply a
power schedule when it is clear from context which scenario it corresponds to. We can

also reference contingency power schedules by their corresponding devices and nets,

ic., Pr, = [PY, PR ...

r’

,P%D | refers to the set of contingency power schedules of
the terminals associated with device (in this case, transmission line) 7, € D, where
PE_FCB = [P,EC) |ty € T,] is the set of terminal power schedules associated with device T,

k

in scenario ¢, and with a similar notation for nets.

Refering back to figure 3.2, we can now see that each of Py, and Py, is a five-dimensional

vector, with entries, [PNlt17 PNth, PNlt37 PN“?, PNltg] and [PN2t47 PN2t57 PN2t67 PN2tS7 PNztw]
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respectively. There will be similar bipartite graphs in the different contingency scenarios and
dispatch time intervals. We will take a deeper look at those in the subsequent chapters and

appendices.

Although we are here using generators as an example device, the same remarks are
valid for any of the three types of devices. Associated with each device g, € D is a family
of objective functions {fgq(Pg(qC)) : RI% 5 RU {400} | ¢ = 0,...,|L|}, where we set
faq (Pg(f)) = 00 to encode constraint violation on the power schedules of the device in scenario
c (ie if the powers are such that they fall outside the generation limit or such that they violate
the ramp rate constraints) and |g,| denotes the number of terminals of the device g,, which

for generators or loads is 1 and for transmission lines is 2. When fgq(Pg(‘f)

) < 0o, we say that
Pg((f) are feasible power schedules for device g, in scenario ¢ and we interpret fgq(PéCf)) as the

cost to device g, of operating according to power schedule Pg(f) in scenario c.

In SCOPF, we wish to determine the set of power plans P that minimize the total

cost of operating the network

minimize Z(P) = > geven Jdeo(Piev)
subject to P =0, (3.1)
P<P<P

where P € RN+ g the vector of average power flow on each net in the network for all
contingencies. The first constraint states that a net (or bus) is a lossless power carrier and
that (1/[Ni]) X2, cn, Pt(:) = 0 for each N; € N and ¢ € £. The second constraint captures
all the inequalities, such as line flow limits, ramp-rate constraints, generator maximum and

minimum generating limits etc. The reason we use the same set of variables for the inequality

constraints (which pertain to the devices) as that for the equality constraints (which pertain
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to the nodes) is because both of them are, at the fundamental level, variables associated

with the terminals.

3.2 Device examples

We give some device examples in this section. For simplicity, we model all devices
with convex functions. For each device, we also describe how its model behaves under a

contingency. We only consider contingencies (or scenarios) in which a device fails entirely.

Fixed load. A fixed load not involved in any contingency must always have its demand

met. It has the constraint that:
PlE)?d:_PDaH C:O""7|L|7

where Pp, is the fixed demand of the load and Plg;)d indicates the injection due to the
load. Pp, is typically a positive value, meaning consumption, so that injection Pl(c) into the

oad

network at its terminal is negative.

However, if the load demand changes during contingency ¢’, we modify the constraint

to read

where Pp, is the new load demand during contingency ¢’. This includes the possibility
that the load is dropped during contingency ¢’. If the load is dropped, we set —Pp = 0.
Throughout this work, for the sign of the power injection, we use negative sign to indicate
that the injection is actually a withdrawal of power from a node (either to the rest of the

network, or to the load), and positive sign for indicating that the injection actually refers to
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pushing power into a node (from the rest of the network, or a generator, or, sometimes a load).

Generator. A generator has power generation limits,

P, <PYD <P, c=0,...,[L|

—9q¢ — " Yq
and ramp limits,

R, <PU) _pO <R = 1=0,...,]9

99 — 7 Y9q 9q
The operation limits require the powers in each of our |£| contingencies to obey the above

inequality.

The operating cost function is usually modeled as a linear/increasing quadratic or
cubic/piecewise linear function, depending on the requirement and computational power

available. In this work, we will model it as an increasing quadratic function as shown below:

2
ng(qu) = agq(qu) + 69(1(P9q) + /ygq'
The most important feature about the operating cost functions are that, they are convex,

increasing functions that give the cost of operating the generator at a particular power.

If a generator is dropped during contingency ¢, we add the constraint that Pg(qc/) = 0.
If fuel cost should rise sharply during contingency ¢, we modify Cégl) to account for the new
cost. If the generator performance deteriorates during contingency ¢’, then we replace the
power generation limit for Pg(qcl) with

new

Pyt < B < Py,

where PU* and P’ are the new, degraded limits of the generator, 9q-
q 9a
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Transmission line. While using the DC approximation for a transmission line, a capaci-

tated transmission line must satisfy the power flow equation
PTrtl + PTrt2 = é(PTrtl ) PTTt2)7

and a line capacity

’PT'rtl | < ZT’V" ’PTrtQ‘ < zTr?

where Ly, is the line capacity and E(PT”1 ) PTMQ) describes the loss on the line. In the case
of a lossless transmission line ¢ (PT”1 , PT”Q) = 0. Although, for the DC-OPF, we assume the
lines to be lossless (ie Pr,, = —Pr,, ), in order to account for the temperature in our work
to follow, we need to consider an estimate of the Ohmic losses, which results in the rise of
line temperature and we will calculate that as a fixed fraction o/ of the square of the line

power flow (the fraction will vary from one line to the other).

E(PTMI ? PTrtQ) - O/(PTrtl )27

For AC-OPF, the calculation of losses is more straight forward. Given a transmission line

with resistance Ry, and the line current as Ir, the loss is

€<pTrt1 ? PT'rtQ) = (RTT)([T’I‘)27

Note that a transmission line is a two terminal device and Pr,, and Pr,, are the power

flows at the two ends of the transmission line, from the line into the rest of the network.

If a line is dropped in contingency ¢, then the powers no longer satisfy the power

flow equations. Instead, we replace the power flow equations with
() _ p() _
PT”1 = PT”2 =0.
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If the line capacity is degraded in contingency ¢’, then we replace the line capacity constraint
for Pgt)l and PT(’ft)Q with
(c') 7
P <

— )

4 ()
i) <Tp,

) is the new, degraded capacity. With the notational conventions thus stated, we

where Z%
will now describe the conventional /traditional mathematical formulations of the problems

in the next chapter.
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Table 3.1: Convention for Numbering the Dispatch Intervals

Interval

Name

Definition

s=-—1

Last Interval

Latest interval for
which the dispatch
targets have already
been calculated.

Upcoming/Forthcoming Interval

The earliest future
interval for which
we are calculating
the dispatch targets.
Note: The first contingency
can occur in this
interval, and worst
case is assumed to
be where contingency occurs
at the beginning of
this interval.

First Interval after Upcoming

First interval after
the upcoming interval
for which we can respond
to a contingency.

s =IrnD

Return to Normal Dispatch Interval

Interval by the end
of which all flows are
at or below normal or

long-term ratings.

s=Iyrp = 'rnp +Trsp

Return to Secure Dispatch Interval

Interval by the end
of which all flows are
at or below normal ratings
and the system is
secure with respect to
any subsequent contingency.

Note: We are not assuming contingency “occurs” in subsequent intervals. Rather, we
want to be secure with respect to the next contingency.
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Chapter 4

Look-Ahead SCOPF: Conventional Formulation

Tn this chapter, we consider the conventional or traditional OPF formulation. The
ultimate aim is to come up with a formulation that incorporates a look-ahead dispatch having
the flavor of the Model Predictive Control or a Receding Horizon Control ([272], [370], [261],
[29], [307], [80], [379]), which considers the possibility of multiple sequential outages “looking
forward” several dispatch intervals and ensuring security with respect to all of them. The
calculation “rolls forward” at the end of each dispatch interval, starting the calculation again
and continues repeatedly in this manner. Specifically, for the look-ahead dispatch model,
we consider the trajectory of temperature rise on the transmission lines following an outage

and control generation in order to limit the rise.

In the next few subsections, we build up this model systematically and gradually in
several steps, increasing the model complexity starting from a very simple case and culmi-
nating in our proposed model. We will be following the common system of notations that

we have introduced in section 3.1.1. We will also be introducing some more notations, which

!Parts of this chapter appear in the published papers, “Security Constrained Optimal Power Flow via
Proximal Message Passing,” “Toward Distributed/Decentralized DC Optimal Power Flow Implementation
in Future Electric Power Systems,” and “A Survey of Distributed Optimization and Control Algorithms for
Electric Power Systems.” The author of this treatise is the first author of the first paper, contributed section
V, parts of sections IX and X of the second paper, and contributed parts of section III and V of the third

paper.
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N, Ty, Ly, = 100MW/125MW N,
@ T, L_T2 = 100MW /125 MW @ Figure 4.1: Three transmis-
sion lines, a, b, ¢, joining
demand T, L_T3 = 100MW /125 MW/ demand two buses, 1, and 2.
Pp, Pp,

are more specific to only some particular sections.
Figure 4.1 shows the example two bus system that we have introduced in the previous
chapters. We will be using this system to derive the formulations for our problems and then

generalize those.

4.1 Conventional Formulation of OPF

First consider the simplest possible case of a two bus system shown in the figure. There
are three transmission lines in between with equal impedances and equal power carrying
capabilities (100 MW: Continuous or, Long-Term and 125 MW: Short Term). Assume
that the marginal costs for generating power are $10/MWh and $20/MWh for Generators
1 and 2, respectively, and that the marginal costs stay the same for the entire range of
generating capability. We will try to solve a very simple look-ahead dispatch calculation for
such a system. We will build the model in steps, increasing the complexity and adding new
constraints for making the analysis more realistic at each step. We will also be generalizing
the analysis to arbitrary systems at each step. This approach will help us gain insight as to
what exactly is going on physically, as well as understand how the mathematical model is

fitting into the pertinent situation.

First assume that it is certain that no line outages are ever going to happen and so,
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we can transfer a maximum of 300 MW from Bus-1 to Bus-2. Let the power demands of the
loads Dy and D; to be served be 500 MW and 300 MW respectively and also let both the
generators have very high or infinite generating capability. So, the Generator-1 will be gener-
ating P,, = Pp, + 300 = 600M W, Generator-2 will be generating the remaining 500-300 i.e.
200 MW, and the LMPs (LMP: Locational Marginal Prices for Electricity, the incremental
cost for generating or providing power at a particular bus, the price at which electricity is
traded in the wholesale market) at buses 1 and 2 will be $10/MWh and $20/MWh, respec-

tively.

4.1.1 Outline of the Formulation for OPF

From the foregoing investigation, we can generalize the above situation to more com-

plicated multi-bus and multi-generator-load systems as follows:

Objective :
Power%leiileration Total Generation Cost (4.1a)
Constraints :
Supply-Demand Balance (4.1b)
Line Power Flow Limit (4.1c)
Generation Limit (4.1d)
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4.1.2 Illustration of Simplest Two Bus System for OPF

The problem for this system, which has been just discussed previously, can be math-
ematically formulated as follows (the Angles Eliminated Formulation), solving which will

actually give the same results we previously examined intuitively.

inilfl’}, Cy, (Pyy) + Cgy (Pyy) (4.2a)

Subject to: Py, + Py, = Pp, + Pp, (4.2b)

’Pgl - PD1| < zlme (4'2C>

| Py, — Pp,| < Liine, Redundant Constraint (4.2d)

where, P, and P,, are real powers produced by Generators-1 and 2 respectively (Decision
Variables) and Liine is the maximum power transfer capability of the lines from Bus-1 to
Bus-2, which is the sum total of all the three transmission lines between the two buses. The
above formulation doesn’t take into account the bus voltage angles and so it is the “angles
eliminated” or “power transfer distribution factors” formulation of DC OPF. Let’s now look

at the other alternative formulation, taking into account the bus voltage angles.

Pg?}lijgﬁ Cgl (Pgl) + ng (sz) (433)
0
Subject to: Py, — Pp, = ——2 (4.3b)
Xline
On.
P, — Pp, = Xﬁ; (4.3¢)
0 _
‘ Ak S Lline (43d)
line
) _
‘— N < Liine, Redundant Constraint (4.3e)
line
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In the above formulation, Zjne = Ryne + (V—1)Xjine and Ry, is very small in typical
transmission systems, VN, = Vn, 20, VN, = VA, Z0n,, Vv, = VN, = 1 pu and Oy, is very

small. These are essentially the assumptions for the DC (linearized) OPF.

4.2 Conventional Formulation of (N — 1) SCOPF

Moving on to the next level of sophistication in our model, we will now consider in-
corporation of (N — 1) security constraints in our formulation. In the simple two bus case
discussed previously, let’s, for the sake of simplicity, initially assume that the short-term
ratings of lines are the same as the long-term. We are again assuming equal impedances
of the lines and identical maximum line flow limits of 100 MW for each line. In order to
be secure with respect to a single contingency, now only 200 MW can be transferred from
Bus-1 to Bus-2 and so, the remaining (500-200) i.e. 300 MW of load has to be provided by
Generator-2. Therefore, being secure with respect to the single outage of the line amounts
to evaluating how much power can be transferred if the line is taken out of service, without
violating the limit constraints and actually allowing that very quantity of power to flow

during pre-contingency.

4.2.1 Outline of the Formulation for SCOPF

Hence, the generalized SCOPF can be written down as:

Objective :

min Total Generation Cost (4.4a)

Power Generation
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Constraints :

Supply-Demand Balance (4.4Db)

Generation Limit (4.4c)

Line Power Flow Limit (Base Case) (4.4d)

New Constraint —Line Power Flow Limit (Contingency Cases) (4.4e)

The added constraint compared to (4.1) has been boxed, and we will follow the same con-

vention in each successive model formulation.

4.2.2 (N — 1) SCOPF for the Two Bus System: Equal Capacities and Line
Impedances

Refering back to the foregoing discussion, the SCOPF can be formulated as (Angles
Eliminated Formulation, the redundant constraints have not been included in the next three

formulations, the primary reason being that, we are not considering line losses yet):

pmilgl Cou(Pyy) + Coy(Py,) (4.5a)
913+ 92
Subject to: P,, + P,, = Pp, + Pp, (4.5b)
P, — P
ngDl < 100 (4.50)
P, —P
ngDl < 100 (4.5d)

The first inequality corresponds to the base case and the next one corresponds to the outage
of a single line from the system. It should be observed that for this particular case, the
constraint (4.5c) is redundant and can be omitted, thereby reducing some computational

burden possibly. But in general, this is not true. Nevertheless, such kind of observation
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gives us important clues regarding how we can identify and get rid of redundant constraints

from our problem formulation, without affecting the solution.

4.2.3 (N —1) SCOPF for the Two Bus System: Unequal Capacities and Equal
Line Impedances

Our next scenario to consider would be the case in which the capacities of the lines
are different and they are a > b > ¢, for Ty,T5,Ts respectively, but the impedances are

identical. Now, the SCOPF is formulated as (Angles Eliminated Formulation):

Pi?,iI%Q Cg(Py,) + Cyy(Py,) (4.6a)
Subject to: P, + P, = Pp, + Pp, (4.6b)
Base Case: @ <a (4.6¢)
@ <b (4.6d)
@ <c (4.6¢)

Outage of “T3” : @ <a (4.6f)
Pt 458
Outage of “T5” : @ <a (4.6h)
Pt s
Outage of “Ty” : @ <b (4.6)
Lo = o (4.6K)

2
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4.2.4 (N —1) SCOPF for the Two Bus System: Unequal Capacities and Line

Impedances

The next step will be to consider the situation where the impedances as well as the

capacities are different and let’s assume that the impedances (in this case, the reactances,

since we are neglecting the resistances) are X1, X5, X3 of lines 71, T5, T3, respectively, with

capacities a, b, ¢, respectively). Now, the SCOPF is formulated as (Angles Eliminated For-

mulation):

Base Case:

min Cy, (P,,) + Cy,(Fy,)

Pgl ’PQQ
Subject to: Py, + Py, = Pp, + Pp,
P, — Pp
(X1 X0 + Xo X5+ X3X7)
P

— Py
g1 1 X X < b
(X1 X0+ Xo X5 + X3X1)( 1Xs) <

P1 — PD1
(X1X5 +9X2X3 + X3X) (KiXe) < e
Pg1 B PD1
(X1 + Xo)
Pg1 B PD1
(X1 + Xo)
Pgl B PD1
(X1 + X3)
Pgl - PD1
(X1 + X3)
Pgl — PD1
(X3 + Xo)

191 1D1
— X <
(X3—|—X2)( 2) e

Outage of “T3” : (Xo) <a
(X1) <0
Outage of “T5” : (X3) <a
(X1) <c

Outage of “T}” : (X3) <b
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(4.7a)
(4.7b)

(4.7¢)
(4.7d)
(4.7¢)
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4.3 Conventional Formulation of Look-Ahead SCOPF to Track
Demand Variation

Now that we have taken care of the SCOPF problem in its static form, we will next
focus our attention on the dynamic aspects of the problem. Specifically, we will try to develop
the mathematical model for a look-ahead dispatch calculation that considers several future
dispatch intervals at the onset of each current dispatch interval and takes into account the
possible variations of operating parameters across different scenarios represented in different
future dispatch intervals, so that at each interval the entire system is secure. At the end
of each current dispatch interval, the calculation “rolls forward” and the whole look-ahead

calculation is repeated.

Our primary motivation and interest is to examine the possibility of being able to
represent, within the optimization framework, the post-contingency restoration of the system
to security with respect to the next possible failure(s). We will again start with a very simple
case of look-ahead dispatch calculation: that of variation of load across different dispatch
intervals and incorporation of ramp rate constraints within the dispatch model to meet the
changing load demand requirements. It is to be noted that, initially, we will not consider

post-contingency restoration to security.

Let’s imagine the situation in which three consecutive forthcoming dispatch intervals
are considered and the load Dy to be supplied during those intervals, takes values, respec-
tively 290 MW, 300 MW, and 300 MW. Lets also assume that initially the system is operated
such that it is secure with respect to a single line contingency and also, that each line has a
maximum short-term thermal limit of 125 MW. We are, for the sake of simplicity, assuming

that the line impedances and capacities are equal for the simplest two bus system that we use
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for the purpose of illustration. Let’s also assume that each of the generators can ramp up at
a maximum rate of 5 MW /dispatch interval. Thus, Generator-1 should, in the first interval,
be producing 300+245=545 MW and Generator-2 should be producing 290-245=45 MW, so
that, in the next interval, both can be ramped up by 5 MW each and be able to meet the
increased demand of 300 MW. Observe here that, although we could have transferred 250
MW from Bus-1 to Bus-2 in the dispatch interval-1, we actually transferred only 245 MW.
This is because, otherwise, Generator-2 would have been generating 40 MW and it would
have been impossible to ramp it up by 10 MW by the next dispatch interval to meet 300

MW and we would have to resort to load shedding.

4.3.1 Outline of the Formulation for LASCOPF to Track Demand Variation

The generalized version of the above problem for a multi-time horizon, arbitrary

network is as follows:

Objective :

min Total Generation Cost over (|Q2] 4+ 1) dispatch intervals (4.8a)

Power Generation

Constraints (V1) :

Supply — Demand Balance (4.8b)

Generation Limit (4.8¢)

Line Power Flow Limit (Base Case) (4.8d)

Line Power Flow Limit (Contingency Cases) (4.8¢)

New Constraint —Generator Ramp Rate Limits from 7 to (1 + 1) (4.8f)
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We now present pictorially the coarse grained distribution of the computation of the above
problem. (For the details, the reader is directed to chapter 5). Refering to figure 4.2, the
different overlapping circles here represent the different dispatch intervals. For this particu-
lar illustrative example (andalso the next one), we will consider that the value of 7 is equal
to 1, which means that the upcoming interval is (according to the convention introduced in
table 3.1) given by 7 =7+ s = 7+ 0 = 1, the next interval willbe 1 =7+ s=7+1=2,

and so on. The dashed circles for 7 = 0(= 7+s = 7+(—1)) and 7 = 4 represent, respectively,

e The dispatch interval for the present, for which the Look-Ahead SCOPF problem was

already solved and the results are known.

e The dispatch interval following the last future concerned time horizon.

We will distribute the SCOPF across each dispatch interval and then for each interval ex-
change messages regarding the current estimate or “belief” about the optimal values of
the decision variables for the immediately preceding and succeeding intervals, eventually
attempting to achieve a consensus between those. (We will be doing this through the appli-

cation of the Auxiliary Problem Principle (APP) [84], [85], [223], [18], [118], [24]).

In the figure, the values shown at the two sides of the arrows are those “beliefs” among
which we are trying to achieve consensus. We follow the same convention as introduced in
section 3.1.1.

Hence, now there will be some consensus constraints.

For example, pY —pl) p® — p!

_ 3)
O )L ) 3

) etc.
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Look-Ahead SCOPF for

Demand Variation.

4.3.2 Simplest Case of Demand Variation for Two Bus System

The above problem can be mathematically expressed as follows (Angles Eliminated

Formulation, henceforth, for the purpose of illustration, the two bus example problem will

always be formulated in the angles eliminated format and the redundant constraints will not

be included there. This is just for convenience, but all of the above are taken care of in the

generalized formulation):

3

Subject to : V7 € {1,2,3}

P + B = Py + Py
P(T) _ P(T)
% < 100

Pyl — Py <125

T+1 T 5)
E92§P9(2+)_P()§R9

T+1 T 5)
E91§P51(1+)_P()§R9
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(4.9b)
(4.9¢)
(4.94)

(4.9e)
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4.4 Look-Ahead SCOPF for Ensuring Security with respect to
Next Outages in one Dispatch Interval

From the knowledge that we have gained so far, we will now move on to the next level
where we will be thinking about the look-ahead dispatch for restoration to secure operation
with respect to the next possible set of contingencies, where it is assumed that an outage can
occur in upcoming dispatch interval and we would be secure with respect to that contingency
(i.e. even if in the event of the contingency happening, no line is overloaded past emergency,
but heating begins as early as “immediately”). Right now, for the sake of simplicity and
illustration, we are assuming that it is possible reduce the flow on a line from its short term
rating to a level that restores security in just one further dispatch interval, but subsequently,
we will consider the situation where it is done rather gradually, over several intervals because
of generation ramping limits. Restoration to security in several dispatch intervals is useful

when the line ratings are based on thermal considerations (for short or medium length lines).

In order to illustrate and gradually build up the generalized mathematical model,
let’s consider the following scenario of the two bus system described earlier with three lines,
each having continuous rating of 100 MW and short time rating of 125 MW and with load
demands of D; = 300MW and D, = 500M W, respectively. Let’s consider the dispatch in
several intervals. In the first dispatch interval, in order to be secure with respect to a single
contingency (outage of a line), the maximum amount of power that can be transferred from
bus-1 to bus-2 is 250 MW. If, now, anywhere in the first dispatch interval, one of the lines
actually goes out of service, then only 125 MW can be securely transferred from bus 1 to
bus 2, without exceeding short term ratings. To restore security within one further dispatch

interval, Generator-1 should have enough ramp-down capability to reduce its generation by
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125 MW (from 3004250 i.e. 550 MW to 300+125 i.e. 425 MW) and Generator-2 should
have enough ramp-up capability to increase its generation by 125 MW (from 500-250 i.e 250
MW to 500-125 i.e. 375 MW). Now, suppose that the maximum ramp-down capability of
Generator-1 and the maximum ramp-up capability of Generator-2 are respectively 100 MW
and 70 MW. This means, Generator-2 can only increase its output, following the outage
from interval-1 to interval-2 by 70 MW, which means Generator-1 reduces its production by
70 MW, in order to maintain power balance and in doing so, maintains a flow of 125 MW
from bus-1 to bus-2 in the second dispatch interval, following outage of one transmission
line. So, in the first dispatch interval, the flow from bus-1 to bus-2 was 125+70 i.e. 195 MW
and so, the production from Generator-1 was 300+195 i.e 495 MW and production from
Generator-2 was 500-195 i.e. 305 MW. That is, requiring restoration to security, together
with ramp constraints, required flows on lines to be reduced well below the level needed for

N — 1 security alone.

Now, if the line impedances and power carrying capabilities are different, then for the
first dispatch interval, the constraints will consist of a base-case and three different potential
contingencies. But, for the second dispatch interval, there will be three distinct base-cases
corresponding to outages of each of the lines and for each of those three, there will be two
more contingency constraints corresponding to the outage of each of the remaining two lines,
one at a time. Obviously, the one contingency constraint that is most stringent will be the
dominating one and the other will be redundant. So, there will be a total of 3 x2+3+1 i.e.
10 base case/contingency groups of constraints in the two dispatch intervals. So, if there are
m possible (N — 1) contingency scenarios, the total number of base-case/contingency groups

of constraints to be considered will be m x (m — 1) +m + 1 i.e. m? + 1. If contingencies of
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Figure 4.3: Schematic for
Look-Ahead SCOPF for
Post-Contingency Restora-
tion.

all N elements are being considered, there are N2 + 1 base-case/contingency groups.

4.4.1 Outline of the Formulation for LASCOPF to For Post-Contingency Restora-
tion in One Dispatch Interval

Given below is the optimization problem description for this case:

Objective :

min Generation Cost over 7" & (7 + 1) intervals (4.10a)
Power Generation

Constraints (for 7*® Dispatch Interval) :

Supply Demand Balance (4.10Db)

Line Power Flow Limit (Base Case) (4.10c¢)

Line Power Flow Limit (First Contingency Cases) (4.10d)
Generation Limit (4.10e)
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Constraints (for (7 4+ 1)*® Dispatch Interval, VFirstContingency) :

‘ Supply Demand Balance (4.10f)

Line Power Flow Limit (Base Case after first contingency) (4.10g)

Line Power Flow Limit (Contingency Cases subsequent to first contingency)|  (4.10h)

| Generation Limit | (4.101)

Generator Ramp Rate Limits from 7 to (7 + 1) (4.107)

4.4.2 Look-Ahead Dispatch Model for Two Bus System

The case study that we have just presented can be mathematically formulated as:

VT e
s=1
min_ Y (Cy, (PTH)) + Cy, (PI))) (4.11a)
PR S

Subject to : V7 € Q)

P+ P7) = Pp, + Pp, (4.11D)
Pg(;'JFl) + Pg(;+1) = PDI + PD2 (4110)

P~ P
— <100 (4.11d)

P —P
<125 (4.11¢)

P(T+1) _p
e <100 (4.11f)
Pt — Pp, <125 (4.11g)
T+1 T 5)

R, < (P~ P7) <R, (4.11h)
Eyz < (Pg(;drl) - Pg(;—)) < Egz (4.111)
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If the outage occurs as well as the demand changes, then the above equations will be modified

as follows:

V1 e
s=1
min (Cgl(P(T“ )+ Cy, (P, (T+S))) (4.12a)
Dy 5

Subject to : V7 € Q)

T T) __ (7') (7')
P+ P0 =Pyl + Py (4.12b)
Pr+D g plrt) — pUtt) . pUl) (4.12¢)
P(1T) _ P(T)
L R TV (4.12d)

P(T) _ P(T)
2D <95 (4.12¢)

Pg(17+1) o P(r+1)

DL <100 (4.12f)

Py — pil < 125 (4.12g)
R, < (PIY — Py <R, (4.12h)
R, <(PI™Y— P <R, (4.12i)

Now, if the line impedances and power carrying capabilities are different, then for the first
dispatch interval, the constraints will be the same as (4.7) consisting of a base-case and three
different potential contingencies. But, for the second dispatch interval, there will be three
distinct new base-cases corresponding to outages of each of the lines and for each of those
three, there will be two more contingency constraints corresponding to the outage of each
of the remaining two lines, one at a time. So, there will be a total of 3 x 2+ 3 + 1 i.e.

10 base case/contingency groups of constraints in the two dispatch intervals. So, if there
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are m possible (N — 1) contingency scenarios, the total number of base-case/contingency
groups of constraints to be considered will be m x (m — 1) +m + 1 i.e. m? + 1. Obviously,
the one contingency constraint that is most stringent for this particular system, will be the

dominating one and the other will be redundant.

4.5 Mathematical Generalization of the Conventional Formula-

tions to Arbitrary Networks

In this section, we will present the rigorous mathematical formulations for the conven-
tional or traditional OPF, SCOPF, and LASCOPF cases for generalized power network and
arbitrary number of dispatch intervals for the demand tracking. Throughout this section,
we will be only presenting the DC or linearized version of the power flow model. This is
primarily for the sake of simplicity and also because the DC power flow model is more intu-
itive than the AC model. We will eventually present the full AC OPF model in subsequent

chapters of this work.:

4.5.1 Generalization of the OPF to Multi-Bus Systems

From the foregoing investigation of OPF, we can generalize the situation from two bus
system to more complicated multi-bus and multi-generator-load systems as follows (Angles

Included Formulation):

win > Co(Py) (4.13a)
7 94€G
Subject to: Py, = Pp,y = > Br(fy, —0y); VN; €N (4.13b)
' NoeJ(N)
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| Bz, (61,,, — 01,,,)| < L, VT, € T (4.13¢)

Here J(NV;) is the set of all the buses that are directly connected to bus N;. Br, is the
series susceptance of the transmission line whose terminals are either indicated explicitly as
subscripts of the voltage angles in the multiplier or are implicit in the node indices of the

same. The alternative formulation with the angles eliminated is as follows:

min > Cy(Ry,) (4.14a)
! gq€@
Subject to: Z P, = Z Pp, (4.14b)
94€G Dy€eL
B(P, — Pp)[ <T. (4.14¢)

where the bold face letters indicate vectors. The matrix & = [0 K [J]Sg)]_l] is called the
augmented Shift Factor matrix and [.J,(?)] is the reduced power flow Jacobian Matrix (with
the Slack Bus taken out). From now onward, we will use ® = [0 K [ngg)]_l] for the augmented
shift factor matrix and ®© = [0 (K [Ji(,g)]il)(C)] for the augmented shift factor matrix for a
particular base-case/contingency scenario. The index ¢ = 0 stands for base-case. We can
also think of ® as a |T'| x |N| matrix with elements ¢(7,, NV;) which are the ratios between
the real power flow on line T}, and the injection at bus N; and withdrawal at the slack bus,
where the implicit assumption is that the linearization of the line power flows holds good.
Also, (Pg — Pp) = [(Pyx, = Ppy, ) (Pay, — Ppy, )5 oo (PgNm| - PDN\M )]T is the vector of the
real power bus injections. We will implicitly assume for the rest of this dissertation that the

maximum and minimum real power generating limits are considered in the formulations, for

which the constraints are : ng <P, <Py, Vg, €.
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4.5.2 (N—1) SCOPF for the Generalized Multi-Bus System: Unequal Capacities

and Line Impedances

The generalized SCOPF for an arbitrary network can be written down as (Angles

included Formulation):

IPrgl;% Z ng (qu)

’ 94€G

Subject to: Py, — Pp,y = Y. BR(6% —03)); VN; €N

N;EJ(NZ')

Ppy. = Poa, = Y B (O —0%); ¥Ni € N,V(c) € £ — {(0)}

gqu.
N,:-EJ(N—;)

(0) 1 5(0 (0 —(0)
|BR (05, — 05 )| <Ly, VT, €T

BY (0, — 0% )| < Iy, VT, € T.¥(c) € £ — {(0)}

In the Angles eliminated form the formulation looks like:

r}r_}in Z Cy,(Py,)

g4 9q€G

Subject to: V(c) € £

Zpgq: ZPDd

g9q€G Dgyel

(P, — Pp)| <L

(4.15a)
(4.15b)
(4.15¢)

(4.15d)

(4.15¢)

(4.16a)

(4.16b)

(4.16¢)

Here c € £ ={0,1,2,...,|£]|} indicates the set of all the (N — 1) different contingencies.
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4.5.3 Generalized Case of Demand Variation for Multi-Bus System

The generalized version of this problem for the angles eliminated formulation for a
multi-time horizon, arbitrary network is as follows:

mlnz Z C’gq(Pg(Z)) (4.17a)

(r)
Poq" reQ 9q€G

Subject to : V7 € Q)

S P =3 Py (4.17b)

94€G Dy4€eL
@2OPY —PY) < T (4.17¢)
P — P < T V(e) € £ — {(0)} (4.17d)
R, <(P{*Y — Py <R, Vg, €G (4.17e)

The equations stated below are the ones for the angles included formulation for the same

problem as above:

min Z > Cy (P (4.18a)

()
Poq" 0 req 9q4€G

Subject to :V(c) € L,VT € Q, VT, € T

Pyl — Pyl o= > By 07" VN e N (4.18)
N;GJ(NZ)

P = Pon, = > BP0 - 95@)(6)); VN, €N (4.18¢)
N;€J(N;)

IB(TO)(Q(TT — 0| < IV VT, eT (4.18d)

|BE (051 — 6571 <IV VI eT (4.18¢)

R,, < (P - Pg(Z)) < Ry, Vg, € G (4.18f)

In the above, Q = {0,1,2,3,...|Q2|} is the set of all the dispatch intervals.
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4.5.4 Look-Ahead SCOPF for Ensuring Security with respect to Next Outages
in one Dispatch Interval for Generalized Multi-Bus System

Given below are the mathematical models for the angles eliminated and angles in-
cluded formulations for the general network. In this model, the superscript, (¢ — c’) denotes
all the contingencies except the contingency ¢, and corresponds to those, when the particular

outage corresponding to the scenario ¢ has actually happened.

VT el
min ng(P( Y+ prob© Z Cy, ( P(C (r+1)) (4.19a)
L (c)eL

Subject to : V7 € Q, VI, € T, V(c) € £

> P00 =N pp) (4.19D)

94€G DyeL
ST pEE) = N pry (4.19¢)
94€CG D4eL
2O POO _ pehH < T (4.19d)
(PO — P < T (4.19)
Y(c) € £,¥(c) € [£ — {c}]
@@ (PO _ plr) < O (4.19¢)
@) (PEEH) _ ) < T (=) (4.19g)
R, < PO _pO0 < T v e G (4.19h)

In the angles included formulation, the problem can be framed as follows:

V1 e
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R0

min (ng(P;g)(T)) + prob® Z cgq<P;;><T+1>) (4.20a)
9q€G (c)el

!

Subject to:Vr € Q, VT, € T, ¥Y(c) € £L,V(c) € [£ — {c}]

PO — Pl = > B0 - 67); N eN (4.20D)
Nz€J(Ns)

PO — Pl = Y B (6 —00"7); YN eN (4.20¢)
NZTGJ(NZ')

)T T+1 c c)(t+1 c)(t+1

PRl — P = 3 BP0 - 00 ); v e N (4.20)
N:€J(N;)

P;g\f?'—l-l) T-‘rl Z B c—>c c—>c )(T+1) 05\(;7—>c )(7+1) ) VN cN (4206)

' N-€J(N;)

1By (057 — 07| < IV VI eT (4.20f)

B (087 — 0| < Iy VT, e T (4.20g)

B (O — o0 < TR, VT, e T (4.20h)

By (0 — Q(Tj 0y < T vr e (4.200)

qu < Pg(qc)(7+1) _ Pg(q () < qu’ Vg, € G (4.207)

In the above formulations, prob® denotes the probability of the contingency scenario (c) to
happen. Thus, we have presented the traditional formulations of the different problems in

this chapter. In the next chapter, we will introduce the algorithms to solve them.
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Chapter 5

Auxiliary Proximal Message Passing (APMP)
Algorithm

In this chapter, we will take a brief detour from the formulation of power flow
problems and describe the algorithms used to solve them. We will call the algorithm we use
to solve the Look-Ahead SCOPF (LASCOPF) problems, the Auxiliary Proximal Message

Passing (APMP) algorithm, and it consists of two distinct components, viz:

e A coarse-grained distributed algorithmic component, which is based on the Auxiliary

Problem Principle (APP).

e A fine-grained distributed algorithmic component, which, in our case is the Alternat-
ing Direction Method of Multipliers (ADMM) based Proximal Message Passing (PMP)

consensus SCOPF algorithm.

IParts of this chapter appear in the published papers, “Security Constrained Optimal Power Flow via
Proximal Message Passing,” “Toward Distributed/Decentralized DC Optimal Power Flow Implementation
in Future Electric Power Systems,” and “A Survey of Distributed Optimization and Control Algorithms for
Electric Power Systems.” The author of this treatise is the first author of the first paper, contributed section
V, parts of sections IX and X of the second paper, and contributed parts of section III and V of the third

paper.
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The coarse-grained component of the algorithm works on the LASCOPF problem by dividing
it across different dispatch intervals and splits it into several OPF, ED, or SCOPF problems
corresponding to the different dispatch intervals and/or contingency scenarios, which are
linked to each other through constraints like the ramp-rate constraints and thus achieve

consensus by exchanging messages between them.

The fine-grained component works on each of the SCOPF, OPF, or ED problem and
splits the computation across the different devices (generators, transmission lines,; loads)
and nodes and exchanges messages to attain consensus between the values of the decision
variables. Figure 5.1 shows a schematic representation of the APMP algorithm. Based on
the formulations that we have worked out for the multiple dispatch interval LASCOPFs with
or without the post-contingency line temperature represented in the formulations, it can be
seen that within each “coarse grain,” we actually need to solve the OPF, SCOPF, or the
ED. (Actually, in the line temperature represented version, as we will see, we need to solve
the SCOPF for the forthcoming interval, ED for each of the contingency scenarios, from the
interval succeeding the forthcoming one until one before the dispatch interval, in which the
line flows are restored to within the nominal ratings, OPF from then to one interval before
maximum allowed number of intervals for restoring the flows to within secure ratings, and
SCOPF for the last dispatch interval. Hence the temporal sequence of coarse grains in this
figure is from right to left. However, we haven’t showed the last coarse grain, corresponding
to the SCOPF, here). We will now describe in detail, the coarse-grained and the fine-grained

components.
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LASCOPF
Problem

Auxiliary Proximal Message Passing
(APMP) Algorithm Auxiliary Problem Principle (APP)
Based Coarse-Grained Distribution

ADMM based Proximal ADMM based Proximal ADMM based Proximal ADMM based Proximal
Message Passing Fine- Message Passing Fine- Message Passing Fine- Message Passing Fine-
Grained Distribution Grained Distribution Grained Distribution Grained Distribution

;

Results/Output/Solution

Figure 5.1: Schematic for the Auxiliary Proximal Message Passing (APMP) Algorithm.

/N
)

' Figure 5.2: Schematic for
APP Message Exchange.
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5.1 APP Based Coarse-Grained Component

In the figure 5.2, the two circles represent the coarse-grained decompostion of a par-
ticular two dispatch interval SCOPF into the two individual SCOPFs, one for each of the
dispatch intervals, 7 = 1 and 7 = 2. The P inside each of the circles represent the vector of
generator outputs, which we consider to be the decision variables for this discussion. But, the
contents of the circles can also represent line flow values, bus voltage angles etc. According
to the convention introduced in Chapter 2, PEB and ng stand for the vector of generator
output values, as estimated by the computing unit associated with solving the SCOPF for
7 = 1 for itself and for the problem for 7 = 2, respectively. Similarly, Pg; and ng stand for
the vector of generator output values estimated by the computing unit associated with solv-
ing the problem for 7 = 2 for the problem for 7 = 1 and for itself, respectively. Obviously, we
will reach a consensus when the conditions, Pg; = Pg; and Pg; = Pg; are satisfied after

a number of iterations. In order to achieve the consensus and also solve the entire problem,

we will add the following terms to the objective function of each of the optimization problems:

e Proximity from the previous iterate is the measure of the distance of the present

iterate of the decision vector from the last iterate.

° is the term representing the deviation between the values of
the decision vector belonging to a particular coarse-grain (or dispatch interval), as

estimated by itself and by other coarse-grain(s) linked to it.

e Mutual-consensus term is the term representing the deviation between the values

of the decision vector belonging to the linked coarse-grain(s), as estimated by the

1)



coarse-grain in consideration and by other respective coarse-grain(s) linked to it.

° is the product of the Lagrange multipliers, corre-
sponding to the consensus constraints and the pertinent decision variables (with the

appropriate signs taken into account).

We follow the same color code as indicated above, for the respective terms. The details of
the mathematical formulation and derivation pertaining to decomposing by using APMP
algorithm, for the different power flow problems mentioned in the previous chapter, are
presented in the subsequent sections of this chapter and the details of the APP algorithm
itself can be found in references [84], [85], [223], [18], [118], [24] etc.

5.2 ADMM Based Fine-Grained Component

In order to apply the ADMM based Proximal Message Passing (PMP) algorithm,
through which we achieve the fine-grained distribution, it is first necessary to reformulate the
conventional formulations. In this approach, we add the indicator functions corresponding
to the different constraints to the objective function and the only constraints to be satisfied
are the power mismatch constraints for the nodes and the angle mismatch constraints for

the devices. We first present the ones for OPF, followed by the ones for the SCOPF.

5.2.1 OPF Reformulation

The reformulated OPF is shown below

I%ien f(P) = Cost of producing power
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+Cost of Violating Transmission Limit
+Cost of violating Power Angle Relation (5.1a)
Subject to: Power Balance Constraints,VN; € N

Angle Consistency Constraints,VN; € N (5.1b)

The above reformulation directly leads to the PMP algorithm, in which the prox-function for
each device is calculated and messages are exchanged between the different devices through
the nets regarding the beliefs of each of them about values of their own decision variables as

well as of others. The prox function for an objective function g is defined as follows:

prox,,,(v) = argmin(g(z) + (p/2)llz - v]3).

In the above, p is a tuning parameter and v encodes the the beliefs of values of decision
variables from other devices as well as nets or nodes from the previous iteration. In case of
generators, g is the cost function along with the constraints of generation limit, ramp rate
constraints etc, whereas for transmission lines and loads, it is the sum of indicator functions
corresponding to satisfaction of Ohm’s law and transmission line limit, and power consump-
tion being equal to the load MW, respectively. Hence, each iteration consists of the following

two steps, known respectively as the broadcast and gather operations:

e Broadcast: Calculation of prox function by each device (ie Generators, Transmission
Lines, and Loads) in order to calculate the values of the next iterate of the decision

variables (ie real power and bus voltage angle).
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e Gather: Calculation of the update of Lagrange Multipliers or Dual Variables corre-

sponding to the net power balance and angle consistency constraints at each node/net /bus.

Figure 5.3 shows the diagrammatic conventions used. The big circle represents the genera-
tors, the rectangular box stands for the transmission lines and the arrow is for the load. the
small circle represents the nodes.

In figure 5.4, we represent the general message exchange in each iteration. The hexagonal
objects stand for any device and the double headed arrows (the heads of which represent
the direction or sense of exchange of messages regarding beliefs about values of decision
variables by the devices and those of Lagrange multipliers by the nodes) connecting them
are the terminals, through which the messages are exchanged.

Figures 5.5 and 5.6 respectively represent the broadcast and gather operations for each
iteration. During the broadcast operation, the nodes send out the updated values of the La-
grange multipliers to the different devices and then the devices update the decision variables
through computing the prox functions. During the gather operation, the decision variable
values are sent back to the respective nodes, or are “gathered” for calculating the next up-

date of the Lagrange multipliers.

5.2.2 SCOPF Reformulation

In this case, corresponding to each contingency scenario, we instantiate a copy of each

transmission line and load. The reformulation is as follows:

n;ien f(P) = Cost of producing power (Base Case)
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Generator: For Calculating
Prox function, takes in
updated scaled prices,

average power mismatch, and
angle inconsistency from the
net, and outputs iterates of
real power and voltage phase
angle.

Load: For Calculating Prox
function, takes in updated
scaled prices, and angle
D 1 inconsistency from the net, and
outputs iterate of voltage phase
angle.

Net: For Calculating Prox function,
N 1 + takes in updated power, and phase

angle schedules from the devices
connected to it, and outputs iterates of

scaled prices.
T1

Transmission Line: For Calculating Prox function,
takes in updated scaled prices, average power mismatch,
and angle inconsistency from two nets, and outputs
iterates of real powers and voltage phase angles.
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Figure 5.4: Proximal Message Passing for OPF.
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Figure 5.5: Proximal Message Passing: Broadcast.
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D2
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D1
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Figure 5.6: Proximal Message Passing: Gather.



+Cost of Violating Transmission Limit
(Base Case & Outage)
+Cost of violating Power Angle Relation
(Base Case & Outage) (5.2a)
Subject to: Power Balance Constraint

(Base Case & Outage),VN; € N

Angle Consistency Constraint

(Base Case & Outage),VN; € N (5.2b)

Injections at Base Case=Injections at each Outage Case (5.2¢)

The proximal message passing is same as before. The broadcast-gather of each iteration
can be diagrammatically shown in figure 5.7. The green lines here indicate the consensus
between the generation values in the diferent scenarios to be the same or “tied” to the one
at the base case. It can be seen, for each scenario, we have a copy of the devices as well as
the nodes. For the details of the mathematical formulations and derivations, we direct the
reader to the fine grain message passing algorithm section of this chapter and the references
cited throughout.

The two fine-grained models described above will be used inside each of the coarse-grains
in the LASCOPF models. Figure 5.8 shows the general scheme, in which we have shown
the fine-grained distribution of SCOPF within two coarse-grained distributions of the LAS-
COPF.

In this chapter, we will provide the detailed mathematical formulation of the Auxiliary

Proximal Message Passing (APMP) algorithm, as applied to the OPF, SCOPF, and LAS-
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Scenario 4

Scenario 3 ) Seenario? D1 Scenario 4
Scenarip] ~ Jcenario Scenario 3

Scenario1  Scenario2

Figure 5.8: Auxiliary Proximal Message Passing for LASCOPF
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COPF problems. We will start first describing the APP based coarse-grained component
of the algorithm, which will be applied to the LASCOPF problems, followed by the PMP
fine-grained component, which decomposes the SCOPF problems (and the OPF problems)
of each dispatch interval into the device level computations. The basic idea behind the APP
based coarse-grained distributed component of the algorithm is depicted in figure 5.9, where
the two circles correspond to different dispatch intervals and/or scenarios, across which the
computation is split, and the arrows indicate the exchange of messages between those. The
messages correspond to the beliefs of each circle or coarse grain about the values of power
generations and/or injections/line flows within itself and also those belonging to the neigh-

boring circles.

5.3 Coarse-Grained Component for LASCOPF: Tracking the De-
mand Variation

We will now apply the coarse-grained component to the LASCOPF problems for

tracking demand variation, described earlier.

5.3.1 Simplest Case of Demand Variation for Two Bus System

Let us, at this point, slightly reformulate the model stated in equation (4.9) and
also several ones to follow. Refering to the figure 5.10, the different overlapping circles
here represent the different dispatch intervals, and with 7 = 0 and 7 = 4 representing
respectively, the previous (or, present, depending on where the time reference frame is set)
dispatch interval for which the LASCOPF problem was already solved and the results are

known and the dispatch interval following the concerned time horizon. We will distribute
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' Figure 5.9: Schematic for
APP Message Exchange.

Figure 5.10:  Schematic
for Look-Ahead SCOPF for

Demand Variation

the SCOPF across each dispatch interval and then exchange messages regarding what a
particular interval thinks about the optimal values of the decision variables for the intervals
immediately preceding and succeeding the current one, eventually attempting to achieve a
consensus between those. In the figure, the values shown at the two sides of the arrows
are those ‘beliefs’” among which we are trying to achieve consensus. We follow the same
convention as introduced in section 3.1.1

Now there will be some consensus constraints. If we write the augmented Lagrangian taking

the augmented terms for the consensus constraints into the objective, the new formulation
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will look like (5.3):

min Cgl(P( ) ng(P(l() )+ 091(P(2() ) + Coo( 92(2))

P1)P2)Ps) 91(2)
+091<P<( )+ Co(P)
+2 (1P - PRI+ IPE) - PGB+
\w%—P@@ng P2) (5.32)

Subject to : V7 € {1,2,3}
Power — Balance Constraints :

P(T)

)+ P =PS) + PY) (5.3b)

92(7)
Flow Limit Constraints (Base — Case & Contingency) :

P(T) _P(T)
% < 100 (5.3¢)
P(T) _P(T)
% <125 (5.3d)

Ramp — Rate Constraints :

R, <PCH) —P0) <R, (5.3¢)
Ry, < Pg(f(t)l) - P;:)T) < Ry, (5.3f)
R, <P~ Pl <R, (5:38)
R, <Py~ Py <Ry, (5.30)
Consensus Constraints :
Pystey = Pastesny Foltey = Pullesys V7 € 11,2} (5.30)
P =P0 PT =P vre (2,3} (5.3))
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In the above equations, when 7 =1, Pg(;(;)l ) and Pg(:(;)) are replaced by Pg(f ) and Pg(1 respec-

tively, which are the (known) MW outputs from the last dispatch interval. When 7 = 3,
P;;(Jr Y and P 1 are replaced by Pg(24 ) and Pg(f‘ ) respectively, which are the last but one
iterate values of the MW outputs from the last dispatch interval.

We will now apply the Auxiliary Problem Principle (APP)([84], [85]) to the above optimiza-
tion problem to derive a set of expressions for the iterate updates. This reformulation is very

similar in flavor to the ones presented previously in [223], [18], [118], [24] etc. The iterates

are given as follows:

(P(l)(uAPp+l)7 P(2)(MAPP+1)7 P(3) (MAPP+1)>

. 2
= _argmin Cg1( 91(1 ) + ng( ) + Cgl(P( )2)) + C( 92(2)) + Cg1( 91(3 )+ Co (P, ()3))
Pa)P)Pea)

_|_2 (||P(1) _ P(l)(l‘«APP)H% + ||P(2) _ P(z)(“APP)H% + HP(s) _ P(S)(P«APP)H%)
(1) (1) (1)(rarp) (1)(rapp) (2) @)\t (2)(HaPP) (2)(napp)
‘W[(P(l) - P(Z))T(P(l) — Py )+ (P(1) P(z)) (P(1) - P35 )
2 2 2)(kaPP) 2)(app) 3 3 3)(napp) 3)(napp)
(PG — PP - P 4 (P — PEYI@E) T - P

1) P(l)) FESW (.UAPP)T(PEi§ _
(
(

3
_|_/\4(.UAPP)T(P 2§ _
Subject to : V7 € {1,2,3}
Power — Balance Constraints :

P(T)

o+ P =Pg)+ P) (5.4b)

g2(m)

Flow Limit Constraints (Base — Case & Contingency) :
P(T) - P(T)
% < 100 (5.4c)
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P(T) _P(T)
—91(7)2 = <125

Ramp — Rate Constraints :

R, <PV _pPY <R,

1
92 = 7 g2(7) 92(7)
R, < P = Pyl < R,
B G £ <
Ry = P, g(:()T(TAPP) - B g(lT<)T) < Ry, 7=
Ry, < Pyl = Pl < P,

92(r) " g0
R, < Pyly = Pyly SRy 7= 1
Dual Variable Updates :
A (arp+l) — \ (warp) 4 a(PER(MAPPH) _ Pg
A hare D) — \ (uare) | a(ng(uAppH) - P
A3(MAPP+1) _ Ag(MAPP) N a(ng(MAPPH) - Pg
A arp+l) — \ (warp) 4 a(Pg;(MAPPH) _ Pg

(5.4m)
(5.4n)

(5.40)

(5.4p)

The above problem can be split into three sub-problems, each corresponding to a particular

dispatch time interval. In each of the subproblems, the values of the generations for the next

dispatch time are guessed by the subproblem, which eventually attain consensus through the

Auxiliary Problem Principle algorithm. Notice, that each of the subproblems is very similar

to the classical (N — 1) SCOPF problems, but with two important differences. First of all,

each of these have ramp rate constraints, since as contrasted to the SCOPF (which was solved
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for only one dispatch interval), we are solving the LASCOPF problem for multiple dispatch
intervals. Hence, the generators need to respect the ramp rate limits, while changing their
outputs. Secondly, it can be seen that there are some additional terms, that are added to
the objective functions. These are the regularization terms for attaining consensus among
different coarse grains about the values of the decision variables, which, in this case, are
generator outputs. The terms follow the same color coding, which was introduced in section
5.1. The terms in blue are the ones representing the proximity from previous iterates. The
terms in green are the ones for self-consensus, the ones in red are for mutual consensus, and
the ones in orange are the terms corresponding to complementary slackness.

First Dispatch Interval SCOPF:

g1

. 1 1 p
P(l)(uAperl) — argmin Cgl(P( ()1)) + Cg2(pg(2()1)) + §HP(1) _ P(l)(NAPP)Hg

P
9 " Pgif(ng(uApp) B Pg;(lmmﬂ) ]
+ (5.5a)
Subject to :
Power — Balance Constraints :
Foty + Pty = Pl + Pp) (5.5b)
Flow Limit Constraints (Base — Case & Contingency) :
1 1
M < 100 (5.5¢)

P(l) _P(l)
% <125 (5.5d)

Ramp — Rate Constraints :
2 1 -
R, <P% - Pl <R, (5.5€)

=92 g2(1)
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(2) (1) o
R <P ()—Pgl(l)SRg1

(1) 0 -~ D
B92 ng(l) Pg(z < Ry2

1) 0 s
R, Pg(l)_Pg(l)S 91

Second Dispatch Interval SCOPF:

2
P(2)(uApp+1) — arl%mm Cgl( ( ) + CgQ(Pg(2)2)) _HP(Z) _ P(z)(NAPP)Hg
(2)
()T (1) (aPP) (1)(1arp) ()T, (2)(rarp) (2)(raprp),
[P o) (P -Py )[+|Pa) (P2 —
2)T 5 (2)(HaPP) (2)(rapp) (3)T /15(3)(1APP) (3)(narp)
+ P(2) (P[2> B P(S) > + P(2) (P(2) _P(3) )

—I—/\;(//WM‘P[Z Jr\ /’\TT]IP 3)7\ /’\rr’\Pllli/\ //\rrHP[))

Subject to :

Power — Balance Constraints :

@) @ _
Poo) T Pp2) =

2

PY 4+ P

Flow Limit Constraints (Base — Case & Contingency) :

PR _ p®
%Dl < 100
p(2) _P(2)
91(2)2 D, S 125

Ramp — Rate Constraints :

Ry, < Pyl = Pyl < R,
R, <PY, - P% <R,
R, <P%, -PY <R,
R, <P%, - Pl <R,

92

(5.6a)



Third Dispatch Interval SCOPF:

P(B)(MAPPH) — argmln C,, ( ( )_|_ ng(Pg(j)g)) —HP(?») _ P(s)(NAPP)Hg
©)
)t 5 (2)(narp) (2)(raprp)
[P (P — P )|+
Subject to :

Power — Balance Constraints :

(3) 3 _ p» (3)
pgl(3) + Pg2(3) - PDl + PD2

Flow Limit Constraints (Base — Case & Contingency) :

P(3) . P(3)

N < 100
3

P(3) (3)

Pty = P01 _ o5
5 <

Ramp — Rate Constraints :

Ry, < P ™ = Pyly < Ry,
Ry, < PR = Byl < Ry,
Ry, < Py = Pty < Ra,
Ry, < Pyl = Py < Ry,

(5.7a)

(5.7b)

(5.7¢)

(5.7d)

(5.7e)
(5.7f)

(5.7g)

(5.7h)

We have presented a coarse grained parallelization of the look-ahead SCOPF to cope with

demand variation, where the entire problem is decomposed across the different dispatch

time intervals. Subsequently, we will present a combination of APP and ADMM based

Proximal Message Passing algorithm, which will lead to a fine grained decomposition and

parallelization of the problem. In each of the sections to follow, we will present the coarse
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grain parallelization based on APP.

5.3.2 (Generalized Case of Demand Variation for Multi-Bus Case

We will now, state the coarse-grained APP based decomposition of the problem (an-
gles eliminated formulation; that is, the one for which the conventional formulation has been
presented in equation (4.17)), following the same method from the previous section. As
before, notice, that each of the subproblems is very similar to the classical (N — 1) SCOPF
problems, but with two important differences. First of all, each of these have ramp rate
constraints, since as contrasted to the SCOPF (which was solved for only one dispatch in-
terval), we are solving the LASCOPF problem for multiple dispatch intervals. Hence, the
generators need to respect the ramp rate limits, while changing their outputs. Secondly, it
can be seen that there are some additional terms, that are added to the objective functions.
These are the regularization terms for attaining consensus among different coarse grains
about the values of the decision variables, which, in this case, are generator outputs. The
terms follow the same color coding, which was introduced in section 5.1. The terms in blue
are the ones representing the proximity from previous iterates. The terms in green are the
ones for self-consensus, the ones in red are for mutual consensus, and the ones in orange are
the terms corresponding to complementary slackness.

First Dispatch Interval SCOPF:

. 1 B
P(l)(l‘APP+1) — argmln Z ng(Pg(q()l)) + 5HP(]_) _ P(l)(ﬂAPP)||§

Puy  gec

2)T 5 (2)(HaPP) (2)
+1 +| Pl (P ~-P

(napp)
(2) )
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Subject to :

Power — Balance Constraints :

1 1
Y Piln= P (5.8b)

9q€G D4eLl

Flow Limit Constraints (Base — Case & Contingency) :

=(0)
@O@®J), - PP <L (5.8¢)
c _(C)
@@L~ PY) <TY v(e) € £ - {(0)} (5.8d)

Ramp — Rate Constraints :

@) W -5

qu < qu(l) - qu(1) < R,,,Vg9,€G (5.8¢)
1 J—

R, < PN —PY <R, Vg, €G (5.8)

For Dispatch Interval 7 € {2,3,...,|Q] — 1} SCOPF:

: . s
Py #arr ) = argmin ) - Gy, (P70 ) +| 5Py — P |3

Py goeG 9a(7)
+7] PE:;l)T(PE:;l)(NAPP) B PE:R(/MPP)) N
+ + PE:;”]-)T<PE:T1)(HAPP) B PE:E;“"‘APP)) |
+ (5.9a)
Subject to :
Power — Balance Constraints :
Pty = 2 P, (5.9b)

quG DgeL

Flow Limit Constraints (Base — Case & Contingency) :

T T ()
@O~ PE) <L (5.90)
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c T T ()
2 (P, PR <L ¥(e) € £ — {(0)} (5.94)

Ramp — Rate Constraints :

(T+1) (1)

R, <P — PO <R, Vg, €G (5.9€)
() (=) - B

R, < qu(r) — qu(f) < Ry, Vg, € G (5.9f)

For Dispatch Interval |2 SCOPF:

(12 s
P i) 7Y = argmin 3 Co,(Py o)) +| 51IPga) = Poap [

Q
Pla) pco 94(19]
(-1t (e-1)Harp) (192]-1) (BarP)
(5.10a)
Subject to :

Power — Balance Constraints :

Pl =S P (5.10Db)

QQEG DgeL

Flow Limit Constraints (Base — Case & Contingency) :

o (P P(‘“‘))| <Tv(e) € £ — {(0)} (5.10d)

Ramp — Rate Constraints :

(19D (napp) () )
By < Ppjan™ = Poqan < Be, V94 € G (5.10¢)
(90 Q-1 _ 5
qu < qu(|§2|) qu(|g|) qu»VQq €eG (5.10f)

We will now present the APP decomposition for the angles represented case (the conventional

formulation for which appears in equation (4.18)). Note that, in this case also, the real power
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generation variables are the only ones at which we wish to attain consensus through the
application of APP. The bus voltage angles can be thought of as localized to the particular
dispatch interval sub-problems, whose values at any iteration are determined by the power
generation or injection profiles.

First Dispatch Interval SCOPF:

5
) + §HP(1) — Pq)arr))|2

+ (5.11a)

Subject to :V(c) € L, VT, € T

Power — Balance Constraints (Base — Case & Contingency) :

1 0 0)(1 0)(1
P = Poly = 2 BrOR" —o0"); vN, e N (5.11b)
' Ns€J(N;)
1 1 c c)(1 c)(1
Pg(qJ)V(l)‘Pz(?jNi = > BPOVY -0y vN; e N (5.11c)
' NZTGJ(NZ‘)

Flow Limit Constraints (Base — Case & Contingency) :
B (O = 0 < f(})), VI, eT (5.11d)
By (6" — 07)))] < Ly VT, eT (5.11e)

Ramp — Rate Constraints :

R, < P(q2()1) N Pg(l)l < Ry,,¥g, € G (5.11f)
. _
R, <PU — PO <R, Vg, €C (5.11g)
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For Dispatch Interval 7 € {2,3,...,|Q] — 1} SCOPF:

P47t = argmin > Co (P + gl!Pm — P rarrl|3
()

94€G

1)(1arp) (wapp)

(=) (= (r—1) (N1 o) (karp
P (P —Pry )| Pe (P

(N o) Barp) () (napp) (r+)t pr+1)BarP) (1) (Rarp)
HPm (P o Prr’+1‘) )|+ P () (P( ) _P(T“) )]

P (7) P (T+1) (T—1) P)Tp(7)
_|_)\2’771(//.\// )\P[k)Jr)\z’v(//.\// ‘P[>, 7/\)7 /l\// ‘P */\27—2(/,\// )’P(r) (5.123)

Subject to :V(c) € L, VT, € T

Power — Balance Constraints (Base — Case & Contingency) :

T T 0 0)(7 0)(r
P = Phl = Y BrOx -0y 7): VN eN (5.12b)
‘ Ny€J(N;)
P = Phl = > BRONT —607); N, eN (5.12¢)
' N;EJ(NI')

Flow Limit Constraints (Base — Case & Contingency) :

BY (0P — o) < Iy, VT, € T (5.12d)
B (057 — 0] < LY VI eT (5.12¢)

Ramp — Rate Constraints :

(T+1) ()

qu < qu(T) Pg (r) = < Rg vqu eG (5.12f)
T—1

R, <P7 —PU) <R, Vg, €G (5.12g)

For Dispatch Interval |2 SCOPF:

(1 B
P #4777 = argmin ) _ Gy, (Pia)) +| 5 1P gap — Poay |3

Q
bos 2 0a(19]
(\Q|71)T (|Q|71)(UA[—’P) (‘Q‘fl)(ﬂAPP) (|2 ‘,'i', (‘Q‘)(/l \PP) (|2 (LAPP),
1 Puay  (Pa) —Pla 1) )+ 1Py (Pay) —Plaly ]

98



Subject to :V(c) € £, VT, € T

Power — Balance Constraints (Base — Case & Contingency) :

(e qen _ (0) ( p(0)(I€2]) 0)(|)
P lion = Poay = D Br (03" —6""); vN; e N
' N;€J(N;)
() (e (e) (pla)(1€2]) (C (1Dy.
quNi(|Q|) PDdN Z B (0 N; Q ), VN; € N
N:€J(N;)

Flow Limit Constraints (Base — Case & Contingency) :
B (60 — g0y < Z(O), VT e T
BY (091 — o000 < T v, e T
Ramp — Rate Constraints :

1D Gare) (2D
Ry < Pooany” — Poqan < Rown V9, € G

(1)) 12-1 _ 5
R, < P, — Poilay < Ry, Vo, € G

terms added to the objective function in order to achieve consensus.
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(5.13a)

(5.13b)

(5.13¢)

(5.13d)

(5.13e)

(5.13f)

(5.13g)

Thus from the above equations we can observe that after the APP decomposition, for each

dispatch time interval, the problem that is solved is just the SCOPF, with some regularization

5.4 Coarse-Grained Component for LASCOPF': Post-Contingency
Restoration in One Dispatch Interval
Described below is the application of the APP based coarse-grained component to

the LASCOPF problems for post-contingency restoration in one dispatch interval, the con-

ventional formulation for which has been presented in equations (4.11), (4.12), (4.19), (4.20)



Figure 5.11: Schematic
for Look-Ahead SCOPF for
Post-Contingency Restora-
tion

5.4.1 Look-Ahead Dispatch Model for Generalized Multi-Bus Case

Now, we will, as before, apply the APP algorithm to effect a coarse-grained distribu-
tion of the above problem. We will present the entire derivation for the angles eliminated
version. The angles included version, can simply be written down by just modifying the
power balance and flow limit constraints as before. For the sake of brevity, we are not pre-
senting those here. The next set of equations represent the augmented Lagrangian for the

optimization model of (4.19):

V1 e
plO0)y ¢ c)(r+1)
min | Co, (P 0)) + D prob G, (P )
94€G (c)el
b (0)(7) (0)(7) (0)(7+1) (0)(T+1) 12
+§(HP(T) - P o)y ll3 + ||P — Pyl

0)(7r (0)(r (1)(m+1 1)(7+1
[P — PO, 3+ I[P — PR I3+
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0)(7r 2 T+1 T+1
PO — PR 1B+ P2 — PR3+

0)(7 0)(7
o PO Pl

(Jep(r+1 L) (T+1
(1£])( T+1)||2 + ||P(|T)D( D _pehir )||%) (5.14a)

(L) (r+1)
Subject to : VT € Q, VT, € T, VY(c) € £

Power — Balance Constraints (Base — Case & Contingency) :

(0)(7)
> P = > Pr) (5.14b)
9q€G Dgyel
Z c)(T+1) Z P(T+1) (5 14C)
T+1 Dy N
ngG DyeL

Flow Limit Constraints (Base — Case & Contingency) :

BORLS - ) < T (5.4
c 0)(7 T ~(c)
@@ — P <L (5.14e)

V(c) € £,Y(c¢) € [£ —{c}]

L UAIES SRR (5141

B PO, - PG < (5.14)
Ramp — Rate Constraints :

R, < P PO <R, Vg, €G (5.14h)

R, < PO — pOUD <R, Vg, €G (5.140)

By < RIS~ PO, < Ty v, € 6 o

R, < Bty = Puteesny < Bop V9, €G (5.14k)

Consensus Constraints :
Pt = Poiti: V() € £, Vg, € G (5.141)
PNty = plattl W) € L, Vg, € G (5.14m)
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As before, the iterates are as follows:

(P(T)(#APP‘i‘l)’ P(O)(T+1)(#APP+1)7 - P(|LD(T+1)(#APP+1))
= argmin D | Ca B+ D2 prob Iy, (PRTE)
PPy +1)Pene+n g eq (0)€lL]

(7) (0)(T+1)

1P ayre1) — PUSERL 1B + [P 2y sy — PR |13

5
+§(||P(7) o P(MAPP)Hg + ||P(0)(T+1) N P(MAPP ||2

.o+ [Pepesn) = PRl |13)

1<)
O _ p0)) O (are) _ 1 (O))(are)
(PR =P (P Py )
c=0
@11 D@\ @) (are) 1@ +1)(1arp)
HPET = Pl (PO = PO Ly )]
1<)
T 0)(7r T+1 T+1
+ ZAggjff 7 =P + A RO — P (5.15a)

Subject to: V7T € Q, VI, €T, ¥(c) € £

Power — Balance Constraints (Base — Case & Contingency) :

> Pt = > Py (5.15b)

9q€G DgeL
c)(t+1 T+1
> Pt = > b5 (5-15¢)
ngG DyeL

Flow Limit Constraints (Base — Case & Contingency) :

0)(r T —(0)
@O PY — PP <L (5.15d)
c 0)(7 T 7o)
@@ — P <L (5.15¢)

V(c) € £,Y(c) € [£ — {c}]

@@L - PE) <L (5.15f)

g(c) T+1)
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B PR, PR < T (5.15)

Ramp — Rate Constraints :

R, <POC OO <R, Vg, €G (5.15h)

R, < PO — pOU-U <R, Vg, €G (5.151)

B, < BT — S, <Ry, vy € G 515
Ry, < Pg(qc c)T(tiq) - P(O(c( Yren) < By, Vg, €G (5.15k)

Dual Variable Updates :Vc € £

)\(2C+1)(uAPP+1) — )\(QC_H)(#APP) + a(PES;(T)(IJ’APPJ"l) _ PE ))((Tl(f)APP“‘l)) (5151)
)\(2C+2)(HAPP+1) — )\(2C+2)(#APP) + a(Pgig(T'Fl)(HAPP-H P(C E:ii) #APP+1)) (515m)

The coarse grained decomposition of the iterates can be classified into two categories as

below:

Iterates for Dispatch Interval 7

. 0)(7
Py 7™ = angmin 3 Coy(Fy)) + JlIPG) - P
T gqe

|£]

+D> (

c=0

DT o@D (are) 1@ (+1)(iars)
HPOTT(P — P ))]

+ (5.16a)

Subject to: VT € Q, VI, €T, ¥(c) € £

Power — Balance Constraints (Base — Case) :

103



(0)(7)
D P = 2 P
9q€G DgeL

Flow Limit Constraints (Base — Case & Contingency) :

|<I)(0 ( 0)(T) B P](DT))| < E(O)

g(7)
c 0)(r T 7(o)
0Py — Py < T

Ramp — Rate Constraints :

(e)(t+1) 0 B

qu < qu(T) — qu(T) < Ry, Vg, € G
O)(7) _ pO)(r-1) ~ D

qu < qu(T) qu < Ry,, Vg, € G

Iterates for Dispatch Interval 7 + 1

Vee L

- (O)(r+1)
= argmin Y | Cy, (Pyiefrin)

Pr+1) g ea

P(C)(T+1) (narp+1)

6 0)(r 0)(7)(p 0)(7)(p
+ 3 IP@e = PETIIE -+ [ PO (PR - PR

+ |

Subject to :V7r € Q, VI, € T, ¥(c) € £

Power — Balance Constraints (Contingency Cases) :

> Putoen = 2 P

9q€G DgseL

Flow Limit Constraints (Base — Case & Contingency) :
V(c) € £,V(c) € [£ — {c}]

2P — PR < T
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(5.16b)

(5.16¢)

(5.16d)

(5.16e)

(5.16f)

(5.17a)

(5.17b)

(5.17¢)



@ (LY, PR ) < T (5.17d)

Ramp — Rate Constraints :

(@(+D(parp) _ plr+) P

R, <Pl = Pl < Roy V9, € G (5.17e)
(c )(T+1) 0)(7)

R, <P, <T+1> — P, (iern) < Ry V9, € G (5.17f)

5.5 Fine-Grained Message Passing Algorithm

In the previous sections, we explored the coarse-grained distributed message passing
algorithm to split LASCOPFs (applicable to LAOPFs as well) across multiple dispatch inter-
vals. In this section, we describe the fine-grained distributed message passing algorithm used
to solve each of the SCOPF's belonging to each of the dispatch intervals under consideration.
We begin by assuming that all device objective functions are convex, closed, and proper
(CCP) functions. We then derive our distributed, message passing algorithm using operator
splitting and the alternating directions method of multipliers (ADMM) [49]. This algorithm
has guaranteed convergence for CCP functions, is fully decentralized, is self-healing and
robust. The particular form that we will derive here is the ADMM based Proximal Mes-
sage Passing (PMP) algorithm, used to solve the class of problems called “Consensus and

Sharing.”

5.5.1 Consensus Form SCOPF

Before applying ADMM to solve the SCOPF, we first replicate the power plans P €

R7>UCHD by introducing a copy, z € RT*IFHD | of the plans. We then solve the consensus
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form SCOPF::
minimize  f(P©)
subject to 29 =0, Ve € £ (5.18)
P =z — Consensus constraint,

where z(9 € R is the vector of arithmetic means of z(® associated with the nets and a
particular contingency scenario. Because of the consensus constraint, when we solve the con-
sensus form SCOPF, the optimal solution will agree with the solution of the original SCOPF.
We introduce the indicator function ¢ : R7*U£H+Y s R defined as, 9(2z) = J(z5=0}(2), which
is 0 whenever z = 0 and +oo otherwise (if the power balance constraint is violated). Be-
cause z is the vector of the average power at each net, the set {z | z = 0} can be written as
Ny,eniz | Zn, = 0}, where 2y, is the average power at net N;; then,

9(2) = > gn(2) = Y Jiajay,—0) (2).
N;eN N;eN
Since the summands in the last expression only involve each net NN; separately, g(z) separates

across nets completely

g(Z) - Z j{ZNiliNiZO}(ZNi)‘

N;eN

5.5.2 ADMM Based Proximal Message Passing (PMP) Algorithm

We apply ADMM to solve the SCOPF by first forming the (scaled) augmented La-
grangian,

L(P,z,u) = f(P)+g(z) + (p/2)|P — z + ulf3,

where u = (1/p)y is the vector of the scaled dual variable y associated with the consensus

constraint P = z. We obtained the augmented Lagrangian by completing the squares.
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ADMM is then

PO = argmin (£(P) + (p/2)|[P 2 +u|})
2®*) = argmin (g(2) + (p/2)|PU+Y — z +u®|2)
S ) I () (P(u+1) _ z(”“)).

Note that the superscript is an iteration counter—not the contingency label.
Because of our problem structure, we can further simplify ADMM. The P-updates

separate across devices and

Pty = argmin <fd<Pd) + (/2|1 Pa— 2 + “f(fy)H%)
d

for all d € D. Furthermore, the z-updates separate across nets and zy,-update is just a

Euclidean projection on to the set zy, = 0 and can be solved analytically, so
A0 U @) ple) g0

i

Substituting this expression for zy, in to the w-update—which also splits across nets—
we obtain the prox-project message passing algorithm /proximal message passing

algorithm:
1. Proxzimal plan updates.
Péuﬂ) = proxfdﬁp(P(gu) — P(EV) — ugl)), vd € D.
2. Scaled price updates.
Wl P N e,
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where the proximal function for a function g is given by

prox,,,(v) = argmin(g(x) + (p/2)lx = v3).

The net variables are vectorized because each net variable is actually a vector, whose com-
ponents are the scalars of the corresponding variable associated with each terminal that
is connected to the concerned net. The ADMM based Proximal Message Passing (PMP)
algorithm alternates between evaluating prox functions (in parallel) on each device and per-

forming price updates on each net. This algorithm has the following three properties:

Convergence. Since our PMP algorithm is a (simplified) version of ADMM, the conver-
gence results for ADMM also apply to prox-project message passing. In particular, with
mild conditions on device objective functions f;—mamely, that they are closed, convex, and

proper—and provided a feasible solution exists, the following properties of our algorithm

hold.

1. Residual convergence. P® - 0as v — oo,
2. Objective convergence. o fd(Péy)) + 2 NN gNi(PEGj) — f*as v — o0,

3. Dual variable convergence. pu® = y®) — y* as v — o0,
where f* is the optimal value for the (convex) SCOPF, and y* are the optimal dual variables
(prices). A proof of these conditions can be found in [49].

Convergence of our algorithm guarantees that, if message passing is run long enough,
power balance will be satisfied by P®). Furthermore, this P*) will minimize the total cost

of operating the network.
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Distributed. Note that while the scaled price updates were separated across nets, it could
have also been separated across devices. As long as each device has the ability to access the
average power imbalance for the nets it shares with its neighbors, this algorithm can be
completely decentralized. The scaled price updates can happen locally, with each device
retaining a copy of the (scaled) prices u. This means that net computation (scaled price
update) can be virtualized and done on each device instead of on each net, as long as
devices that share a net are able to compute their average power imbalance. Then, the
algorithm consists of each device planning for each contingency and a broadcast of plans to

its neighbors.

Self-healing. Because the semantics of a net is to enforce power balance, when a device
connects or disconnects from a net (i.e., when the network topology changes), the algorithm

can continue to function without modification.

When the topology of the network changes, the current iterates P*) and u® of our
algorithm can be used as a warm start. Assuming topology changes are not too frequent,

the message passing algorithm will simply converge to the new fixed point.

5.5.3 Stopping criterion

We can define primal and dual residuals for the PMP algorithm:
) — (pw, (:)(w) s =) <((P<u> _PW) _ (p-D _ po-1)) (@) _ _@(u—n)) _

The interpretation of P®) is as a power plan.
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A simple terminating criterion for prox-project message passing is when
P

dual

where €’ and € are, respectively, primal and dual tolerances. We can normalize both of

these quantities to the network size by the relation

E]Dri — 6dual — 6abs |7’(‘£;’ + 1))

for some absolute tolerance €2’ > (.

5.5.4 Choice of p

The value of the algorithm parameter p can greatly affect the convergence rate of the
message passing algorithm. There are no known methods for choosing the optimal value of

p a priori, except in certain special cases [166].

Empirically, however, it has been observed that the choice of p affects the conver-
gence rate of the primal and dual residuals. If p is too large, the dual residuals converge
slowly. If p is too small, the primal residuals converge slowly. The optimal p balances the
convergence rate of both residuals. From this observation, several heuristics can be devised
to modify p at each iteration such that the primal and dual residuals remain approximately
the same size. In our OPF and SCOPF simulations, we change the p each iteration, from the
start until 3000 iterations using a discretized proportional and derivative control algorithm
to maintain approximate equality of primal and dual residuals and then we keep it fixed for

the subsequent iterations.

For more details on p selection, consult [49, 234].

110



5.5.5 Implementation of proximal functions

Each device (generators, transmission lines, loads) computes its proximal function.
In general, evaluating the proximal function requires solving an optimization problem. In
some cases, as we will soon see, evaluating the proximal functions can be simply calculating
some projection results, analytically. The complexity of solving this optimization problem
depends on the structure of the local problem. In the case of SCOPF, the variables are

the local power plans Py, and the device voltage angles 64.,. At most, the variables are

0)

., as for the generators. If the power plans do not couple

coupled through the base case Pé
through the base case, then the local problem is completely separable across the contingency
scenarios as well as the different dispatch intervals. That’s precisely what the coarse-grain

and fine-grain combination of the APMP algorithm attempts to achieve.

Because of this simple structure in the local SCOPF problems on each device, we can

quickly and efficiently evaluate the proximal functions for each device.

5.6 DIN Reformulations

In this section we carry out the reformulations of the conventional OPF, SCOPF, and
LASCOPF models that we presented earlier, in order for us to be able to solve the problems

by the Proximal Message Passing method.

In the material that follows, we will be encountering objective functions that become
quite lengthy and complicated in appearance as we include more constraints into our prob-
lem. The reason for this is that we include the constraints within the objective function

by defining equivalent indicator functions. In order to simplify the presentation and also to
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clarify the meaning of each term, we will group the terms of the objective into four different
categories, the fourth one of which will be used only for the look-ahead dispatch problems.

We will define them for each case. These are:

e Cost of Generation (C(P)): This term consists of the actual total cost of generating
real power by the different generators as well as the indicator functions corresponding
to the lower and upper generating limits of the different generators. For this term, the

real power generated is always considered at the base case.

e Line Flow Limit Constraint (F(P)): This term consists of the sum of the indicator
functions corresponding to the constraints meant for enforcement of the real power
flow on the lines being less the maximum allowed, both at the base-case as well as

during the different contingencies.

e Power-Angle Relation (x(P,#)):This term consists of the sum of the indicator func-
tions corresponding to the relation of the power flow at each end of the lines and the

voltage phase angles at the two ends, both at the base-case and the contingencies.

e Ramp Constraint (A(P)):This term corresponds to the change of power output of
generator from one time period to another and the maximum rate at which it can go

up or down.
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5.6.1 DIN Formulation of the OPF for the Simplest Two Bus Case

We are considering here the simplest two bus case and are going to reformulate the
OPF equations, stated in (4.2) and (4.3), similar to the paradigm introduced in [234]. Let us
introduce the following sign convention that we will follow throughout the rest of this work:
Power coming out of a terminal is positive and going into a terminal is considered negative.
Referring to the figure 3.2, let P, refer to the real power coming out of the terminal ¢ each
of which is associated with exactly one device and one net. Since the loads consume real
power, PDM3 = —D, PD% = —D,. Since we have previously stated that each terminal is
shared between exactly one net and one device, hence, the power and voltage angle schedules
pertaining to a particular terminal can either be thought of associated with the net or the
device, to which the particular terminal is connected. Therefore, Pp,, = Pn,, , Pp,,, =
Py, .0

= Ony,, 045, = On,,, etc. The average net real power mismatches are given by

91q 92ty

the following equations:

5 Py, P, + Py, + Py + Py :
PNI _ N1y, Niy, 1\;1153 Nie, Nig _ PNltl = ... = PNltg (519&)
R Pyn,, + Pn,,  + Pn,, + Pn,, + A 3
v — Nay, Nay Ngt6 Natg Nayy g — PN2t4 = ... = PN2t10 (519b)

The voltage phase angle consistency constraints are the following:

7 0N111 + 0N1t2 + 0N1t3 + 9N1t7 + 0N1t9

On, = 3 (5.20a)
éNQ = 9N2f4 + 6N2t5 + QN;%' - 9N2ts - 6N2t10 (5.20b)
éNitk = GNZ.% — éNi =0 (520C)
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In order for the line power flow limit constraint to hold, we require that |Pr,, | < Ly, for
each terminal of each of the transmission lines, for which we can write indicator functions,

I<(Ly, — | Pr,, |) and define I<(z) = 0 if > 0 and = oo otherwise.

For any particular net, we consider the real powers flowing ‘out’ of a terminal ‘into’
the net as positive and real powers ‘leaving’ the net and ‘entering’ the terminal as negative.
Two other constraints, which establish the relationship between power injection and phase
angle (under DC OPF Assumptions) for each transmission line, are (shown below only for

Tl)i

0

—Pr,,, = T“QXT e (5.21a)
Or,, — 0n,

—PT1t4 = —4XT1 2 (521b)

)
and the corresponding indicator functions for these are I_(Pr,, + T“QX—TT““) and I-(Pr,,, +
1

GTI ty _9T1 to

e ), which, unlike the previously defined indicator functions are zero only when the
1

respective arguments are zero and oo otherwise. Here are the different components of the

objective function:

e Cost of Generation: C(P) = Cy, (P, ) + Cg, (P, )

e Line Flow Limit Constraint: F(P) =Y"_, > oner I< (Ly, — | Pr,, |)
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6 T —0 Tt
e Power-Angle Relation: x(P,) = 3°_, Pipiper =P, + T’“X—TT’“)

T

Hence, taking all these into account, the reformulated OPF is:

Pmien f(P,0)=C(P)+ FP)+ x(P,0) (5.22a)
g Uty
Subject to: Py,, = 0,0y, =0,YN; € N,Vt; €T (5.22D)

5.6.2 DIN Formulation of OPF for the Generalized Multi-Bus Systems

Given below are the steps for the reformulation of the problem stated in equations
(4.13) and (4.14). Let a particular net, N; € N has |N| number of terminals. The average

power mismatch for each net is as follows:

. 1 .
PN«;:W Z PNitk:PNitk

treN;NT
VN; € N, Vi, € N;yNT (523&)

Similarly, the voltage phase angle inconsistency equations are:

A 1
9]\[1. = W Z ONitk (524&)
treEN;NT
On,, = On,,, — O,
VN; € N,Vt, € NN T (5.24b)
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The indicator functions corresponding to the line flow limit constraints are as follows:
dorer D ernt 1< (Ly, — |Pr,, ). The indicator functions corresponding to the defining

relationship between the power injections on the lines and the phase angles are as follows:

eTrtk 79T’rt ’

ZTTET Ztk,tk,eTm:r I:(PTW + X7, . )

The indicator functions corresponding to the Generator maximum and minimum real

power generating limits are Zf‘egqmmq:l(IS(qu - qutk) + IS(quzk — P, )) and the Gener-

ator Cost functions are of the form Cy, (qutk) = g, (Py,, )*+ /3ng%% + g, As before, the

gqtk

different terms of the objective function in this case are:

e Cost of Generation: C(P) = Ef'@qmm:l((}gq (qutk) + I (?gq = qutk) +
I<(P,, ~P,)

e Line Flow Limit Constraint: F'(P) =), >, 1 l< (Ly, — |\ Pr,, |)

Or,., —O,
rt Tt
k X!

XT,

r

e Power-Angle Relation: x(P,0) =7 7>, ,crng I=(Pr., +
r oy T ]

With all the above components, the reformulated OPF for this particular case can written

as:

‘min f(P,0) = C(P) + F(P) + x(P.0) (5.25a)
ty 0t
Subject to: Py,, = 0,0y, =0,YN; € N,V €T (5.25h)
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5.6.3 DIN Formulation of (N —1) SCOPF for the Two Bus Case: Equal Capac-
ities and Line Impedances

Here we will reformulate the SCOPF problem stated in equation (4.5) previously.
The base-case constraints are the same as before, i.e. they are defined by the constraints in
(5.22). But now, in order to be secure with respect to outage of a single transmission line,
one at a time, there will be some extra constraints.The contingency constraints for the net
average power mismatch and phase consistency are similar in form to the ones for base case,
but now we will use a superscript to denote which particular contingency case or the base

case we are referring to. The components of the objective function are as follows:

e Cost of Generation (At Base Case):
C(P©) = Co(Py, ) + CalPaiy) + 1<(Poy = Py) + I<(Pi), = Py,)
+ 1<(Py, = Piuy) + I<(Pi, = Py,)

e Line Flow Limit Constraint ((V — 1) Secure):

c —(c) c
F(PO) =52 50 5 o (I<(Ty) — |P5) )

e Power-Angle Relation ((V — 1) Secure):

X(P(C)7 Q(C)) = 2:03:0 27?::1 Ztk7tkleTT (]:(P}fik + Tk))

Hence, the DTN reformulated equations for this particular case can be written down

as follows:
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min_f(P,6) = C(PO) + F(P©) 4 (P, 0) (5.26a)
Pt; ,at:

Subject to: P =0,6) =0,VN; € N, ¥t € T,¥(c) € £ (5.26D)
it it

It is to be observed that the Generators’ output power stays the same pre- and post-
contingency (neglecting change in losses, as in this DCOPF Formulation). We will now
skip the explicit treatment of the unequal line capacities and equal line impedances and
proceed directly to the unequal line capacities and unequal line impedances cases. We do
this partly because it is in some sense more easy to deal with the latter case and partly

because the latter case is more general and the former one is just a special case of it.

5.6.4 DIN Formulation of (N — 1) SCOPF for the Two Bus Case: Unequal
Capacities and Unequal Line Impedances

Here we will present the reformulation of the SCOPF problem stated in equation
(4.7). In this case, since we are considering each of the transmission lines having potentially
different impedances and line capacities, the power flows at each end of each of the lines will
be separate decision variables both at the base case as well as at each of the contingencies.
The constraint linking the decision variables at the base case to those at the contingencies
for the power flows is the fact that the net injection at each net, both before and after contin-
gency, within a particular dispatch interval remains same. The components of the objective

function are as follows:

e Cost of Generation (At Base Case):
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C(P©) = Cy(PY)) + Co(PR) ) + I<(Py, = PY)) + I<(PS) — P,,)
+1<(Py, = Py, ) + I<(Pg,) = P,)

e Line Flow Limit Constraint ((V — 1) Secure):
F(P©) = Y20, (I<(A© — |Pf;) )
+ I<(A© — P |) 4 1<(B© — [P |) + [<(B© — [P |)

+1<(CO = | PR |) + I<(C@ — | P5;) )

e Power-Angle Relation ((N — 1) Secure):

9(6) 79(5)
c c 3 c T T
X(P©) 9@ = ZCZO(JZ(P§112 n 1t§(£c) )
Q(C) 79(0) 9(0) 79(‘9) 9(0) 79(0)
(c) Ty Ty (c) Ty T3, (c) T Ty
+ I:(PT2t7 + %) + I:(PT3t9 + tgiX:(’)C) 10 ) + I:(PT1t4 + t;fc) = )
() 95?2)1: 79;"822 (¢) 9§f3)t 795::31
= (Pry, + S ) A =Py, )

Hence, the appropriate model now, is a slightly modified version of the one before.

min f(P,0) = C(PO) + F(P©) 4 (P, 0) (5.27a)
POl
Subject to: P =0,6) =0,VN; € N, ¥t € T,¥(c) € £ (5.27D)
it it

The three transmission lines have capacities A, B,C and impedances Xi, X5, X3, respec-
tively. Evidently, the indexed capacity of the particular transmission line being outaged in

a particular contingency scenario is 0. For instance, in scenario (1), A® is zero and for the
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other scenarios it has the rated value. Obviously, in the above expression, there are going to
be many redundant constraints. But, for the purposes of generalizations for the materials

to follow, we have not eliminated any of the constraints.

5.6.5 DIN Formulation of (N —1) SCOPF for the Generalized Multi-Bus Case:
Unequal Capacities and Unequal Line Impedances

The SCOPF problem stated in equations (4.15) and (4.16) will be reformulated. The

average net real power imbalance for the base case as well as the contingencies are as follows:

O © _ pl)
PNi - ’N2’ Z PNitk T 7 Nigy,

treN;NT

VN; € N,Vt, € N;NT, V(c) € £ (5.28a)

and the phase consistency constraints for the base case as well as contingencies are as follows:

A 1
0 = S ool (5.29a)
|NZ| treEN;NT g
ge)  _ gl _ pjlo
eNitk o eNitk, QNL'
VN; € NVt € N;NT,V(c) € £ (5.29Db)

The components of the objective function are as follows:

e Cost of Generation (At Base Case):

a 0
C(PO) = T4t 01 (Con (P ) +

120



- 0 0
I<(Py, = Py )+ I<(Py,) — P, )

ik

e Line Flow Limit Constraint ((V — 1) Secure):

c +(c) c
F(P( )) = Z(C)EL ZTTGT ZtkETTOT IS (LTT - |P,1(—"r1k |>

e Power-Angle Relation ((V — 1) Secure):

X(P(C)7 H(C)) = Z(C)EL ZTTET Ztk7tk/ €T-NT I:(P,l(—‘fik +

9(‘3) (c)

So, the reformulated OPF Problem for this case is as follows:

min_f(P,0) = C(PO) + F(P©) 4 (P, ) (5.30a)
Py 0;,

ubject to: Pr. = 0,0\ =0,YN; € N,V € T,V(c) € .
Subj ng)k 0,6 =0,¥N; € N,Vt, € T,¥(c) € £ 5.30b
(27 ltk

For the sake of brevity, now we will present the DTN reformulations (which will eventually

lead to the fine-grained decomposition) of only the generalized cases.

5.6.6 DIN Formulation Applied to the Look-Ahead Dispatch: Generalized Case
of Demand Variation for the Multi Bus-Case

Referring to sections 5.3.1 and 5.3.2, we will present below , the fine-grained distribu-
tion for each of 7 = 1,7 € {2,3,..,|Q| — 1}, and 7 = |Q| (It is to be noted that only the cost
of generation and the ramp constraint components will have slightly different representations

forr=1,7€{2,3,..,|Q — 1}, and 7 = || respectively. The other two components of the
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flow limit and power-angle relationship will be the same in form throughout and hence we
will write only one form corresponding to all the cases for the latter two). The components

of the objective for this case are:

e Cost of Generation (At Base Case, for 7 = 1):

cm@myzzﬁ%mfx@xﬂﬁ&w44ﬁh—%ﬂ&)

I P(O):H) —P,)+ 4 P(O)(H) _ P;(?)(Hgmpp))z 4 P;i):a) _ Pg‘ff:?iﬁ”””ﬂ
B I = B )  E BB~ )
X T PR

e Cost of Generation (At Base Case, for 7 € {2,3,..,|Q] — 1}):
r G 55} T
CPOD) = S 01 (Cou (P D) + 1<(Py, = Py D))

9ay, (7)
LD )+ G~ PO (G — R
e
4 ’y[P( )(ZT—)l)(Pg((?t)(zT—)l)(uApp) . Pg(i)(zr_ligﬂAPP ) + Pq K (Pg(;)zk(ggwxpp) . P;SB:Z—Z(_FLSPP)) +
P N 0 e oy
£ “"zi”)upgqf o+ Xy P = Mour o P = Aaaon Py )

e Cost of Generation (At Base Case, for 7 = [Q]):

() G O(12) S _ plo)e)
C( o)ig2) ) Ztkegqmir,q:1(ogq(qutk(\m)) + IS(qu qut (|Q|))
oa2) _ B pOI-1) _ pO(2-D(uarmyz , ( pOI2D _ pOR)mare)y2
+HI<(Fy, oy — Lo,) +3l(By, oy — By, gon )+ (B, aoh ~ Lo g0 )]
O121-1) PO~ (uarr) _ pO2-D(are)y , pOILD)  pORDHARE) _ pO)(iare)
Y, dap Loy ) Popto-n )T, ) Fa,, o) Pptai-n) )]
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_ \are)  pO2=D) _ \(are)  pO)2)
Agrtiri Fan ) ~ Aoutoioh oo (2)

Line Flow Limit Constraint ((NV — 1) Secure)'

o (c (r

k

Power-Angle Relation ((N — 1) Secure):
PO )

Tpey, (1) "OTre | (7)

X(POD, 000) = (S ee Srer Sipayern I=(Progin + — )

Ramp Constraint for 7 = 1:

G| 0)(2) (0)(1) 0)(2) (0)(1)

APOD) =37 cpurmamt TRy, = Py, "y + By ) + 1<(Py Wy = By ) = By,

g7 (0)(1) (0)(0) © )(1) (0)(0)
+I§(qu P (1)+Pg )+[§(qutk(1) _qutk _qu)>
Ramp Constraint for 7 € {2,3,..,|Q — 1}:

0)( G| 0)(r+1) (0)(7) (0)(r+1) (0)(7)
A(P( ) Ztkegqﬂgq 1( (R - P ( ) + P ( )) + [ (Pg ( ) qut (7—) _ng>

_ pO)() (0)(r—1) ()() _ (0)(T n _
+1<(Ry, = Py 0y + Py, 0 )+ 1<(Py 0 = Py () — By,))
Ramp Constraint for 7 = |():
)(12]) 1G] _ pO(QD)(narpr) (OIGY) O (parp) _
APOIM) = 3 e pnmami U< (Roy = Byl o)™ + Py, ap) + 1<(Py, o)
OIG)

Py 2 ~ La,)

= _ pO) | pOe-1) %) _ pO21-1
+I<(Ry, = By oy + Py, gon ) T 1Py, o = Pog, o) — La,))
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The reformulated equations are as follows:

Ve

minf(P,0) = C(POD) + F(POM) 4 (PO €0 L APOD)  (531a)
Pt(l:( T 70':(12 T

Subject to: P](Vc_)t T()T) =0, éj(\?)t(
ka3 i

" =0,¥N; € NVt € T,¥(c) € £,¥7 € Q (5.31b)

k

As before, Z(C) now onward, unlike the previous cases, shouldn’t just be interpreted as just
being zero when the particular line is outaged, but should also be taken to be possibly the

short time rating of the lines that are still in service.

5.6.7 DIN Formulation Applied to the Look-Ahead Dispatch Model for Ensur-
ing Security with respect to Next Outage: Generalized Multi Bus-Case

Now we will be dealing with ensuring security with respect to the next possible out-
ages, after one outage has taken place at the beginning of the first dispatch interval and since,
we assume that security is achieved within one dispatch interval by virtue of the ramp-rate
limit, we will deal with just two dispatch intervals in each ‘roll’ of the calculation, one for the
present time and one for the ‘look-ahead’ or the second interval. We have already presented
the coarse-grained distribution. Therefore, in this case, we will split each of the first three
different components of the objective function further into the one for present time and one

for second interval. Listed below are the components:

e Cost of Generation (At Base Case, Present Time):

C(P(O)(T)) _ Z\Gl (ng(P(O)(T) )+]§(qu_P(0)(T) )+]§(P(0)(T) _p )+§[(P(0)(T) _

tk€gqeNT,q=1 9ay,, (7) 9ar, (7) 9ar,, (T)  ~9a 9ay,, (7)
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PO MAPP) +Z|L| (P(c (t+1) P(c)(7+1)(,mpp)) ]

th (1) gqt (1) 9q¢ (T)
|£] 0)(7)(maprp) 0)(r )(HAPP) @) (7+1) s ple)(T+1)(parp) () (+1)(papp)
B O B o = By i ) By (P T P @) )]
81 (\arr) pOF) | \warr) p@+)
+ s Py 0 T APy, 1)

e Cost of Generation (Contingency Cases, Second Interval):

)rt1) G O(r+D) @(r+D) O(r+D)
CPOTD) = 3 egumamt (Co (P, (1) 1< (Poy = Pyt T ) H I (P 2y =
@(r+D) O+ (arp)2 , | pO)T) O arr)y2
Py)+ 5Py i = Poes oran 2+ By Oty = Py 0y )]
(e)(r+1) () (m+1)(napp) ()(r+1)(1aprp) (0)(7) (0)(T)(narp) 0)(T)(rapp)
By, 0+ Ty, @t Lo 0@ )T, @@ Foy @06+ o, 0 )]
_ \(parp) p(0)(7) _ \(parp) plo)(r+1) )
902e+1) gy, @(r+1) T Agg(2e+ L aq, (@)(r1)
e Line Flow Limit Constraint ((N — 1) Secure, Present Time):

C)(T (C
F(PO) = Z ()€t ZTTET ZtkeTrﬂ'J' I<(Ly, | Tnk(r |)

e Line Flow Limit Constraint ((N — 1) Secure, Second Interval):
C C T C) c)(t+1
FPED) =5 er Dhpeneo Te(r, = 1P, G ) +

7'+1
Z( YelL—{e}] ZT,GT ZtkeTmirI<<LT |P C)(T)H)D V(c) € £

e Power-Angle Relation ((N — 1) Secure, Present Time):
PO ()

Trgy, (1) Trtk, ()

c)(r c)(T)) — (e)(1)
X(P( 3 )7 9( ) )) - Z(c)ez ZTTeT Ztk,tk/eTrm‘T I:(PTTtk(T) + X<Tc)

e Power-Angle Relation ((NV — 1) Secure, Second Interval):
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(c)(7+1)

(c)(T+1)

Tryy 0+ Try  ()(7+1)

c c/ T c c (r (e)(t+1)
x(Ple=e)(T+1) pleme)(r+1)) — Srer Ztk LT <PTrtk(C)(7'+1)+

() )

(C)

7"

(C/)(T-i-l) Tri ()(T+1) "Try , (e)(7+1)
D )elb—te)) 2oTheT Ztk,tk/ €T.NT I:(PTT% (@41 T ) ) V() el
T,
Ramp Constraint for 7:

0)(1)y — G (e)(r+1) (0)(7) (0)(7+1) 0)(m) _
APO) =37 ee Ctegnram T<(Roy = Py 7+ Py W)+ I<(By o = By
R,)))

g7 (0)(7) (0) (0)(7) (0)

+ IS (qu o qutk(T) - P ) + I (qutk:( ) qut o qu)
Ramp Constraint for (7 + 1):
Y(r+1 |G| g5 () (r+1)(paprp) (e)(t+1) () (m+1)(parp)
AP = 3 egurmam I (R, =Pyt 5t Py () H < (P (G i)™ =
(e)(7+1)
PQ‘Itk (e)(r+1) qu))
5] (e)(r+1) (0)(7) (e)(T+1) (0)(7)
+I<(Bo, = By o)+ Pagy @) T Iy 0 = Fayy @ran) — Lo, ) V() €4
The reformulated OPF Problems for this case are as follow:
\a
min ~ f(P,0) = C(POD) + F(PM)4
(©)(1) p(e)(r)
P gle
(PO 9@y L APO) (5.32a)

Subject to: p]g?; D=0,6% CW — 0,VN; € N,Vt, € T,V(c) € L,VT € Q

7_
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V(r+1)

f(P, 9) = C(P(C)(T+1)) 4 F(P(C—>c/)(7'+1)>+

min
PO+ O+
X(PEe)THD) e (1)) 4 A(PlOr+1)) (5.33a)

Subject to: P H‘gg)((: ) =00 H}c))(l ) =0,YN; € N, Wty € T,V(c) € £,

V() € [ —{e}] n{ch,VreQ (5.33b)

5.7 ADMM Based Proximal Message Passing Algorithm for the
Fine-Grained Distributed Computation

In this section, we will present the ADMM Based Proximal Message Passing iterations
for all the generalized multi-bus versions of the different models presented in the previous
sections. For the details of the derivation, we refer the reader to [234] and [49], which contain
a thorough explanation of the algorithm itself and also the specific applications of it to the

Power Systems problems.

5.7.1 Proximal Message Passing for Generalized OPF

A slightly reformulated version of the DTN equations from the last section, which

allows us to apply the Proximal Message Passing Algorithm is presented here:

min C(P) + F(P) +x(P.0) + > (I(zn) +1(nis,) (5.34a)
LR N;eN
Subject to: P, = 2,0, = &, , VN, e N, Vt, € T (5.34b)
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where T(zy,,, ) and I(€y,, ) are indicator functions of the sets {z;, [2n,¢, = 0} and {&, |€Ens, =

0} respectively.

5.7.1.1 Iterates for Generators

They consist of the update equations for the real power output and voltage-phase

angles of the generator terminals and are as follows:

v+1 v+1 .
(Pg(qt: )7 eéq;c )> = argmin [ngtk (qutk’ egqtk)+

Pyqty Ogqty,

I<(Py, — Py, )+ 1<(Py,, — Py )+

9at, —Yq

N

14 174 2 14 14 2
1Py, — o, + g |l + 1164, = Eot + 08 D)),

a,  “9qtk 9atk

Vg, € Gt € TNG (5.35a)

Here, v, u;, and v, are the ADMM iteration count, scaled dual variable for power balance
and scaled dual variable for phase consistency constraints respectively. The parameter p is

known as the ‘penalty parameter’ of the Augmented Lagrangian term.

5.7.1.2 TIterates for Transmission Lines

They consist of the update equations for the real power and voltage-phase angles of
the Transmission Line terminals, which are two terminal devices (and so, unlike the previous

case, we will have to update four variables here) and are as follows:

(v+1) pH(v+1) (v+1) H(v+1)
(P¥H) gD p )

Trtk ? Trtk ? Trtk/ ? Trtk/

= argmin | Z (I<(Lt, — | Pr,.,, )+
Preo 0te e,

O,

Tt

- QTT't /
k
X,

r

‘[:( Trtk + )+
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N

14 14 2 14 14 2
(1Pr,,, — 2, + sy |+ 1107, — &0, + o 1)),
VI, e T t,eTNT (5.36a)
5.7.1.3 Iterates for Loads

They consist of the update equations for the real power and voltage-phase angles of

the loads (which have constant real power consumption) and are as follows:

v+1 v
Pédtk) Péd)tk = _PDdtk
v+1
O = argmm{ (1054, — Eoby + Vi, 1)
datk
VD, € L,tk eTNL (537&)

5.7.1.4 TIterates for Nets

We are repeating just the analytical forms already derived in [234]:

VN; € N.Vt, € TN N;

2 = U + Prg) — W — Phigy (5.384)
gt = ol + 05t (5.38b)

Wil =ul, + ey =2 (5.38¢)
ot = o), (O — €Yt (5.384)

In the above, all the devices update their variables in parallel. Then all the nets update the
first two variables in parallel and then update the next two in parallel. It is to be observed
here that each Py, actually comes from the updates from the devices in the previous set

of updates, because each of them is actually the real power output/consumption of the
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respective device having the same terminal in the particular net. Using the above equations
and the definition of the prox-functions, the proximal message passing algorithm for this

case can be written as follows:

(P(V-H) 0(1/—1—1))

9ate 7 9qlk
v N4 v ~(v—1 A (v v
= proxcp (P} — P —ul) oV 4 0%) —ol) ) Vg, € G (5.39)

(v+1) pH(v+1) v+1) v+1)
(PT»,ntk 76T¢~tk 7P’1(1rtk/ 79;Ttk/ )

v (v v ~(v—1 (v v

= ProXp(p) 0o Prd, — ity = 0l O + 050, — vy, ) VT, €T (5.39b)
v+1 v+1
(Pédtk )7 Q(Ddtk))
_ =D L G0 0 e 39

prOX_Pdep(/UDdtk + Ddtk /UDdtk)7 d 6 ( . C)
uly) = ul, + Py YN e N (5.30d)
Uit = Ovg, + Oty YN €N (5.39)

Among the above prox functions, in (5.39b) and (5.39¢), the prox functions calculated are
indicator functions. So we can analytically calculate the decision variable values as the

projection formulas as presented below:

(P(u+1) 9(1/+1) P(V+1) 9(V+1))

Trty 7Tty Trtk/ ) Trtk/

v (v v ~(v—1 N(v v
= prOXF(P)+X(P:0)7p(P,I(1r2k B P,Z(j'rzk B u,gjr)tk’ U;rtk ) + egjr)tk - Uéﬂrik)’ VTT E T
v
v+1
— Pl = X (5.40a)
. ope V. (5.40D)
Trtk/ XTT
= oy =0 (5.40¢)



— o =0+ v (5.40d)
(X7,)*(€ —B) +2(A - €)

where V = 5.40e
(4+X3) ( )
2+ (X )2 )B+26+C—-A
x1:< + (Xr, )B4 2+ (5.40f)
(4+ (X7,)?)

where A = XTT(P}:?;@ - P:(F:zk - u%)tk) (5.40g)

~(v—1 N(v v
B =05, 0%, — o) (5.40h)
€ =Xr (P}, — P}, —ui) ) (5.401)
&= oy, +05,, — v, (5.40j)

If terminal ¢, is connected to the slack bus, then

(X7, )26 +A-C
V= - 5.40k
2+ (X2 ) (0401
X1=0 (5.401)

If terminal ¢,/ is connected to the slack bus, then

A—-C—(Xr)*B
= r 5.40m
B+ (Xn)) (o-40m)
Xy ==V (5.40n)

If —XTTZTT <V < XTTETT, then the V minimizer is chosen among these three :

min{ (XT’")Z(E_B)“(A_G), ~Xr, Ly, X1 L1}, min{w, —Xr1,Lr,, X1, Lz, },

(4+X2) (2+(X7,)?)
min{%,_XTTETT,XTTZTT}. Otherwise, it is chosen from among — X7, Ly, and

XTTZTT. The X; stays the same as defined above in all the cases ie as stated in equa-

tions (5.40f), (5.401), or, (5.40n).

(P(V"rl) 0(11"1‘1))

Dgty 7 7 Dt

~(v—1 A (v v
= prOX—PDd,p(,U(Ddtk) + e(Djtk - /U(D(Ztk)’ VDd S L
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— Pyt =—pp, (5.41a)

(v+1) ~(v—1)

= eDdtk detk + ngtk - U(Dd)tk (541b)

Hence, from the above, the calculation of prox functions by the devices happen all in par-
allel, corresponding to equations (5.39a) to (5.39¢). After this, the devices pass the most
recent values of power and voltage angle schedules to the nets. The respective nets “Gather”
or receive those values and calculate the updates for the dual variables according to equa-
tions (5.39d) and (5.39¢) and pass those back to the connected devices via process called
“Broadcast”. We have shown this in figures 5.5, 5.6, and 5.4, the broadcast, gather, and the

schematic for the ADMM-PMP algorithm respectively for some generalized devices.

5.7.2 Proximal Message Passing for (N — 1) Contingency Constrained General-
ized Multi-Bus Case: Unequal Capacities and Unequal Line Impedances

The slightly reformulated DTN equations from previous section are:

min C(P@) + F(P©) + x(P©,9)

P((‘) 0(0)
i 2
0 D ) +1E,) (5.42a)
(c)eL N;eN
Subject to: P\ = 2190 = ¢\ VN, € N,Vt; € T,
V(c) e L (5.42D)

It is to be observed here that the power balance and the phase consistency constraints need
to be satisfied for each and every contingency scenario. The different update equations of

the Proximal Message Passing Algorithm in this case are as follows:
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5.7.2.1 Iterates for Generators

They consist of the update equations for the real power output and voltage-phase
angles of the generator terminals for both the base case and the different (N —1) contingency

scenarios and are as follows:

(P(O)(V+1) 9(0)(V+1)) = argmin [ngtk(P(O) 0, )+

qlk » Y gqtk Gqtr? Y gqtk
Pfgt(;’)fk eéfz)tk
I<(Py, — P ) + I< (P > — ng)+
p 14 14 14
ST EUPL. =20 + I + 116 — o + v 1),
(c)el
Vg, € Gt € TNG (5.43a)

5.7.2.2 Iterates for Transmission Lines

c)(v+1) plo)(v+1) (v+1) ple)(v+1
(Pj(—’rtk GT tr P’1(135 ’ QT,«)t ’ )>

= argmin | Z (I< (L(C Py Tr ')+

P, 05 ki eTrT,
o 0o, 0
(P + ——5—)+
2 XT(%)
p C v Cc)\V
LUPE, = #02 + w11 + 1168, — €92 +uP1)]
VI, € Tt € TNT,(c) €L (5.44a)
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5.7.2.3 Iterates for Loads

They consist of the update equations for the real power and voltage-phase angles of

the loads (which have constant real power consumption) and are as follows:

PO _ pOw) _ _p

Dty Dgty,  — Ddtk.

c)(v+1
s ™) = argmin[2 (1655, — €51 + v 5|1))
Ggitk
VDge Lty € TNL,(c) €L (5.45a)

5.7.2.4 Iterates for Nets

We are writing here just the analytical forms already derived in [234].

VN; € N,Vt, € TN N;,V(c) € £

AN = P = = P (546a)
&(Vc%:m ﬁ)}:) + 915)f:+1) (5.46b)
w0 = 00 L (O _ 00+ (5.46¢)
QD = 000 (D _ 0Dy (5.46d)

In the above, as before, not only do all the devices update their variables in parallel, but
also, except the generators, all devices have associated with them the base-case and the
contingency scenarios, each of which in turn update their respective variables in parallel as
well. Then all the nets and the base-case/contingency scenarios associated with them update
the first two set of variables in parallel and then update the next two in parallel. For this

case, the prox messages and the Proximal Message Passing Algorithm is as follows:

(P(O Y(v+1) e(c)(l/—i-l))

9qlk ? Y 9qtk
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0)(v () (v c ~(c)(v—1)
— proerpion (P — Y — el 600 + 690 — o), oy € G, 9(0) €
(5.47&)
c)(v+1 c)(v+1 v+1 c)(v+1
RN S VARNT )
c ~(e)(v c)(v) ~(c)(r—1 c)(v c)(v
= prOXF(P(C))+x(P(c),0(c))7p(P7(~T1i ) P}gfk ) u(T)t(k), (T)t(k )+ HT)t(k) — U(Tr)t(k ))7
VI, € T,V(c) e L (5.47b)
c)(v+1 c)(v+1
(P ™ HEM )
c)(v—-1) h(e) (v
= prox_p, (05" + 05 —vi)), VD, € L,¥(c) € £ (5.47¢)
0D = Q0 4 PO YN, € N, V(c) € £ (5.47d)
UJ(\%)t(:Jrl) (C)(V) + 9§)§:+1)’VNi c N,V(C) c L (5.476)

As before, for (5.47b) and (5.47c) we will have exactly identical expressions as in (5.40)
and (5.41) for carrying out the calculations analytically. The ADMM-PMP algorithm has
been pictorially depicted in figure 5.7. As can be seen from the schematic diagram, we have
shown the problem corresponding to one base case and four different contingency scenarios.
Corresponding to each scenario, we have copies of transmission lines and loads, as shown
in the figure. The different generators in the different scenarios are linked to the one for
the base case with the green lines, which represent the fact that the power generations in
the scenarios are the same as for the base-case. The other lines and arrows represent the

messages as before.

For the sake of brevity and to avoid redundancy, we will skip the next two sections on
demand variation and post-contingency restoration in a single interval, with only the men-
tion that almost all of the proximal message passing iterations will look exactly the same as

before. The only exception is that, now, the generator cost functions will be augmented by
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the APP message terms, which we already described earlier. The diagrammatic representa-
tion of the APMP algorithm with both the fine and coarse grained components taken into

consideration looks as shown in figure 5.8.

However, to gain some perspective, we will now present, in the next two sections,
the purely ADMM-PMP based distributed algorithm to solve the LASCOPF problems to
track demand variation and post-contingency restoration within a single dispatch interval.
This will justify why we are proposing to use an AMPMP algorithm, instead of a pure
ADMM-PMP algorithm for these (and more complicated problems).

5.7.3 Proximal Message Passing for the Look-Ahead Dispatch:Generalized Case
of Demand Variation for the Multi Bus-Case

The reformulated DTN equations for each of the coarse grains, which represents the

SCOPF for each look-ahead dispatch time interval, in this case are as follows:

V1 e

min C’(P(O)(T)) + F(P(c)(T)) + X(P(C)(T), 9(6)(7)) + A(P(O)(T))

P(c)(ﬂ 9<c>(f>
tye Uty
+ 2 D TEDD) + IET) (5.482)

c)el N;eN
Subject to: P77 = zt(k)(” 00T = 9 yr € Q VN, € NVt € T,
V() € L (5.48b)

The different update equations of the Proximal Message Passing Algorithm in this case are

as follows:
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5.7.3.1 Iterates for Generators

They consist of the update equations for the real power output and voltage-phase
angles of the generator terminals for both the base case and the different (N —1) contingency

scenarios and are as follows:

0)(7)(v+1 c 1/+1 . 0)(7
(Pg(qt)k( . )’ eéqtk )> = argmin [Cg tk(Pg(qt)k( )’ ef(lqugc ))+
0430
Ig(?gq _ p(O)(T)) + ]<(p( )( ) )+ A(P PpO)n) )

p 0)(r (e)(T)(v) (v (e)(m)(v)
Z(g)(HPg(qf( )= 2SN D || + ||99qt — &outr Voot )]
(c)el

Vg, e Gt et € TNG (5.49a)
5.7.3.2 Iterates for Transmission Lines
c)(T)(v+1 c)(7)(v+1 7)(v+1) c)(T)(v+1
(PRI, g0, P gtesh)
= argmin | Z (]<(L( |P:(pft(T N+

(e)(1) gle)(r
PTitk ) Tcrtk kK €TNT,

(e)(7) 6%)5:) B 0%)51;)
I_ (P +

Triy, X(C)
p C)\T C)\T)\V C)\T C)\T C)\T)\V C ’7' v
PSS = #2500 4 a4 11090 — 00 1 o001

)+

7tk

VT, €T t, € TNT,(c) €L, 7€Q (5.50a)
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5.7.3.3 Iterates for Loads

They consist of the update equations for the real power and voltage-phase angles of

the loads (which have constant real power consumption) and are as follows:

POEEH) _ p@O®) _ _ p(m)

Dty Dty dtk
+1
o5 = argmin(2 (11657 — 57 + o)D),
oo 2

VDg€e Lt € TNL,(c) € L,7 €N

5.7.3.4 Iterates for Nets

We are writing here just the analytical forms already derived in [234].

VN; € N, Vi, € TN N, V(c) € L,7 €1

c)(T)(v+1 c)(T)(v c)(1)(v+1 ~(c)(T)(v Ac)(T)(v+1
Z](V)t(k)( ) _ USV?IS()()_‘_P](VZ-)t(k)( )_ugvzgk)()_P](Vi)t(k)( )

7)(v+1) ~(c)(T)(v 9" co)(1)(v+1
c)(T)(v+1 c)(T)(v Pc 7)(r+1 c)(1)(v+1

c v+1 c)(7)(v+1 c)(7T)(v+1
U§V)t(k)( ) _ ()( 2 )+ (9( i)t(k)( )_gj(vi)t(k)( ))

(5.51a)

(5.52a)
(5.52b)
(5.52¢)

(5.52d)

In the above, in this case, not only do all the devices update their variables in parallel,

but also, except the generators, all devices have associated with them the base-case and the

contingency scenarios in each dispatch interval, each of which in turn update their respective

variables in parallel as well. For the generators, the outputs of the present dispatch interval

and the next one are related through the ramps rate constraint (A Function is the indica-

tor function corresponding to the fact that the change in power output of generators over

successive dispatch intervals is not allowed to surpass the limits imposed by the maximum
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and minimum ramping capabilities, as explained in sections 5.6.6 and 5.6.7). Then all the
nets and the base-case/contingency scenarios associated with them update the first two set
of variables in parallel and then update the next two in parallel. For this case, the prox

messages and the Proximal Message Passing Algorithm is as follows:

(P(O) T)(v+1) 9(0)(T)(V+1)>

gqtk ’ Y gqlk
0)(7)(v Ae)(T)(v c c)(T)(v c)(T)(v
= proscipmi s (P = B 7,0 5 0000 g0,
Vg, € G,V(c) € L,VT € Q (5.53a)

c)(T)(v+1 c)(1)(v+1 c)(1)(v+1 c)(7)(v+1
(P}Tii )( )79%);]6)( )7P}T12/)( )79(Tr)t( /)( ))

pm®) _p}C)(T)(V) u(C)(T)(V) ~(e)(T)(v— 1)+é(TcT)t(,:)(V) OMNW)

= PPOXF(p@)(T))+X(p<c)<7>,9<c>(7>),p( Tty

vtk tr » Uy, Trty
VT, € T,¥(c) € L VT € Q (5.53b)
(Pl()cd)t(;—)(qul) e(cdtk 1/+1)>
= prox_p (8% 0@ 4 O O yp, e LY(e) € £,¥r € Q) (5.53¢)
ulHD = Q) L OO Wy € N, Y(e) € £,¥r € Q (5.53d)
VDD = gIMW 1 gIMET) v, e N, Y(e) € £, € (5.53e)

5.7.4 Proximal Message Passing for the Look-Ahead Dispatch Model for En-
suring Security with respect to Next Outage:Generalized Multi Bus-Case

The modified DTN formulation for this case is as follows:

V1 e

()(H}il} y )C(P(O)(T)) + C’(P(C)(T—l-l)) 4 F(P(C)(T)) + F(P(c—>cl)(7+1))+
Pt: T ’Gtz T
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Y(POD GO L (Pl glese)(T4Dy 4 A (pO)

YD ARD A IED T X AETT) ) o)

NieN (c)eL (el —{0,e}N{ec}
Subject to: P77 = 200 gl — £l yN, € Nt € T,¥(e) € £ (5.54b)

Pt(kcac )(T+1) _ zt(gac )(7'+1)7 eg\jﬁc )(T+1) _ gtljﬁc )(T+1),VNZ- €N, Vi, € 7, V(C) €L,

V(c) e [L—{0,¢}]n{ch,Vr e (5.54c¢)

The different update equations of the Proximal Message Passing Algorithm in this case are

as follows:

5.7.4.1 Iterates for Generators

In the present case, they consist of the update equations for the real power output
and voltage-phase angles of the generator terminals for both the base case and the different
(N — 1) contingency scenarios for the first dispatch interval and the same for each of those
contingencies as the base-case as well as the rest of the scenarios for the second interval.

These are as follows:

(P(C)(T (v+1) @ T)(VH))

9qtk 9qtk

argmin  [Cyq, (Pé%:), @éz)tgj))—i-
PO g@@)
9qtr > 9qty

[S (qu P(C)(T)) + [< (P(C)(T) _ P ) + A(WP_S]ZE:))

gqtk
c)(T)(v T m—(C)(T)(V c)(T)(v 2
HEOWPLORT - @0 —uGOO) 1 el — @00 - ) ),
Vg, € G, 7 € Q,tk eTnNnG (5.55a)
where
() _ 0)(r) p(M(r+1) (LD (r+1)
P = [P Py Py (5.56)
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0)(7 (7 2)(T L) (T
PO ) I Gl

9qtk 9qtk 9qlk
0 gp(+1) gU—=2)(r+1) 9(1—>\E|)( 7)
@é‘;)t(;’) — Jatk Jatk Tt Y dqtk (557)
(L= (r4+1)  p(1L]=2)(r+1) (L)) (r41)
0 Oty Oty o Ogit
1 -1 0 00 .. O
W - 1 0 —-100 ... O (5.58)
1 0 0 00 ... —1
P, = P,11..1"=P,[1] (5.59)
— T
P, = ng[l 1.1 = ng[l] (5.60)
(5.61)
I< - RUEFD 0, 00; Ic(n) = 0,ifn > 0, = oo, otherwise
In the above, > for vectors indicates component-wise inequality
Coui(Poon” s Oun”) = (3) Py diag(arg,i ) Po” + (B ) (LT Bty + (1] + g
(0)(T) (1)(7) 2)(7) (I1£D)(7)
Zgot Zgutn Zgutn e gt
1)(r+1) LD+ ,(1=2)(7+1) L (1=1£D(7)
Z(gc)t(;) = atk 9atk 9atk "t “gqtk (5.62)
q
pUEDE+Y - (L=D(r+1) _ (£1=2)(7+1) (£ (r+1)
gqtk gqtk gqtk ot Gqtk
(0)(7) (D7) (2)(7) (1£D(7)
9qlk ugqtk ugqtk ugqtk
0 (1)(r+1) L 1D+ LA
uf}c)t(;) — 9qlk 9qlk 9atk (563)
q
0 (£]=1)(r+1)  (I£]=2)(7+1) (1) (r+1)
9qtk 9qtk e 9qtk
0)(r (7 2 T LD(T
a0 wr G- do
T —> T — T
=00 _ 0 & Souti o Sgaty (5.64)
(L= (74+1)  (1L]=2)(r+1) (L)) (7+1)
0 é-!]qtk g!thlc ggqtlc
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(0)(7) (1)(7) (2)(7) (1£D(m)

,qutk qutk cee qutk
0 (1) (7+1) U(1—>2)(T+1) U(1—>\E|)(T)
V;‘;)t(;) = 9atk 9alk B P17 (5.65)
OBl (62 (1L (r+1)
0 Vgat Vgatr e gy

(5.66)

[|()]|%, ., indicates sqaure of the Frobenius Norm of a sqaure matrix i.e. the sum of
sqaure of its elements.

AWPP) = I (R + WPP) + [ (-Ry™ — WP

9at, thk )

5.7.4.2 Iterates for Transmission Lines

There will be two sets of equations now. One for the present time and the second for
the next dispatch interval. The “present time” update equations are just the same as before

and are as follows:

(P(c)(f)(u+1) 9(0)(7)(y+1) P( )(T ) (w+1) 0(6 .

I/—‘rl))
Trty Trty T t ’

= argmin [ Y (I<(L( — [P+
R A

(©)(7) O H(TC’“)t(ka)
(PO ¢

Trey, X(C)
p C)\T)\V C T c)(T)\V C 7' v
PSS = 22500 4 a4 11090 — 00 1 o0 )

)+

rtk

VT, €T t, € TNT,(c) €L, 7€Q (5.67a)

The update equations for the next dispatch interval takes into account each of the potential

contingencies to have happened and security with respect to the next set of line outages and
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as follows:

(P(c—>c )(T+1)(v+1) 9(c—>c )(T+1)(v+1) P(c—)c )(T+1)(v+1) 9(c—>c )(T—l—l)(u—i—l))

Trty Trty ’ Trt ’ ’ Trt ’
. c—c )(T+1 c—c )T
= argmin [ Z ([<(L( =) _ | Tr: 1 H)])—I—
P T gl )T g ) ean,
(e=c)(r+1)  ple=c ) (r+1)
(e ) (r+1) br.., b1, ST (emd )W) | (e ) D)) )
C C T k C C T C C T 12 C C T 1%
I=(PTT% + ) )+ (H Trr, Tty +up,, H2
T,
c—c )(7+1 c—c )(t+1 e Y(r4+1)(
oD gm0 ) m
VI, €T, t, e TNT,(c)eL,(c—c)elL—{0,c}]Ne,Te (5.68a)

5.7.4.3 Iterates for Loads

Similar to the previous case, the update equations for loads, which consist of the ones
for the real power and voltage-phase angles of the loads (which have constant real power
consumption) also has a present dispatch time and next dispatch time components. The

first one is as follows:

POEEH) _ p@O®) _ _ p(m)

Dty - Dty dtk
c)(7)(v+1 )T
Oy ) = argminZ (116557 — )7 + o5 ),
g
VDg€ Lt € TNL,(c) € L,T €N (5.69a)

The equations for the next dispatch interval are as follows:

P(cﬁc )(r+1)(v+1) P(c~>c )(T+1)(1/) D(T+1)

Dty Dty dtk
c—c )(t+1)(v+1 . c c 7'+1 c—c T+1 c—e )(T7+1)(
O = argmin [2(][ag5 T — gl o) >]
e(c%c )(T+1)
Daty
VDse Lty e TNL,(c)eL,(c—c)e[L—{0,c}]NeTe (5.70a)
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5.7.4.4 Tterates for Nets

We are writing here just the analytical forms already derived in [234].

VN; € N,Vt, € TN N, V(c) € L, 7 €1

ZJ(@;:)@H) _ (c)(r)(u) n P(e)(r)(u+1) ’&ﬁﬁft(,f)(”)— Pj(vi)t(,f)(”l) (5.71)
](\?;cc/)(f+1)(u+1) _ ug\c[?kc)(rﬂ)()+P]S[Hc)(f+1)(u+1)_ﬁx;kc’)(wl)(u) pHc )(r+1)( (-»51>72
O = o a0 57
5;20)(T+1)(V+1) _ @55;::)(7“ +9]\?ch (1) (v+1) (5.74)
ug@g)(wn _ u%)(w +(Pz(v?t(,f)(”+l)—Zj(vcff,f)(”+1)) (5.75)
UﬁfI)(m)(”l) _ “5575/)(7“)(”) +(Pz(vc.7kcl)(7“)(”“)—21(5;0/)(”1)(”“)) (5.76)
T = 0 O — ) 577
U%Zj)(wl)(uﬂ) _ UE\(;;;C)(T—H)(V)+(‘9](\§;;c)(7'+1) v+1) 5}(\}:25 Yr+1)( u+1)) (5.78)

In the above, in this case, not only do all the devices update their variables in parallel,
but also, except the generators, all devices have associated with them the base-case and the
contingency scenarios in each dispatch interval, each of which in turn update their respective
variables in parallel as well. For the generators, the present dispatch interval and the next
one are related through the ramps rate constraint (A Function). Then all the nets and the
base-case/contingency scenarios associated with them update the first two set of variables
in parallel and then update the next two in parallel. For this case, the prox messages and

the Proximal Message Passing Algorithm is as follows:

0)(T)(v+1) H(e)(T)(v+1)
(qut ) egqtk )
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0)(m)(v H(c)(T)(v c)(T)(v) ~(e)(T)(v—1 c)(r c)(m)(v
= prOXC(Pm)(T))+A(P(O>(T))7P(Pg(q2k( ) - P!J(qglg ) - uéq)tsc . )’ Uéqii . : + ef(iqigc ) vé(iqugc . ))7
Vg, € G,V(c) € L,VT € Q (5.79a)

c)(1)(v+1 c)(1)(v+1 c)(1)(v+1 c)(1)(v+1
(P}Tii ) )eé)t(k)( )P})t(,)( )79(Tr)t(/)( ))

T)(v A T) (V) A T)(v—1 7)(v T)(v
— PrOXj pro s P gy, (PO — POOW 000 GOOE-1 | Gome) _ 00

VT, € T\V(c) € LVT € Q (5.79b)

c cl T74+1)(v+1 c c/ 74+1)(v+1 c c/ T7+1)(v+1 c cl T7+1)(v+1
(P:(FT;: )(T+1)( )’9;;; J(T+1)( )’P%TZ’ )(T+1)( ), ’EFTZ/ )(T+1)( ))

— prox,, szc’)(fﬂ)(u) B p}fzc,)(T+1)(u) B u(T(;::’)(TH)(V),
r&%;;c)(T—i-l)(u 1) +8(itk (r+1)(v) U(TCTZC’)(TH)(V)),
VT, € T,V(c) € LVT €Q (5.79¢)
(ngt(z)(yﬂ) dit: -+
= prox_p,, (0% ¢ 7 4 g0 M0 vp, e LY(c) € £,¥7 € Q (5.79d)
(Pz(;;f Y1) (1) eg;kc )
= prox_ Dp(vg;: D=1 é([‘j;:l)(ﬂrl)(”) — vg:;kc MY v, € LY(c) € £,V € Q

(5.79¢)
e = Q) pOMEHD N e NLY(e) € £,Y7 € Q (5.79f)
ule 7T ) De) | plesd)m i) i e N W(e) € £,¥7 €Q (5.79g)
VA = 5O 1 gD YN € NLY(e) € £,Vr € Q (5.79h)

Vi eI _ e ) 9}5?: DD yN, e NY(e) € £L,vr € (5.79i)
We can, therefore observe from the two foregoing sections that not only does the implemen-
tation of the algorithm become more complicated, but also, the computational burden on

the processors dedicated to the generators becomes too high in the case that the ADMM-

PMP is the only algorithm used to solve the LASCOPF problems. Hence we resort to the
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APMP algorithm, which relieves that burden by introducing two layers of distribution to the
problem. It also makes the solution more modular, which is extremely helpful for designing
the simulation software. APMP creates more re-usable and modular components for the
coding, thereby making it easier to understand, debug, and maintain the code. In the next
chapter, we will introduce the problem, its formulation and the APMP algorithm for the

multi-dispatch time interval post-contingency restoration for limiting line temperature rise.
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Chapter 6

Look-Ahead SCOPF Limiting Line Temperature

6.1 Line Temperature Limiting LASCOPF

We will now proceed to a formulation in which we will consider the look-ahead dis-
patch over several future dispatch intervals. in which, initially, the line power flows are
limited by dynamic line ratings and lines will be limited by allowable temperature rise.
Actually, even if lines are limited by temperature, we still want to be secure, except tem-
porarily for look-ahead from the time of an actual contingency until the system is restored
back security. This ensures that we make the best use of the capabilities offered by the
transmission grid at the best possible economy of operation. If an actual outage happens,
following that outage, the post-contingency system restoration is achieved in several steps
by gradually bringing down the power flows on, and temperature of, the lines, making sure
that the temperatures of the remaining lines in operation never exceed the maximum allowed
temperatures of the respective lines. But before doing that, we first need to understand how
the temperature of a line, due to Ohmic losses changes, following an outage. Once we have

that knowledge, we can then develop a dispatch method to limit that temperature rise.
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6.1.1 Dynamics of Temperature Rise on Transmission Lines

6.1.1.1 Governing Equations

The temperature dynamics of a transmission line is governed by the following first
order linear non-homogeneous differential equation, which is obtained from the heat balance
equation (HBE) by taking into account the sources for the production and the dissipation
of heat, as described in detail in [339], [1], [13], [380], [5], [20] etc. We define 1 (t) to be the
temperature of the conductor at time ¢ and define 1,,,;, to be the ambient temperature. The
details of derivation of the differential equation describing ¢ and its solution, presented in
equations (6.1), (6.3), and (6.4), which is also the same as Newton’s law of cooling, can be

found in references [48], [332], [8] etc.:

W) _ (Y — 5 (060 — o) (6.1)

In the above differential equation, o/(PTr)2 expresses the Ohmic loss per unit length due
to the line power flow, which is Pr.. We assume that Pr, is constant for the moment, and
so is the consequent heat generation per unit length in the conductor. The second term
on the right hand side represents the heat loss per unit length from the conductor due to
the combined effects of convection (mostly) and radiation (linearized). It is to be observed
that we have neglected heating due to insolation, but this can be easily considered if the
information pertaining to latitude, longitude, time of the year, and day etc are given. If,
in the above equation, the Ohmic loss is represented in terms of the current flow on the

transmission line, which is useful in the context of AC-OPF, we have:

dip(t)

_ Pres

dt <pmass(CS)2Sp) (Ir,)” - (W) (% (t) = Yamb) (6.2)
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where

line,

[ is the length of the T.-*" transmission line,

/3 is the coefficient for cooling (positive),

e I, is the current flowing through the 7= transmission line.

Solving the above Differential Equation we get:

@D(t) = 6_Blt(wim’t - ¢eq) + 77Z)eq

pres is the resistivity of the conductor material of the 77 transmission line,

C'S is the cross-sectional area of the T/~ transmission line,

where | Veq = Yamp + (g-:) (Pr,)?

or 77/}642 = ¢amb + <(gr;8)lg> (]T,->2

Here

e (t) is the instantaneous line temperature (as a function of time),
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Pmass 18 the volumetric mass density of the conductor material of the 7" transmission

S, is the specific heat of the conductor material of the 7" transmission line, and

(6.3a)

(6.3b)

(6.3¢c)



® Y. is the ambient temperature,
® 1), is the equilibrium line temperature for the given power flow and ambient conditions,
® 1, is the initial temperature of the line, and

e o is the fraction of line power that is the Ohmic loss (positive).
It is to be observed that,

o <p7n_a%)2&) in (6.2) and o' in (6.1) play identical roles.

o <m> in (6.2) and 8" in (6.1) play identical roles.

’

p'resl : o . .
¢ <(CS)B> in (6.3c) and (B’) (6.3b) play identical roles.

In the next equation, we state the expression for the time required to attain a particular

temperature, 1, from an inital temperature:

tp — lln ‘ (wzmt - weq)

B/ (Q/]p - @Deq)

With the fundamental governing equations of temperature evolution stated above, let us

(6.4)

now define some terms, which we will be using throughout the remainder of this chapter.

6.1.1.2 Definitions and Terminology

(a) Power System Security States: In terms of security considerations, the power system
state refers to the condition of the systems in terms of the amount of power flowing through
the devices (primarily transmission lines) and the allowed limits. It can further be divided

into two states, viz :
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e Emergency State: State in which one or more of the long-term or short-term transmis-

sion line power flow limits are violated.

e Normal State: State in which all the lines are operated at or below the normal, long-
term operating power flow limits, but if an outage happens the system may or may not

go to an emergency state. This can be further classified into the following two states:

— Secure State: State in which all the lines are operated at or below the normal,
long-term operating power flow limits, and following an outage, some of the flows

may be above long-term limits, but all are below short-term or emergency limits.

— Insecure State: State in which all the lines are operated at or below the normal
long-term operating power flow limits, but following an outage, some of the flows

would be above short-term or emergency limits.

(b) Maximum Restoration Duration (MRD): The MRD (either in second, minutes,
or in terms of dispatch intervals) is the maximum time allowed to bring back the system
to security, subsequent to occurence of an outage. We will use the symbol I'y;gp to denote

the MRD. The entire MRD for a particular line can be split into two sub-intervals as follows :

e Restoration to Normal Duration (RND): This refers to the time allowed to restore the

system flows from emergency state to the normal (but, presumably insecure) state. We
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will use the symbol I'ryp to denote RND. During the different dispatch intervals in
RND, the line power flow is greater than the nominal or long-term rated value for those
lines for which the immediate post contingency flow is more than the rated. Hence, for
such lines, the 1), for each dispatch interval within RND is greater than ", which
is the maximum temperature allowed for the particular line. The control action used

during the RND is known as the “corrective control”.

e Restoration to Security Duration (RSD): This refers to the time allowed to restore the
system flows from normal insecure state to the normal secure state. Hence I'y;rp =
I'ryp + 'rsp. During the different dispatch intervals in RSD, the line power flow is
less than the nominal or long-term rated value, but if an outage happens, some of the
line flows will exceed the short-term ratings. Hence the 1), for each dispatch interval
within RSD is less than ¢¥™%*, which is the maximum temperature allowed for a partic-

ular line. The control action used during the RND is known as the “preventive control”.

(c) Increasing and Decreasing Sequence of Functions: Let {A;, Ay, ..., A,,} be the set
of intervals of some independent variables, with total order imposed on them (which means,
for any x; € A; and x; € A;, whenever ¢ > j, then x; > x; and if ¢ = j, then the two
variables are either equal, greater or less). A sequence of functions {11, 19, ..., ¥, } defined

on the respective intervals, is said to form an increasing sequence, if
o 1;(x;) > 1;(x;) whenever the variables belong to different intervals and ¢ > j, and

o ;(x;) > 1;(x;) whenever x; > x;, for both variables belonging to the same interval.
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The sequence is said to be decreasing, if

o 1;(x;) < 1(x;) whenever the variables belong to different intervals and ¢ > j and,

o ;(x;) < ¢i(x;), whenever x; > x;, for both variables belonging to the same interval.

6.1.1.3 Theorems and Claims

We now state below, some lemmas, theorems, and corollaries, which we will subse-

quently use in our LASCOPF model.

Lemma 6.1. If Yy < e in (6.3a), then (t) is an increasing function of t and it is

decreasing, otherwise.

Proof. Differentiating (6.3a), we get

d’g[)(t) ’ _g't
BT (=B Winit — eq)e™” (6.5)

in which, (—3') is negative and (¥, — e, is negative or positive, respectively, if i < Veq
or Yinit > 1eq making the derivative positive or negative and hence the temperature function
increasing or decreasing, respectively.

]

Theorem 6.2. Let it be assumed that an outage happens at € time units into the upcoming
dispatch interval. The following are the constraints to be satisfied to ensure that the tem-

perature of a given transmission line doesn’t rise above the mazimum allowed temperature
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and that the corresponding flows can be safely brought back to the rated value over several
dispatch intervals within RND. (Note that these constraints depend only on the initial pre-
contingency line temperature, ambient temperature, and the power flow on the line during

different dispatch intervals throughout RND and are given by the relations below.)

EBE W+ (1= BE) [Wams)
Fryp—(w+1)

(P ES” + (P ES) + (PPPES | <y (6.6a)

€ S

(%)

Yw € {0, 1,2, --'(FRND — 1)}

s=1

where Eﬁw), ng), Ee(w), E(()w) are constants depending on the duration of the RND, nature
of the conductor material, duration of a single dispatch interval, time of occurence of the
outage etc. If the power flow on the transmission line for the forthcoming dispatch interval
has been flowing for a sufficiently long time (long enough as compared to the thermal time

constant of the line), then the constraints take the form:

O/ FRND—(U.H-I)
¢amb + (F) Z (P}:+S))2E£w) < w%az (67)

s=0

Yw € {0, 1,2, -H(FRND — 1)}

Proof. Let’s focus our attention on the 7 transmission line. Let’s consider Y7 as the
maximum allowed line temperature for this particular transmission line under the currently

assumed ambient conditions. Throughout this proof, we will, just for the sake of convenience,
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consider the upcoming interval, 7 4+ s = 7+ 0.

Let’s assume that a maximum of I'gyp dispatch intervals are allowed for bringing
the line flows to normal levels, following a contingency. Let’s also assume that each dispatch

interval is of duration 6t time units.

The most stringent situation happens when the Fgf@D dispatch interval is the one in
which the flow on 77" line is brought to a level corresponding to which the equilibrium

temperature is 7. ie

’

(6%
VeaP™) = UF = s + (57 ) (PR’ (68)
Or
2
(TrND)\ _ .1 maz __ pTeSSpl (TrND)\2
weq<]Tr ) - ¢TT - ¢amb + ((CS)5I>(ITT ) (69)

For this to be true, it must be the case that at the beginning of this interval, the
initial temperature of the line, (which is the final temperature at the end of the (T'gyp—1)""
interval) needs to be less than ¢7**. That is (in the following, 1¢,(.) stands for the equilib-

rium temperature as a function of the line power flow or current flow):

T iy r -1 r -1 T -1 maz
Y™ = e ORI ey (P TV)) o g (PETY) < 0

init
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/ _ / Of/ -
—s A O (yTrnDl)y 4 (] =5 (1) (%m + (F)(ng”m 1))2> <V’

= 70 [e—ﬂ'“ﬂ (™) + (1= 7 00) <¢mb +(F) <P}SRND‘2>>2) ¥

’

(1 _ e—ﬂl(dt)) (¢amb + (%)(Pj({RND 1) )2) < 77Z}maac

I G R R (wamb + (G )@Eme?) ) :

(1 _ e—ﬁl(dt)) (¢amb + (%)(P}ERND 1) )2) < ¢mam
Continuing like this upto the first interval

— 6—(FRND 13 6t)(¢(FRND FRND_l)))+

it

e—(FRND—2)B,(5t)<1 _ 6_ )<¢amb + <5 )(P(FRND (CrND— 1))) )+

’

g
e—ﬁl(ét)(l _ e—ﬂ/(&)) <¢amb + <%> (PII(};RND_2))2> +

(]_ — (St)) <¢amb + (5
(Trnp—1)

— ¢ (Tryp-1)B (&)wfnzt)Jr Z e~ (CAND=(s+1))B (08) (1 _ =P <6t))<¢mb+ (%

s=1

e~ (Crnp=3)8' (80 (1 _ ¢=8 (00 <77Z)amb + (5 ) (py o e 2”)2> bt

’

g <o

)(Péi’f)
< wmam
(TCryp—1)
— ¢ Trvp=DEE (V) ) gy (1 o 0o TrnpB (6) - s+ (61 4
s=1
o , , (Cryp—1) ,
<_> (1 _ e*ﬁ (&))e*FRND/B (1) Z e(SJrl)ﬁ (6¢) (P’](“f))z < wjniax

s=1
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,  (Tryp=1)
_— ef(FRNDfl)B (6t) (¢ant) + ¢amb(1 — e ((st))ef(FRNDfl)ﬁ (6t) Z 6Sﬁ (5t)+

s=1
a/ (FRND_l)
(7) X B0 <
s=1

ef 0)(1 — e(Trxp—1)5'(50))

—(Cryp—1)8 (5t) =B (6t)\ .—Trnp—1)8 (5t)
— € (wznlt) + ’lvbamb(l € )6 . (1 - 6,8'(615)) +
a/ (FRND_l)
(5) 3 B <
s=1
— ¢ TrvDp-1)8 (5t)( l(izt) + ¢amb(1 — ¢~ (TrnD=1)8 (5t))_|_
a/ (FRND_l)
<F> Y EOPY)? < e (6.10a)
s=1

If we assume that the contingency that gives rise to the step change in power flow on
the line T, and the consequent rise in temperature takes place within the forthcoming dis-

patch interval, after e time units from the start of the 7= dispatch interval, then wmzt =

O () — g (P)) g (PY)) = €77 =990 4 (1— 770179 <¢amb+ (2 )(P%i’V) ,
where @Z)(g)-t is the temperature of the line at the instant of the outage, which is in turn given
by the relation, %), = ¢~? E@/)l(gzt +(1 e*B,E) (Q/)amb + (Zﬁ—:) (P:(F(:))2> - 99 s the line temper-
ature at the beginning of the forthcoming dispatch interval and P}S), P}? are the line flows
immediately before and after the outage, respectively. Substituting these values into (6.10a)
we get (In the current work, we will assume that € = 0 is the worst case, and perform all

our simulation studies following this assumption. We will consider non-zero € in our future

work.)

/

)

= € (FRND 6t 6 wmzt ( — € (FRND(& )w(lmb + ( )(Pi(“i))2Ee(0)+
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/ FRND_I

a S max
(7) X P7E? <ug
s=1

/

— e—rRNDB’(ét)wz(ggt +(1- e—FRND,BI(6t))¢amb + (%) (P}?))QESO) + (P;ﬁi))QEE(O)

T'rnp—1
+ Z (Pj(“f) SO <¢max
s=1
©)1..(0) (0) o (0)\2 1+(0) © R e
= Bl + (0= Bl + () | (PRPES + (PRVE® + 3 (P B
s=1

< wmax

where B = ¢~ Tavpf 60 ) — o~(Cano—(s+1)8'(0) (1 _ o=8'(50)

BO = ¢ Cano-DB' @0 (1 _ o=F (¢t=y EO) _ o~Cranp(@)-08' (] _ o~F'c)

Generalizing for any 7,

’

B Wi + (1= B sl + ()

Fryp—1

( p}:)>2 E(()O) +( P(T+e + Z r+s (0)

< wmaaz

Generalizing for any w,

w(FRND*w) _
nit -

FrnD—

p—(w+1)
(POVES +(PTOPES + 30 (PT)PEY
s=1

’

B i) + (1= B ] + ()

s

< gppmas (6.11a)

where B = o~ (Trxp—w)d (1) E@ = 6—<PRND—<s+w+1>>5’<5t)(1 B 6_5'(&))

Y

E@ = ¢~ Crnp=(@r)8 (1) () _ o=8'(¢t=0)y pl) _ o~(Cavp-w)(@)=98" (] _ o=F'e)
w e {071727"'7(FRND_1)} (6111:))

(t+1)

If we assume that 1), ', which is the line temperature for transmission line 7, at the begin-
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ning of the (7 + 1)~ dispatch interval (which is the same as the temperature at the end of
the present planning horizon/dispatch interval, 7), is the steady state temperature of the line
for the present planning horizon flow (which implies P}:) has been flowing for a sufficiently
long time) and the contingency happens at the beginning of the (7 + 1)~ dispatch interval,
then, first for the special case, when 7 = 0,w = 0, substituting wﬁ}gt = YVamp + (g—:)(P}S)V in

equation (6.10a), we get

a' TFrnp—1
s=0

where Eéo) = El(f)) — o~ Trnp—1)8'(51)

Again, generalizing for any 7 and w, we get

O/ FRND—(w-‘,-l)
Yam + (F> >, (BB <o (6.13)
s=0

where E((]w) = Eﬁ‘”) = e—(FRND—(erl))ﬁ'(ét)

The rest of the symbols have the same range of values and mathematical form as in (6.11).

(Hence Proved) O

Corollary 6.3. In terms of the generator outputs and load demands, the post-outage line
temperature limiting and restoration conditions, when the outage corresponding to contin-
gency c is assumed to happen € time units into the forthcoming dispatch interval (1), can be

stated as:
B[k + (1 = BE) [ams]+

s

/ I'ryp—(w+1)
a oW T T max
(—) Z ((Pg(c)(ﬂ-s) _ PD(T—&-S))T(I)(TvT) (Pg(c)( +s) PD( +s))) < wTT (6.143)
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where @g‘é,lf) = @(Ti)Eéw),‘v’s € {1,2,...,Tryp — 1},
Yw e {0,1,2, ..., Cryp — 1)}, @5 = @V EY + @ EX),

r

(Pg(C)(T) _ PD(T)) _ (Pg(T) _ PD(T))

(®O(T,1))? OE(T., 1)®N(T,,2) ... ®O(T,,1)®C)N(T,, |N|)
o _ | 29T, 2)29(T, 1) (T, 2))? o (T, 2)0)(T,., |N])
T —
ST, INNPEN(T,, 1) OO(T,, (N|)DN(T,,2) .. (®(T;, IN|))?

= [2NT;, 1), ..., ®O(T, IND[@O(T, 1), ..., RUN(T, |N])]

where ®) (T, k) refers to the element in the (T, k)" position of the shift factor matriz of
the network i.e. the change in power flow on the line T, for unit MW injection at bus k and
withdrawal at the system slack bus, corresponding to contingency scenario c.

When the outage is assumed to happen at the end of the 7= dispatch interval and the power
through the transmission line before that is assumed to have been flowing for sufficiently long,

then the condition is :

o I'rnp—(w+1)
Vamp + <E> [ Z (Pg(C)(T—f—s) _ PD(T+S)>T‘I)%’W)(Pg(C)(T+S) . PD(r+s))ES(w) < Q%::fn
s=0

(6.15)
Vw € {0,1,2,...,(Crvp — 1)} It is implicitly assumed that the above result is valid only
for a preventive control scheme i.e. the case of DC-SCOPF with an (N — 1) contingency

corresponding to line outage only.

Proof. Let er, € Rl be a vector, which has all entries 0, except the 77" entry, which is 1.
The power flow on the line 7). in the contingency scenario, ¢ after e time units into the 77

dispatch interval will be
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P = e (2P — Pp)) (6.16)

where ®(© € RIT*N g the shift-factor matrix. In (6.16), because of preventive control for
DC-SCOPF, for consideration of line contingency, P(T+€) = P(T) i.e. the pre- and post-
contingency generator power outputs are the same. Since P A g the power flow on line

T, in the contingency scenario ¢ during the dispatch interval 7 + 1, hence

Pg)(fm — e}T(cIﬂC)(Pg(C)(T“) —Pp)) (6.17)

and the flow at any dispatch interval, (7 + s) is

P:(Ff)(f+s) _ e; T((I)(c) (Pg(c)(7+s) . PD(T+S)))

s (PO (PO pprig©ey of. (6P, _ Pp()
s (PO Z (PO P igOt g, § (PO _ Py
where My, = eTTei_'pr, e RITIXITI
with all entries 0 except the (7}, T,) ™™ element, which is equal to 1

— (P:(Fi)(7+8))2 = (P, PD(T+S))T(I)(C)(Pg(C)(T+S) — Pp)

T
where
(®(T;,1))? OO(T,, 1)®N(T,,2) ... (T, 1)®C)(T,, |N|)
o _ | 29T, 2)29(T;, 1) (®(T;,2))? o (T, 2)0(T,, IN])
T, —
(T, INO(T,, 1) (T, IN|)O(T,,2) .. (T, IN]))?

Hence, (6.11) =

’

EE W) + (= B am] + (5)

7) [P = Po (@ EL 4 @ EL) (P — Pp)
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Fryvp—(w+1)
+ <<Pg(c)('r+s) . PD(T-i-s))T(I)%) (Pg(c)(T-i-s) . PD(T+S))E§w)) < wjn:iax
s=1
—

B[] + (1= B [am]+
a/ FRNDf(o.%Fl)
(ﬁ) [ Z ((Pg(C)(T+s) _ PD(T+S))T@ig::’)(Pg(c)(T+S) . PD(T+s)))] < w%ax (6.183)
where ®5) = @V E@) Vs € {1,2,...,Tryp — 1}, 85 = @Y ES + 8 B

S

s=0

(Pg(C)(T) _ PD(T)) _ (Pg(T) _ PD(T))

and (6.12) =
a/ FRND_(UJ+1)
Gt (%) D0 (PO ) (O pplr) ) < g
s=0
(6.18b)
Yw € {O, 1, 2, ceey (FRND — ]_)}
(Hence Proved) O

Corollary 6.4. The conditions for restoration of a transmission line to secure state, fol-
lowing an outage, are the conditions stated in Theorem-1 and Corollary-1 along with the

conditions that

|(I)(C)(P(gc)(T+FRND+w) _ P](DT+FRND+w)>| < E(O),Vw c {0, 1,2, .. (FMRD —Thvp — 1)}
(6.19a)

| @(C—)Cl)(P(gc)(TJrFMRD) _ Pg+FMRD))| < Tlee) (6.19b)

where E(O) and E(CHC)

are respectively, the vectors of long-term thermal line flow limits
(where the elements of the vector are the remaining lines in the system after the outage

corresponding to scenario c is supposed to have occured), and short-term thermal line flow
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limits (where the elements of the vector are the remaining lines in the system after the out-
age corresponding to scenario ¢ is supposed to have occured, following the outage of the line
corresponding to scenario, ¢). The set of generated power (or equivalently, line power flows)

satisfying these conditions forms a convex set.

Proof. In this proof, we will consider two cases as follows:
Case I:
In this case, we consider the situations where the post-contingency flow on the transmission

line is higher than the pre-contingency flow and is higher than the nominal value.

The conditions (6.18) imply that over the duration of the RND, the line flows never
exceed the maximum allowed temperature. Hence, imposing constraint (6.19a) makes certain

that by the end of the RND, the line flow is brought to within the nominal rating.

Therefore, no thermal upper limit constraints are needed to be enforced. Imposing
constraint (6.19b) will make sure that by the end of the RSD (and hence by the end of
the entire MRD), the flows are brought to within values, that make the system secure with

respect to the next set of contingencies.

Case II:
In this case, we consider the situations where the post-contingency flow on the transmission
line is lower than the pre-contingency flow and is less than the values, that make the system

secure with respect to the next set of contingencies.

In this case, there will be a drop in the line temperature, followed by a control scheme

that will try to bring the flows to within secure values by the end of the MRD. Hence, for

163



this case, constraints (6.18) and (6.19a) will be redundant, unless at some intermediate time,
the flows rise above the secure value. Constraint (6.19b) will make sure that by the end of
the RSD (and hence by the end of the entire MRD), the flows are brought to within the
values, that make the system secure with respect to the next set of contingencies, as before.

For establishing the convexity of the set, observe that <I>§fr) is a positive semi-definite

(PSD) matrix, and each of the E,’s are positive real numbers (since both o’ and 3" are positive
reals and 0t being the duration of dispatch interval, is also positive). Hence, the LHS of the
inequalities (6.18) (and also the equivalent versions from Theorem 1) are convex quadratic
functions of the decision variables and so the < type constraints give rise to sublevel sets of

such functions, which are convex sets. Hence, the feasible set is convex. (Hence Proved) [

Theorem 6.5. In order for the series of line temperatures to form an increasing sequence

of curves during RND, the necessary condition to be satified is 72" > wgzt

Proof. We can say that, whenever the series of line temperature curves forms an increasing

sequence, then,

¢(Fnlax_w) S ¢eq(P,1(};max_w)>’ Vw - {0, 1, 2, ceey (Fmax - ]')}

wnit
= For w =T — 1, ez — 2, Dae — 3... we have, respectively

(P}?))QE(()Fmasc_l) 4 (P’l(“i))2E(Fmam_1)

€

1 Cmaz—1)1 (0 rmaz—1 o
Uhah = BV + (= B ) ] + ()
a/
5/

«

g

< o+ (5) (P2

= Yamp + ( )(Pﬁ))Q >
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!/

D) + (1= e ) ) + (F)

6 (P}?))Z(l . e—ﬁle>6—(6t—e)6/ + (PI(“?)>2(1 _ 6_5/(&_6))

(6.20a)
2
wz(nzt =

/

Fm,cl,z_2 0 Fmaz_Z o
B B0 4+ (1= B ) ] + ()

€

/

_ e}
(P2 By e 2)] < Y + (F

Substituting from the inequality (6.20a) the upper bound for P}i)

= Yump + (%)(pg))z >

)Ry

/

t)7,/,(0) —B' (5t o
6 [ mzt] ( —€ 7 (6))[wamb] + <F>

(P21 = e )e @07 4 (P21 — e-ﬁ/“t-@)]

(6.20b)
Similarly

/

7))y

(PE)A(1 = e )em 097 1 (PP (1 - e-ﬁ““‘e’)]

Vamp + <

8 (60)7,,(0) _ (6t o
IO+ (1= O ] + ()

(6.20c)
And generalizing
Damp + (%:)(P}fm“)f >
e O] + (1= e O0) ] + (%) [(POPR(1 e | (pOR(1 )
(i >_¢2(71th , Since _
O] + (1= e O ] + (%) (PO = )08 4 (PO (1 )
) (6.20d)



Lemma 6.6. If the intra-dispatch interval ramping of generators is considered, the line flow

on a transmission line, T, is an affine function given as:

, - 1 -
PTT = e;T@(ngzn — sznzt) (E):| t+ |:€;T¢)<sznzt — PD) (621)
where
° eTTT € R"l is a vector of all zeroes except the Tt element, which is 1.
o ® s the injection shift factor matriz.

ngm is the vector of final values of generator ouputs at the end of the dispatch interval.

Pgi”it is the vector of initial values of generator outputs at the beginning of the dispatch

nterval.

Pp is the vector of load magnitudes.

0t is the duration of one dispatch interval.

t is the intermediate time within an interval.

The above equation can be written in a short-hand way as

Pr, = PELt + Pt (6.22)
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where PEL = e%@(Pgﬁ" — Pgmit) (é)] 18 the change of the line power flow over the course
of the dispatch interval and Pj = [eTTTQ(Pth — Pp)| is the initial power flow on the line

at the beginning of the dispatch interval.

Proof. Since the power generators’ output within a dispatch interval (when intra-interval

ramping is taken care of) can be expressed as

X o 1 o
Pg — (ng’m _ Pgmzt) (&) t+ Pgmzt (623)

and since the power flow on transmission line 7). can be written as
Pr, = el (P — Pp) (6.24)
Hence combining (6.23) and (6.24) and re-organizing the terms gives us (6.21) and (6.22). O

Lemma 6.7. If the intra dispatch interval ramping of generators is taken into consideration,
then the solution to (6.1) for the evolution of transmission line temperature, is given by the

following equation:

¢(t) = 6_ﬁ/t<¢init - wpseudo) + wadj (625)

Where Ypseuio = Yams + 55 ) [(PEL)? + (8 P = PEL)] and Vg = Yams + (5 ) [(PER)2 +
(B/P}:‘”—(l—ﬁ/t)PﬁL)ﬂ, which we will respectively call the “pseudo equilibrium temperature”
and the “adjusted pseudo equilibrium temperature”. It should be noted that, when PYET L=0
e, when the flows are assumed to stay constant throughout a dispatch interval, both these

two quantities reduce to 1., as defined earlier in (6.3b).
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Proof. Substituting the expression for Pr. from (6.22) into (6.1), we get

dp ! ini !
E =a <P£Lt + PTr t)2 - ﬁ (¢ - 7w/}amb>
d / ’ / L , . f
- d—i} +B8Y=a (PT{ZL>2;52 + (2 pjész:ZFT:ltﬁ + o (P%rrm)z + B Vam) (6.262)
.. Integrating Factor = eloBde — o6t

Multiplying both sides of equation 6.26a by the I.F. from above we get
eﬂlt% + ﬁ/weﬁlt = a/(P}:L)Qt%'BIt + (2a/PT€LP%fit)teﬁlt + [al(Pr}fitf + 5lwamb]eﬁ/t
— / d(e? ) = o (PEL)? / 127 tdt + (20 PEL pinit) / te? tdt
o (P2 4 B gms) / Htdt + ¢

/ , 2eft peft  9eBt

, (Bt B
+(20/ PEE Pt ( °__ e_>

g e

. ) oAt
+a (P™)? + B thams] ( ) +C

5
: 22t 2
= o=l (5 )
ST 1
1 (20' PEL pinity (ﬁi _ W)
+[a (PE)? + 5 Yam] (%) +eiC (6.26D)

When t =0, ¥ = Vi,
5 C =iy — o (PEE)? (i) + (2o PEE Pt <i,)
E 3
—[o/ (PE™)? + B Yam] (ﬁi) (6.26¢)
Hence 6.26¢ and 6.26b implies
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B(t) = o (PELY (t— S e—ﬁ’w)

g BB
+(2a' PEE Pty (@i — %(1 - e—ﬂ't)>
o (P)? + B bam] (51) (1= e+ e iy
, 2 2 ’PFL ’Pimlt _ pFL
— ) = o' ey () + [P
+ i/ <(PFL)2 + (PFL o B’Pim’t)2> + w (1 - At -t o
5/3 T, T T amb € ) +e wmzt

2P PR — PEY) | (BPR — PR
B p?

(PYI‘ZL)%Q +

~ o= ()

/

+ (%) (PTI::«L)2 + 7vbamb + e_ﬂ/t [wmzt - wamb - (%) ((PII::L)z + (ﬁ/PTZ“:LZt - PTI::L)2):|
= Y(t) = @—B/t |:77/}init — amb — (%) <(P71;;L)2 + (HP%’T}& _ P;T’L)2>:|
a " init ! L) > FL\2
+wamb+<ﬁ) {(513:@ +(ﬁt—1)PTT> +(PTT):|
From which the result follows. (6.26d)

]

Theorem 6.8. When the intra-dispatch interval ramping of generators, and consequent
intra-dispatch interval temporal variation of line flows are taken into account, the line tem-
perature attains a mazimum (or a minimum) value:

(i) At a time, given by the solution of the equation,

/

e Bt [wim.t — Yamp — (%) <(P7€L)2 + (ﬂ PZZJT”t _ pﬁL)z) ] . (;;) ijrL(PJETLt + P%T;lt) =0

(6.27)
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(ii) The maximum (or minimum) value of line temperature at that time, is given by the

equation,

!

«

w(t)M/m = wamb + (ﬁ/)(PTErLt + le’:ilt>2 (628>

(iii) The above extremum of the line temperature is a maximum (or minimum) if the line

flow is decreasing (or increasing) at the instant of time given by the solution of (6.27)

Proof. The rate of change of line temperature, with respect to time, as given by (6.1) for

the case when intra-dispatch interval ramping of generators is considered is:

ap
dt

o (PLIt + PR)? = B'(4 = tam) (6.29)
equating the right hand side of the above equation to zero, for the maximum (or minimum)
line temperature, we get (6.28). Taking the second order derivative with respect to time, ¢
in (6.29), and evaluating it at the extrema, we get,

d*y

: e (d
el =20 PR Py — o (G

dt? “a dt

> = 2a' PrE(PER + Pt (6.30)
From the above expression, since, o’ is positive, the second derivative evaluated at the
extrema is negative (or positive) when PTET L which is the rate of change of line power flow

and (PfYt + Pi"), which is the line power flow, are of opposite signs (or same sign). This

implies, the extremum of the line temperature is a maximum (or minimum) when the power
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flow on the particular line in any direction is decreasing (or increasing).
Substituting the value of ¢ from (6.28) and equating it to that from (6.25), it can be shown

that, the time of attainment of the extremum of temperature is the root for t of (6.27). O

Corollary 6.9. Depending on the signs of the derivatives of the line temperature with re-
spect to time, evaluated at the beginning and at the end of a particular dispatch interval, the

constraint of limiting the line temperature will be enforced on the following as stated below:

o If %\tzo is positive and %\tzgt is positive, then ¥ (0t) is the maximum temperature and

has to be constrained below V.

o If %\tzo is positive and %h:gt is negative, then 1(t)rqr is the mazimum temperature

and has to be constrained below Vs

. [f%hzo is negative and %h:(st is positive, then either of 1 (6t) or(0) is the maximum

temperature and both has to be constrained below V. .

o If Z—f]tzo is negative and Cfi—lf]t:(;t is negative, then 1(0) is the mazimum temperature and

has to be constrained below 1,z .

In the first case above, the entire temperature evolution function is an increasing

function and hence, the temperature at the end of the dispatch interval is the maximum.

175



For the second case, the temperature function is increasing at the beginning and decreasing
towards the end of the interval, and hence it reaches a maximum somewhere within the inter-
val. For the third case, the temperature function transitions from decreasing to increasing,
and so, depending on the initial temperature, either of the temperature at the start or the
end of the dispatch interval may be the maximum one. For the fourth and last case, since

the temperature is a decreasing function, the one at the start is of the maximum magnitude.

Hence, we can see that consideration of the intra-dispatch time interval ramping of
the generators makes the situation more complicated and unlike the constant power flow
within dispatch interval case, just constraining the end of the interval temperatures may not
be adequate. We will now present the LASCOPF model for the simpler case of constant
power flow within dispatch interval case. If we adhere to the simplifying assumption that, in
the case of intra-dispatch interval ramping of generators, we assume that the maximum or
minimum temperatures occur only at one of the ends of the interval, then we can argue that
the same mathematical model as that for the constant power flow within dispatch interval
case can be applied here. The only difference will be that, now, notionally, the different
power values will be interpreted as the ones occuring at the ends of the dispatch intervals,

rather than during the dispatch intervals.

6.1.2 The LASCOPF Model for Multi Bus Systems

Now we will consider a situation, where, on the assumption that a line outage occurs

at immediately after commencement of the forthcoming dispatch time interval, we will try
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to work out the dispatch in such a way that the power flows on the lines are first brought

down to the long-term rating and then the system is made secure with respect to the next

potential failure within a total of I'y;zrp dispatch times, but the temperature of the lines

are brought down within the maximum allowable temperature in the first I'ryp dispatch

intervals. The following is the formulation for this case.

Objective :
POwerIgei}zleration Generation Cost over 7" to (1 + Tyrp)™ intervals
Constraints (for 7" Dispatch Interval) :
Supply Demand Balance
Line Power Flow Limit (Base Case)

Line Power Flow Limit (Contingency Cases)

Generation Limit

(6.31a)

(6.31b)
(6.31c)
(6.31d)

(6.31e)

Constraints (for (7 + 1) to (7 + I'rnp) Dispatch Intervals, YContingency) :

‘ Supply Demand Balance ‘

‘ Line Temperature Maintained Below Mazximum Allowed ‘

(6.31f)

(6.31g)

Constraints (for (7 + I'rnp) to (7 + 'yrp — 1) Dispatch Interval, YContingency) :

‘ Supply Demand Balance ‘

‘Line Power Flow Below Nominal Rating‘

Constraints (for (7 + I'vyrp) Dispatch Interval, YContingency) :

‘ Supply Demand Balance ‘
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(6.31h)

(6.31i)

(6.31j)




Line Power Flow Below Rating Ensuring Security ‘ (6.31k)

Generation Limit (6.311)
Generator Ramp Rate Limits from 1 to (1 + 1) (6.31m)
Generator Ramp Rate Limits from (7 + s) to (1 + s+ 1) (6.31n)

So, we can see that there is a combinatorial explosion in the number of base-case/contingency
groups of constraints in the above problem. In the next three sections, we will present
the proofs, the exact mathematical formulation, and an algorithmic approach to effectively

distribute and carry out the computation for this problem, respectively.

6.2 The Mathematical Model of LASCOPF for Multi Bus Systems
for Limiting Line Temperature Rise

Presented below, are the centralized or traditional optimization formulation, followed
by the APP based coarse grained decomposition thereof, and parts of the ADMM-PMP

based fine grained decomposition of some categories of the coarse-grained decomposition.

6.2.1 The Centralized Optimization Formulation

Now we will consider a situation, where, on the assumption that a line outage occurs
at the beginning of the upcoming dispatch time interval, we will try to work out the dispatch
in such a way that the power flows on the lines are brought down below the continuous rating
as well as the system is made secure with respect to the next potential failure within a total of
'y rp dispatch times, but the temperature of the lines are brought down within the maximum

allowable temperature in the first I'gnyp dispatch intervals. In the formulations to follow,
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we will use the more generalized equation (6.18a). Equation (6.18b), which is just a special
case, can actually be derived from the generalized one under the special circumstance. The
following formulation takes care of this issue (Angles Eliminated for the generalized multi-bus

system):

Ve

Objective Function:

v
mln Z P, Z Z probl® qc (T+s)) (6.32a)
ngG’ s=1 (c)eL

Subject to: Supply-Demand Balance (Upcoming Interval):

VT € Q, VTT S T, V(C) S L, Vs € {07 1,2, -'~7FMRD}

> PO =N P (6.32b)

9q€G DgyeLl

Supply-Demand Balance (Look-Ahead Intervals):

> pltr) = N pite (6.32c)

9q€G DgyeL

Line Flow Limits
(Base-Case, Upcoming and Look-Ahead Intervals for No-outage case):
@O (PO _ piesy < T (6.32d)
Line Flow Limits
(Contingency scenarios, Upcoming and Look-Ahead Intervals for No-outage case):
6 PO+ _ plrte)) < T (6.32¢)
Line Flow Limits (for RSD, corresponding to long-term rating):

V(e) e £L—{0},V(c) e [£ —{0,¢}],¥s € {0,1,2, ....Tssrp — Drnp}
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|q)(0) (P(gc)(T+I‘RND+S) _ Pg+FRND+S))‘ < E(O) (6.32f)

Line Flow Limits
(for RSD, corresponding to attaining security with respect to next set of outages):
| q)(Hc’)(P(gc)(f+rMRD) _ pltTumo)) o i) (6.32¢)
Line Temperature Limits (for RND):
VreQ, VT, eT, V(c) e L—{0}, Vwe{0,1,2,..(Tyax — 1)}

] + (1 = BE) ) +
Tmaz—(w+1)

« c,w c)(T+s T+s max
() QPgﬂﬂﬂ—Pnﬁwﬁ¢&%P4“+>—Pa+”0 <y (6.32h)

Generator Ramping Limits:

R < pOT+) _ pO)in) < Ry, Vg, € G (6.321)

—9q¢ — ~ Yq 9q

R, < POUtsth _ pelrts) <R Vg, €@, (c) €L, se€{1,2,...urn} (6.327)

99 — 7 Yq 9q

In the angles included formulation, the problem can be framed as follows:

V7 e Q

Objective Function:

'vrp
mln Z Z Z prob9C,, ( P(C (T+9)) (6.33a)
e s=1 (c)eL—{0}
Subject to:

Supply-Demand Balance (Base-Case & Contingency Scenarios,

Upcoming & Look-Ahead Intervals for No-outage Case ):
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VT € Q, VTT S T, V(C) S L, Vs € {O, 1,2, ---;FMRD}

PO —Pp) = Y B0 —67); VN eN (6.33b)
NzeJ(Ni)

PO — Py = > B (67 -6 7); VN eN (6.33¢)
N,L*-E.](Ni)

Supply-Demand Balance (Post Contingency Cases, Look-Ahead Intervals):

p(r+s) _ plrts) _ Z B%)(HE\Z)(TH) _ 95\[ T+s) ); VN, e N (6.33d)

9an; Dap,
NZTGJ(Ni)

Supply-Demand Balance (Post Contingency Cases, Restoration to security):

Pg(:;])\f:"‘rFAIRD) _ DT;VFMRD _ Z B(C—>C C—>C )(+TymRrD) QJ(\CLI—W )(T+FMRD)) VN, € N

K3

N;eJ(N;)

(6.33¢)

Flow Limit Constraints (Base-Case & Contingency Scenarios,

Upcoming & Look-Ahead Intervals for No-outage Case ):

B O 0 < Ty VL e T (6.3
|BTT (eTr)th——i-s) - Q%)LT+S))| < Z%)7 VT €T (6.33g)

Line Flow Limits (for RSD, corresponding to long-term rating):
V(e) e £L—{0},V(c) e [£ —{0,¢}],¥s € {0,1,2, ....Tssrp — Drnp}
B (05 7+ wvets) _ gl lanoty < T T e T (6.33h)
Line Flow Limits

(for RSD, corresponding to attaining security with respect to next set of outages):

L R A S | IS W et (6.331)
Line Temperature Limits (for RND):

VreQ, VT, €T, V(c)e L—{0}, Vw e {0,1,2,...(T1pae — 1)}
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k] + (1= B [ams) +

T

/ T'maz—(w+1)
o c)(T+s T+S C,w c)(T+s T+S max :
(_> <(Pg< () _ pp () 1@ (ee) (p (O +s) _ pp(r >)> < gmer (6.33)

Generator Ramping Limits:

R, < PO pOO <R Vg, €G (6.33k)
R, < POt _ plolts) <R, Vg, €G, (c) €L, s€1,2,....Tynp (6.331)

6.2.2 APP Based Coarse Grained Decomposition

With the model stated above, we will now proceed with reformulating the problem,
first in order for us to apply the coarse grained decomposition. Presented below is the aug-
mented Lagrangian for the angles eliminated model for applying the APP part of the APMP

algorithm.

V1 e

Objective Function :

INY:3)) )( \
c c)(t+s
g 3 (P9 + Y X pratc, (RS
9q€G s=1 (c)el
7 (0)(r (0 r+1) () (T+1) 2
+2 E:{HP@h PO I+ PG — PO
(c)el
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Pverp—1

c)(t+1) (e)(7+1) c)(t+s) (c)(T+s)
+||P (c)(7+1) P( )( T+2)||2 Z <||P (c)(7+s-1) P(c)(T+s)||2
s=2

(e)(T+s) (c)(7+s) c)(7+T ) (c)(7+T )12
1P &ire) ~ Ployrrern Iz ) + [P i) ) _P<c)<7+r$§§>”2}+

IR p@ee) _ et
C T+s c)(T7+s 2
> { > IPEo _PT<c><r+s>H2}]
()eL—{0} ~ s=1

Subject to : V(c) € £

Power — Balance Constraints (Base — Case & Contingency) :

0@ )
> Ploim =2 Pr,
9q€G DdGL
S B = X PV (L2 Do)
QQEG DgeL

Flow Limit Constraints (Base — Case & Contingency) :

0)(T T 0)
@O P - PR <T
) (p(0)(7) (1) (c)
’(I’( )(Pg(O)(T) —Pp)l <L

Flow — Limit Constraints (For Look — Ahead Intervals for RND) :

VI, €T, Vw e {0, 1,2, ~-(FRND — 1)}7VC el — {0}

] + (1 = BE) ) +

’ r —(w+1)
o P(O)(T) QE(W) P(C)(T+€) ZE(w) " P(C)(T+S) E( w)
7 (Proyin) Bo” + (P PEE + Y (P
s=1
< wma:p

Flow — Limit Constraints (For Look — Ahead Intervals for MRD) :

V(cl) e [L—{0,¢}],Vs € {1,2,....,(Tnmrp — TrND)}

|(I)(C)(P (r+TrND+S) P (T+TrRND+S) )’ < L (0)

(c
g(c)(t+I'rnD+s)
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‘(I)(cﬁc,)a)

R

R

dq —

(t+T'MRD)

(c (t4T ) —(c—c)
gc)(r+I'mrp) PD T )| =L

Ramp — Rate Constraints :

Vg, € G, Vs €{2,3,...,(Cyrp — 1)}
R, < Pigsy = B, ()éx)f) < Ry,
R, < By — PV <R,

qu < Pg( %)Til qu(c Y(T+1) < E 9q

Eg < Pg( 2(>T<t2+1 qu(cTJ:rl) < qu

R, < Pty = Prgiiy) < B,

(©(r+s41)  p(e)(r+s)
Ry < Prigiry) = Priomrs < B,

() (t+TnmRrD) () (m+T'nmrD—-1) -

99 — qu(C)(T+F1v1RD) " % g94(c)(t+TmRD) S R
((m+I'mrp)(papp—1) _ p(c)(7+I'mRD) < E

9q(c)(t+T mRD) 9¢(c)(T+TmRrD) —

Consensus Constraints for MRD :

‘v’gq € G, Vs € {2,3, . (FMRD - 1)}
0)(r) _ pO)(1)

Py = Lo
©(+1) _ plo)(r+1)
Po0)m = Loy
(o)(7+1) _ plo)(t+1)

P gq(e)(T+1) — P (c)(T+2)

() (T+s) _ pO(r+s)
Poriorrrs1) = Pogerrrs)

©(t+s)  _ ple)(t+s)
P gq()(T+s) — 7 gq(c)(7+s+1)
(&)(t+TnmRrD) _ p(t+TmrD)
9q(c)(t+Tpmrp—1) — 7 gq(c)(7+T D)

Consensus Constraints for RND :
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(6.34i)
(6.34j)
(6.34k)
(6.341)
(6.34m)
(6.34n)
(6.340)

(6.34p)

(6.34q)
(6.34r)
(6.34s)
(6.34t)
(6.34u)

(6.34v)



\V/Tr S T, Vs € {1,273, ---arRND — 1},0 S {O}

©
P

(t+
T (0) (7

s) _ ple)(r+s)
) = L) rrs) (6.34w)

(6.34x)

Stated below are the update equations for the iterates of the decision variables for the

optimization problem (6.34) applying the APP algorithm.

V7 e Q

Objective Function :

Tamrp
(arr 1) pliarst)) _ Z O0) LS S probt (©)(r+5)
(P o P(cAf—is mln 9q Pg (7') pTOb( gq (T+s))
ngG s=1 (c)el

INY5:)

p
+5 | IPom — Poame |3 + Z > {IP(e)irrs) — PLEEET) |13}

el s=1
0)()
> {(Pw)(r) -

(c)el

0)(7) )T(P(O)(T)(HAPP) _ P(O)(T)(MAPP))+

7 or+1)) (F0)(r) (c)(r+1)

X

(©(41) @+ 1@+ 1) (1app) 1@+ (1app)
Poym  ~ Piowrn) Poyn P )
(©(41) @+ 1@+ 1) (1app) 1@+ (1app)
P 1) ~ Ploirra) Poern) Py )t
PR @) (© ()t (@) (48) (1app)  1(©)(48) (uapp)
c)(T+s . c)(T+s T c)(T+s)(narp c)(T+s)(uarp
<(P(c>(7+sfl> Poers) Pomis1  ~Powrs o F
s=2
(©18) D) i@t (nare) (e te)(narp)
(Ployirre) ~ Porrsin) Pirrs) P o)(rtst1) )>

(¢)(t+I'mrp—1) (c)(T+I'mRrD)

(e)(r+I'mrp) _ p(e)(m+I'mrD)\t p(e)(*+T'MmrD)(karPP) _ p(c)(T+T'MmrD)(2APP)
+(P(C)(T+FMRD_1) P(c)(T+I‘MRD)) (P P )}+

IF'rnp—1
(©(r+s) _ p(e)(r+s) (©)(r+8)(uapp) _ 1(e)(r+) (uapp)
> { Y Prow — Prgmes) oy 7 — Prig s " )}]
(eL—{0} * =1

185



1£]
ADJ 0)(7 0 ADJ( c)(t+1 c)(t+1
+Z( et NP0 PO ) + At O — P

T'vrp—1
ADI(pape)t (p@(+]) | (@) ADJ(pape)t () (7+5) (&)(r+9)
At NPT — PO )+ D [Akﬁmﬁﬁ (P ()irrs1) — Poirss)
s=2

+AADJ(#APP)T (PEC)(T+S) _ P(Cg(T"‘S) >:| + AADJ #APP)T(PEC)(T-FFMRD) _ PEC)(T+FMRD))>

2cl' v rp+(25+1) )(T+s) (e)(r+s+1) 2(c+1)I'mrD e)(t+I'mrD—1) e)(t+I'nmrD)
ST SN ©)(r+5) _ pl)r+s)
c)(T+s c)(7+s
+Z< Z { (=1 (Frwp—1-+s (P T(0)(r) _PT(C)(T+S))]> (6.35a)
s=1

Subject to : V(c) € £

Power — Balance Constraints (Base — Case & Contingency) :

0)r) _ (r)
Z P o)m = Z Pp, (6.35b)
9q€G Dgel
Z P;(jgg(tis) - Z Pé7:_s),\V/S €{1,2,...,I'mrp} (6.35¢)
QQEG DgeL

Flow Limit Constraints (Base — Case & Contingency) :

0)(r T =(0)
2O PO — PP <L (6.35d)
c 0)(r T =(c)
@@ — PR <L (6.35¢)

Flow — Limit Constraints (For Look — Ahead Intervals for RND) :
VTT S T, Yw € {0, 1, 2, ---(FRND — 1)}

k] + (1= B [ams) +

o O 2@ ( pOr+o S S
0)(7 w c)(T+e w c)(t+s)
(_) [(PTMOXT))QEO + (P PED + Y (PP EY
s=1

< qpfes (6.35f)

Flow — Limit Constraints (For Look — Ahead Intervals for MRD) :

V() e [£—{0,¢}],Vs € {1,2,....(Carrp — Travp)}
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(r+TrND+S) P](DTJrI‘RNDJrS))’ < E(O)

(o) (ple
|(I) <Pg(c)(T+FRND+S)

c—c T+ T+T —(c—ml)
2Pt ~ P S T

Ramp — Rate Constraints :

‘v’gq €@, Vse {2,3, e (FMRD — 1)}

R, < Py = Puloyiny < Fa,
Ry, < Pyt = B0 < R,
Ry, < Py = Patotsn < Ba,
R,, < Pty = Pyt < R,
qu = Pg(szg(—:r)S) o Pg(qczg(ti;)l) < qu
R, < Pafily) = Pagcly < R,
Ry, < Pty = Patditnnm < Ba,
R,, < PSilymeiarr™ — Rl < R,

Dual Variable Updates for MRD :

Vee L, Vs € {2,3, o, U'ngrp — 1}

A ADJ +1 ADJ 0r " o »
QCFAJ(IZgiI; ) = Azch(g;Tl)) + Oz(Pgogng(“APP ) _ PEC))((T_)F(T)APP ))
ADJ +1 ADJ (e)(t+1 +1 o) (r+1 11
fDIGarrt) _ AADIGarr) o (P HDHarr+D) _ plOrtDarr+D)

2cl'y rp+3 — "2’y rDH3 (e)(t+1

ADJ(papp+1) ADJ(papp) + a(P(C)(T+S)(#APP+1) _ple T+S)(MAPP+1)>

(e)(
(e)(
ADJ(papp+l) _ AADJ(HAPP) + a(P(C)ET+1;(MAPP+1) . PEC§ET+1)(#APP+1))
(e)(
(c)

2cl v rp+2s 2cl virp+2s (e)(T+s-1) c)(t+s)

ADJ(MAPP+1) o ADJ(;LAPP)

(e)(m+s)( +1) (e)(m+s)( +1)
2 arrp+(2541) — Moclyrpp+(2s+1) T a(P parptl) _ p Lapp

(c)(7+s) () (T+s+1)

AADJ(MAPP'H) _ AADJ(MAPP) + O[(P(C (t+TmrD)(HaPP+]) P(C)(T+F1\/1RD)(MAPP+1)

)
2(C+1)FMRD - 2(C+1)FMRD (C)(T-i-FMRD—l) (C)(T+F1\/[RD)

Consensus Constraints for RND :
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(6.35g)

(6.35h)

(6.351)
(6.35))
(6.35Kk)
(6.351)
(6.35m)
(6.35n)
(6.350)

(6.35p)

(6.35q)
(6.35r)
(6.355)
(6.35t)
(6.35u)

(6.35v)



VTT S T, Vs € {1,2,3, ...,FRND — 1},VC el — {O}

LA( +1) A LA( ) (e)(T+s)( +1) (e)(t+s)( +1)
A(cfl!;?l'l‘);NDfl)Jrs - A(cfl'l;?lngDfl)Jrs + a(PT(O)(T) rane T PT(c)(TJrsl)uAPP ) (635W)

(6.35x)

The APP based coarse grained decomposition of the iterates, in this case, can be classified
into the following four different categories, as below. Each of the four categories consist of
the coarse grains, that have the identical optimization formulations.:

Iterates for Dispatch Interval 7

The optimization problem corresponding to this coarse grain or computational unit is the one
for the immediately forthcoming dispatch interval and is the hardest problem in the entire
series. The reason for that is, this problem not only aims to solve an (N — 1) SCOPF for the
dispatch interval 7, but also attempts to evaluate its beliefs about the values of the line flows
of (and consequently, temperature rises at the ends of) the dispatch intervals from (7 4 1)
to (7 + T'ryp — 1) in order to attain consensus on those values and limit the temperature
rises on the lines below the allowed value for the duration of the RND. Given below, is the

optimization problem formulation for this coarse grain.

. 0)(7
P20 ) = axgmin 3, G (Fyi)) + JlIPg) - P
T gqe

|£]

+’Y[Z{

c)(t+1)} c)(7+1)(p c)(7+1)(p
+ PET; (P(T)( )(naprp) ch §T+1;(/ APP)) }

Fryp—1

(©)(r+8) T p(e)(T+s)( ) (e)(m+s)( )
+ Z { Z Pro)m T(O() P — P O
()et—{0}  s=1
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Subject to : VT € Q, VT, € T, VY(c) € £

Power — Balance Constraints (Base — Case) :

PO
Y PO =" Py
9q€G Dgyel

Flow Limit Constraints (Base — Case & Contingency) :

0)(r T 7(0)
(P —PE) <L

c 0)(7 T —(c)
@@L - PP <L

Flow — Limit Constraints (For Look — Ahead Intervals for RND) :

VTT S T, Yw € {0, 1, 2, ---(FRND — 1)},VC el — {0}

] + (1= B [thams) +

’ I —(w—i—l)
N | (POO 2p© | (pOroy2pe i PO+ ()
7 (Pr,0)(r)) + (P CES + Y (Plig))E
s=1
< wmaz

Ramp — Rate Constraints :

(e)(T+1) (0)(r o
qugP(T) —qu()gR Vg, € G
(0)(7) (0)( 5]
qu <P a(7) qu qu, Vg, € G

Iterates for Dispatch Intervals (7 + 1) to (7 +Lgnp — 1)

(6.36a)

(6.36D)

(6.36¢)

(6.36d)

(6.36e)

(6.36f)
(6.36g)

(6.36h)

The optimization problems to be solved for these intervals corresponding to the different

contingency scenarios, except the no-outage case, are just Economic Dispatch (ED) problems,
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with the additional ramp rate limit constraints and extra regularization terms in the objective
function, corresponding to the consensus to be achieved among the beliefs of the values of
decision variables to the adjacent coarse grains. The reason we are solving a series of EDs for
these coarse grains is that, for these intervals, we allow the line flows to exceed the nominal
rating and instead limit the temperature rise (which is enforced by the computation for the

interval 7). Given below, is the optimization problem formulation for these coarse-grains.

Vee L — {0},V8 S {1,2, ceny (FRND — 1)}

P(#APP+1)

e = avgmin 3 prob I, (P

T+s 6
O 4 I[Py ras) — PR |12
P a 2

©(T+s) g, €@

(©)(r+s

+’7[ P(C)(T+S—1)T(P(C)(H‘S—l)(uAPP) _ P(C)(T+S—1)(HAPP))

(c)(1+s) (e)(r+s) (e)(t+s—1)
(e)(t+s)t (e)(t+s)(rarp) (c)(7+s)(rarp)
+ P<Cl(rfs> ( (c)(7+s) o (c)(7+s—1) )
(e)(7+s)T rp(c)(t+s)(parp) (c)(7+s)(rarp)
+ P(c)(,'fs} ( (c)(7+s) (c)(T7+s+1) )

(©)(t+s+1)t (p(e)(t+s+1)(napp) _ p(c)(7+s+1)(napp)
+ P(C)(T+S) (P(C)(T+s) P(C)(T+s+1) )

@ +9)1 (P19 uare) _ p(e)(rs)nape)
Py Prieyirrs) .~ Proye )]

+

__ AADIJ(uapp)t P(C)ET+S_1) AADJ(HAPP)T (c)(t+s)

2cvirp+(25—1)7 (c)(7+s) T “*2cT'mrbp+2s © (c)(7+s)

LA( )t (c)(T+s)
_A(C—S?IP‘:ND—U-FS T(c)(r+s) (6373)

Subject to :

Power — Balance Constraints :

c)(T7+s T48
Z Pg(qzt(:)(T—&-)s) = Z Péd : (637b)
gq€G Dgel

Ramp — Rate Constraints :
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(e)(T+s+1) (e)(T+s) -

qu S Pg (C)(T+S) - qu(C)(T+S R V q G G (6370)
(e)(T+s) (e)(t+s—-1) -

qu S P (c)(7'+s) - gq(C)(T+S R V q E G (637(1)

Iterates for Dispatch Intervals (7 + T'ryp) to (7+Tyrp — 1)

The optimization problems to be solved for these intervals corresponding to the different
contingency scenarios are Optimal Power Flow (OPF) problems, with the additional ramp
rate limit constraints and extra regularization terms in the objective function, corresponding
to the consensus to be achieved among the beliefs of the values of decision variables to the
adjacent coarse grains. The reason we are solving a series of OPFs for these coarse grains
is that, for these intervals, we allow the line flows to exceed the rating that willmake the
system secure, and instead limit the flow by the nominal value, while eventually attempting
to achieve secure dispatch by the end of the entire MRD. Given below is the optimization

problem formulation for these coarse-grains.

Vee L — {0},V8 c {FRND>FRND + 1>FRND + 2, ey (FMRD — 1)}

1 . c c)(T+s 6
Parr 'Y = argmin Y prob©Cy, (P95 ) + SIP@ s - PLarre) |2

)(T+s (c)(t+s
Pyr+s) geq

(©)(r+s=1)t rp(c)(t+s—1)(parp) _ plc)(t+s—1)(uarp)
+7[P(C)(T+S) (P(c)(r+s) P(c)(r+s—1) )

(e)(T+s)T (e)(T+s)( >p) (e)(7+s)( 5) 3
+P S \(P S)\HAPP 71:) S {’APT )

(c)(7+s) (c)(7+s) (c)(t+s—1)

(e)(t+s)t (e)(T+s)( >p) (c)(T+s)( >p)
+P s \(P S)\HAPF - P HAPF )

(c)(t+s) \™ (c)(7+s) (c)(T+s+1)

+ P(C)(T+S+1)T(P(C)(T+S+1)(MAPP) - P(C)(T+5+1)(MAPP)) ]

@rts)  (Pe)(rts) (©)(r+s+1)
+
ADI(uapp)i  p(©)(rts—1) _ x ADI(kapp)ip(e)(r+s)
2eTnmp s D E ()rre)  — A2eTump 25 E(e)(rts) (6.38a)
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Subject to :

Power — Balance Constraints :

Flow — Limit Constraints (For Look — Ahead Intervals for MRD) :

(Orts)
D Py =

9q€G

> rp

Dgyel

|(D(C)(P( )(T+S) _P ’T'+S >| < L

g(e)(1+s)

(0)

Ramp — Rate Constraints :

() (7+s+1)

(e)(T+3) -

qu = T gg(0)(r4s) qu( )(T+s) R Vg 9q € G
(e)(T+s) (O)(r+s—1) _ 5

Ry < Py oyirrs) ~ Fagoirrs) < o V90 € G

Iterates for Dispatch Interval (7 + I'ygp)

(6.38D)

(6.38¢)

(6.384)

(6.38¢)

The optimization problems to be solved for these intervals corresponding to the different

contingency scenarios are (N —

1) Security Constrained Optimal Power Flow (SCOPF)

problems, with the additional ramp rate limit constraints and extra regularization terms

in the objective function, corresponding to the consensus to be achieved among the beliefs of

the values of decision variables to the adjacent coarse grains. The security is attained with

respect to the remaining set of contingencies, in each outage scenario. The beliefs of the

decision variable values corresponding to the interval (7 + 'y gp + 1) are taken as those for

the (/vLAPP — 1>7th

problem formulation for these

P(NAPP-H)

(¢)(7+T™mRrD)

coarse-grains.

Ve e L

() (T+TMRD) 9q€G

192

argmin Z prob9C,, (P

(c)(t+TMmED)
9q(c)(T+TnmRD

)

iterate values of the (7+Iygp) interval. Given below, is the optimization



( )
+ 5 | ’P(C)(TJFFMRD) P(ﬁ)j?:iFMRD) | |2

() (*+T'mrp—1)t /p(c)(7+T'MmrD—1)(LAaPP) () (7+T'mrp—1)(LAaPP)
P riramm (P o)+ Tann) ~ P o)r 1 Parp 1) )

+ |

ADJ(papp)f  p(e)(7+Tmrp—1) _ A ADJ(uapp)t p(c)(7+I'MRD)
2FMRD (C+1)*1 (C)(T+FMRD) 2FMRD (C+1) (C)(T+FMRD)

Subject to :

Power — Balance Constraints :

E P( o)( T+FMRD) E P(T+FMRD
9q(c)(T+T M RD)
9¢€G DyeL

Flow — Limit Constraints (For Look — Ahead Intervals for MRD) :

c T+T ) T+T +(0)
|(D( ( g()()(T+I1\‘/I1\?§D) o P1(3 MRD))| =L
c—e T+T T+ _(C_ml)
‘CI)( - )<P((C()(T+II\‘/I$§1)3) o P](D MRD))| <L

Ramp — Rate Constraints :

R < ()(T+TmRrD)(APP) P(C)(‘F+FMRD < E v g, € a

=9q — ~ gq(c)(7+T'mRD) 9q(c)(7+TCmRrD) —

(¢)(t+T' mRD) (e)(T+C mRrD— 1)
qu < qu(c)(T+FMRD) - P, 9q(c)(7+TmRD) Rg ’qu cG

be pictorially represented as follows:

6.2.3 ADMM-PMP Based Fine Grained Distribution

(6.39a)

(6.39D)

(6.39¢)

(6.394)

(6.39¢)

(6.39f)

The above coarse grained distribution and the exchange of beliefs as passing of messages can

We will now present the fine grained distribution, which is based on ADMM-Proximal
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Message Passing (PMP) algorithm. Following our style of presentation from the previous
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Figure 6.5: Auxiliary Proximal Message Passing for LASCOPF for post-contingency restora-
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two chapters, we will first present the DTN reformulation, followed by the ADMM-PMP
algorithmic formulation. Keeping in view the difference in nature of the problems to be
solved belonging to the four different categories of the coarse grained decomposition, we will

present below the formulations for each of the categories.

6.2.4 DIN Formulation Applied to the Temperature Limiting LASCOPF for
Ensuring Security with respect to Next Outage: Generalized Multi Bus-
Case

Now we will be dealing with ensuring security with respect to the next possible out-
ages, after one outage is assumed to have taken place at the beginning of the upcoming
dispatch interval and since, we assume that security is achieved in I'y;zp dispatch inter-
vals, starting from the dispatch interval following the upcoming one by virtue of generator
ramping and redispatch, we will deal with (I'y;grp + 1) dispatch intervals in each ‘roll’ of the
calculation, one for the upcoming time and the others for the I'y;gp ‘look-ahead’ intervals.
We have already presented the coarse-grained distribution. Therefore, in this case, we will
split each of the components of the objective function further for upcoming time and I'y;rp

dispatch intervals belonging to three categories, viz:

[ ] (T+1) to (T+FRND_1>
[ J (7’+ FRND) to (7' + FMRD — 1)

[ ] (’7‘ —|— FMRD)

195



Listed below are the components:

e Cost of Generation (At Base Case, for 7):

C(P(O)(‘r)) — Z\Gl (ng(P( )(7) )41 (P P( )T )))—i—] (P(O)(T) _p )+§[(P( W) _

tr€9NT,q=1 L (7) 9ar, (1) ~9a 9az, ()
Pg(i)((f BAPP) ) ZILI (Pg(qct TT+1) Pg(;z:"('jl)(,U«APP))Q]
PSS B i Fo 1 =P ot 1 P i =y i)
+ (A g‘;ziﬁi,RD+1>P;33,le> GCESIS )

e Cost of Generation (Contingency Cases, for (7 + 1) to (7 + I'ryp — 1) and

(T + FRND) to (T—FFMRD — 1))
(rts) el ()(r+5) S ple)r+s) (©(r+5)
CPOT) =3 eqrma= (Co (P (G re0) HI<(Poy = Py (G () H (P T ) =

B1 PO+ p@+)areie | (plerrs=1) _ plerrs—1)(uarr)y2
By) +3l(By,, @a+s) = Loy @9 )t By, @rre) ~ Foy @rts) )

(PO plhet Dars)y

L (O (T+3) 9ay,, (©)(T+s)

@) (e uars)  plr-)uarp)y  p@r+a-1) | plerroDare) _ pler-H-D)iars)
VP, @9 Lo @19 Logy @toety 7T Pgp (rts) Loy (@rrs) Loy (@rrst) )

@r+s) ( plOT+)(uare) _ p@r+s)iuare)y . pers+l) ( plr+st(pare) _ p(r+s+1)(uarp)
g @9 Lo @019 Foay @rotty )1 g @rre) Loy @) Loy (@ rstn) )

_ y(napp) ()(r+s=1)  y(naprp) P(C)(T-FS) 4 (rapPP) P(C)(T+S) +
94(2cTMRD+25—1)" gqy, (€)(T+5) 94(2cCMRD+25)" gqy, () (T+5) * Tgq(2cCarD+2541)" ggy, () (T+s)

(papp) (e)(7+s+1) )
9q(2¢T prD+25+2) Gay,, () (1+s)

e Cost of Generation (Contingency Cases, for (7 + ['y/rp)):

C(P(C)(T-i-FMRD)) — ZlGl B (ng(P(C)(T+FMRD) )) 4 [S(F _ p+lurp) ) +

tk€9qNT,q=1 9ar, () (T+T M RD 9ay, () (T+TMRD)
I( ()(r+I'mrp) )+é[( ((r+I'mrp) (C)(T+FMRD)(MAPP))2+( ()(t+Tmrp—1)
9ar, ()(T+Tmrp)  9a/ 7 2187 gy ()(T+TmRD) 7 9ay, ()(T+TMRD) 9a1, () (T+TMRD)
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(C)(T"’F]\/IRD_l)(MAPP))Q]

9ar,, () (T+MRD)
(e)(7+TmRD) (&)(+TmrD)(LAPP) (&) (+TmrD)(HAPP)
+ [ Qth(c)(T+FAIRD)( 9ay, () (T+TmRrD) o PQth(C)(T+FMRD_1) ) +
(e)(t+I'mrp—1) ( ()(r+l'vrp—1)(HaPP) _ (C)(T+FMR,D—1)(MAPP))]
9ar, () (THMRD) N 9qy, () (T+TMRD) 9ar,, () (T+TmrD—1)
_ y(papp) ((r+T'mrp—1)  y(kaprp) () (t+T'mRrD) )
94(2TmrD (c+1)=1)" gq4, (¢)(T+T'MRD) 94(2mrD (c4+1))™ 9qy, () (T+T M RD)

Objective Function of Lines in 7 for Temperature Constraints from (7 + 1)
to (7' + PRND - 1):

c)(T I —1 c)(1+s) c)(t+s
CrP) = Tee oy S er Sopenra T4V GIPEE PRS2 4
(@) (m+s)  ple)(T+s)(Larp) (e)(+s)(napp) (rapp) C) T+8)
[PT'rtk (1) ( Tr, (1) B PT'rtk (c)(T+s) >] )\T'rtk (c=1)(Tamsrp—1)+s T’rtk }

Temperature Constraints of Lines in 7 from (7 + 1) to (7 + Tryp — 1):

\IJT(PS;)(T)) = Z (c)eL—{0} ZTTET ZtkeTmT Z(FRND 1){IS (w%ax ( [wzmt] (1_E§W))[wamb]+

a/ 0)(r w c)(T+e T (w+1 c)(7+s w
GPE ) ES + (P foyin P EE + 0™ (P o P )}

Objective Function of Lines belonging to (7 + 1) to (7 + I'gyp — 1) for Tem-

perature Constraints:

(c)(+s) C)(T+5 () (T+s)( )
CT(P ) ZTTGT ZtkETrﬁ‘J’{ [( c) (T7+s) PTT'tk (c)(ri?)PP )2] +

Ot At iars) . )| y(ians) (O)(r+9)
Pr, @0 (P @)~ Prgm O = AL e @amp 1) +5 T, ()}

Line Flow Limit Constraint ((N — 1) Secure, for 7):

o —(c) c)(T
F(P( )( )) - Z ()€t ZTrET ZtkETrﬂ{I (L |P’1(1'rtk(7' |>

Line Flow Limit Constraint (for (7 + I'ryp) to (7 +Typrp — 1)):
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c)(t+s c)(T+s)
PPOT) = Y 0 S ene I(T) = [PETE D)

Line Flow Limit Constraint ((N — 1) Secure, for (7 + ' ygp)):

F(P(C—>C’)(T+FMRD)) ETTGT ZtkeTmT I (L(C) |P(C)(T+FMRD) ) +

Tri, () (T+ImRD)

)(T+T )
Z( yelo—{e}] ZTT TZtkeTm‘II<( | TM c)(Tﬁ]ﬁRD)D, V(c) € L

Power-Angle Relation ((N — 1) Secure, for 7):
(c)(7) <Tcr)f<1:)(*) <T6T)t(T/)(T)

(PO gy =3~ (Ot 2oToer Ztk,tk/ - I:(PTW(T) + T)

Power—Angle Relation (fOI’ (T+1) to (T—|—FRND—1), (T+FRND) to (T+FMRD—1))Z
(c)(T+s5) gf;psl~9)_9§f1")t(;/+(i)+~9)

X(P(C)(T+S) )(T+s) ) ZTTET Ztk,t , €T.NT (PTftk(T+S) + x©
T

Power-Angle Relation ((N — 1) Secure, for 7+ I'ygrp):

X(Plee)mimmn) gleme)(rttvrn)) = 57, Ztk,tk,/ eT.NT (P ) T

Trt, () T+ mRD
() (+TprrD) (l’)("'-‘rF]uRD)
Try, (©)(t+TarrD) Trt /<c)(T+FMRD) I P(c Y(T+TpmRrD)
:(Fc) ) + Z(c’)e[ﬁ—{c}] ZTTET Ztk.,tk/ €T-NT =( Ty, (e)(t+T'mRD) T
(C/)(T+FJVIRD) _ (c Yr+T v RD)

Tray ()(+TaRD) "Tre  ()(T+TaRD)

(/) ),V(C) EL
Xz,

Ramp Constraint for 7:

APOD) = 3 ee (Chtgrmam U< B, = Py 0+ B )+ (P TV = P —

tk€gqNT,q=1 9ar, (T) 9ay, (7) =V 9qy, (T) 9ar, (T)
R,))
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I, — PO, P + PO, - PR - B,)

gqt() gqt()

Ramp Constraint for (74 1) to (7 +T'ypp —1):

(c)(r+s)\ — |G| B plor+s+l) (e)(m+s) ()(r+s+1)
A(P ) - tr€geNT,qg=1 (IS (qu qutk (e)(T+s) + qutk (c)(‘r+s)) + IS (qutk (e)(T+s)
(e)(7+5)
qut (e)(T+s) o qu)

@)(r+9) (@) (r+s5-1) @+9) _ plrrs—1) _
+1<(Ry, = Py () + Py rr9) 1By (m4s) = Fany (om0 ~ 1a,))

Ramp Constraint for (7 + I'yrp):

APOTwno)) = 57 mamt (L oy = By S+ Py

I ) PO o) ~ )

IRy = B Dy P ) + <P 8 ) = P e o =
R, ).V(c) € L)

The reformulated OPF Problems for this case are as follow:

VT

min_f(P,0) = C(PD) + Cp(PF )+
P )
tk Py

U (PO £ P(PO) 1
X(P(c)(T), 9(0)(7)) + A(P(O)(T)) (6.40a)
Subject to: pgygf =0, 9@“) — 0,YN; € N,Vt, € T,V(c) € L, VT € Q (6.40b)
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Subject to: P J(rts)

Subject to: P( e)(r+s)

min

\V/(T—f— 1) to (T—f—FRND — 1)

min_— f(P,6) = C(POH) 4+ O (P4
P‘(;i)<'r+s)76‘(;lc()(-r+s)

X(P(c)(TJrS), 9( c)(t+s) ) + A( T+1)>

L (@ (T+s)

= 0,030 L =0,YN; € NVt € T,¥(c) € L,
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The rest of the derivation for the proximal messages follow the exact same style, as presented
in the last chapter. The only difference is that, now, there will be actual objective functions
associated with the transmission lines from 7 to (7+T gyp — 1) for enforcing the temperature
constraints, rather than them being simply indicator functions. We will now move on to the
next chapter, where we will present the approach to an object oriented programming for

implementing the above-mentioned algorithms.
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Chapter 7

An Object Oriented Software Design Approach to
LASCOPF

Tn this chapter, we will describe the object oriented design approach to developing
the software for implementing the mathematical optimization models of the different prob-
lems, we have built in the foregoing chapters. Even though, the software architecture, we
will describe in this chapter, can be used for coding in any object oriented language, since
we have developed all the codes in C++11, we will implicitly assume that the architecture
complies with the construct of that language. However, with minor or no modifications, the

same ones can be used for Java, Python, C#, Ruby etc.

7.1 Software Model for OPF and SCOPF Solvers

We will first mention the software models for OPF and SCOPF solvers. Before we

begin, we will introduce the conventions to be used throughout the chapter.

!Parts of this chapter appear in the published papers, “Security Constrained Optimal Power Flow via
Proximal Message Passing,” “Toward Distributed/Decentralized DC Optimal Power Flow Implementation
in Future Electric Power Systems,” and “A Survey of Distributed Optimization and Control Algorithms for
Electric Power Systems.” The author of this treatise is the first author of the first paper, contributed section
V, parts of sections IX and X of the second paper, and contributed parts of section III and V of the third

paper.
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7.1.1 Conventions

The diagrammatic conventions are shown in figure 7.1. The STL vector refers to an
object of the vector container class, which is part of the Standard Template Library (STL)

in C++.

7.1.2 First Step: Creation of the Network Object

In this step, as it can be seen from figure 7.2, the main method instantiates the
object, “networkObject” of the class, “Network” by invoking the constructor function, and
passing, as an argument, the number of nodes of the network. The constructor, in turn calls
another method, “setNetworkVariables”. It is within this method, that the creation of the
objects corresponding to Generators, Transmission Lines, Loads, and Nodes, as shown in
figures 7.3, 7.4, 7.5, 7.6, and 7.7, takes place. The other method, that the main invokes is

the “runSimulation” method, which actually performs the optimization calculation.

7.1.3 Instantiation of the Generator Objects and Gensolver Objects

The generator is the only object, which needs an actual solver object to solve its
optimization problem, because for all other devices, as we have described previously, their
optimization problems can be solved analytically as a closed form solution. The solver object
“genSolver” objects corresponding to each generator object, “genObject” are created within

the “setNetworkVariables” method of the network object, and the solver objects are passed
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Figure 7.1: Conventions
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Figure 7.2: First Step: Creation of the Network Object
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as arguments of the respective generator object constructors. The whole process is shown in

figure 7.3.

7.1.4 Initialization of Network: Handles for Generators (OPF)

As it can be seen from figure 7.4, the objects corresponding to different devices
(Generators, Transmission lines, and Loads), as well as those corresponding to nodes are
created an stored in respective STL vector container class objects. In order to build up
the connectivity of the network, it is necessary to mention to which nodes the generators
are connected. This is done by including a data member of the generator objects, which is
the pointer of the node object to which a particular generator is connected. Alternatively,
we can also pass a reference to the node object as the data member instead of the pointer.

Either of these two approaches is called, creating a handle.

7.1.5 Initialization of Network: Handles for Transmission Lines (OPF)

Similarly as before, for each transmission line object we create two handles, each
corresponding to the node to which each end of a particular transmission line is connected.

This is shown in figure 7.5.

7.1.6 Initialization of Network: Handles for Loads (OPF)

In figure 7.6, we have shown the creation of handles for loads.
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Figure 7.3: Instantiation of the Generator Objects and Gensolver Objects
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Figure 7.4: Initialization of Network: Handles for Generators (OPF)
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Figure 7.5: Initialization of Network: Handles for Transmission Lines (OPF)
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Figure 7.6: Initialization of Network: Handles for Loads (OPF)

Node nodeObject #
‘nodeNumber

Load
loadObject
#1

enObject
#1

Load loadObject #
2

Generator
genObject #
genNumber

Generator

8 genObject #2

transmissionLine transmissionLine
translObject # 2 translObject # transINumber

transmissionLine
translObject 1

210



7.1.7 Initialization of Network for OPF

Figure 7.7 shows the formation of the entire network. This completes the network

initialization phase, through which we create a software image of the actual physical network.

7.1.8 Initialization of Network for SCOPF (N — 1) Line Contingencies

The only difference here, as shown in figure 7.8 from the OPF software is that, in this
case, for each load and each transmission line, we create several copies of them, corresponding
to each contingency scenario. The copies are objects of the subclass of loads and transmission
lines. It is to be obsrved that, for the transmission lines, corresponding to each contingency
scenario, one of the lines is outaged, which we simulate by letting the corresponding copy of
the particular transmission line under consideration, have very high reactance and very low

line limit. We have colored those particular copies in violet.

7.2 Software Model for LASCOPF Solvers

For the LASCOPF solvers, where we are using the APMP algorithm, we need to
create multiple network objects, corresponding to each dispatch intervaland/or contingency

scenario, as shown in figure 7.9. The rest of the process is exactly same as before.
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Figure 7.7: Initialization of Network for OPF

Node nodeObject #
‘nodeNumber

Network
networkObject

Load
loadObject
#1

Load loadObject #
2

Generator
genObject #
genNumber

Generator
genObject #2

transmissionLine transmissionLine
translObject # 2 translObject # transINumber

transmissionLine
translObject 1

212



Figure 7.8: Initialization of Network for SCOPF (/N — 1) Line Contingencies
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Figure 7.9: Software Model for LASCOPF Solvers
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7.2.1 Software Model for Centralized Solvers

Lastly, for the sake of comparison, we have shown in figure 7.10, how a typical soft-
ware, written for a centralized solver would look like. Here, we can see that we need to create
a problem object and a solver object (shown in the figure as “KTRProb” and “KTRSolve”
respectively). These problem object and solver objects are external to the device objects of
the network, unlike the previous case.

Thus, with the software model and coding approach and methodology described in this
chapter, we will now look at some of the results of the simulation studies, in the next chap-

ter.
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Figure 7.10: Software Model for Centralized Solvers
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Chapter 8

Numerical Examples

8.1 Numerical examples

'We have subdivided this entire section into two subsections, the first one for de-
scribing the results of the OPF, and the next one for describing the results of the SCOPF.
For the first section, we will describe the results for 5 bus system, and also the IEEE test
systems with 14, 30, 57, and 118 buses. For the next section, we currently will describe the
results for the simple systems with 3, and 5 buses. The 5 bus and 3 bus systems are shown
in figures 8.2 and 8.1 respectively (The functions adjacent to the generators describe the
cost functions, whereas the numbers in the parantheses are the generating limits). The de-
tails about the IEEE systems can be found at the University of Washington Power Systems

Archive (https://www.ee.washington.edu/research /pstca/):

We have run all these simulations on a Dell Inspiron 17R laptop computer powered
by a 4x Intel(R) Core(TM) i7-4500U CPU running at 1.80 GHz, with a RAM of capacity
8054 MB and the OS is Ubuntu 14.04.4 LTS. We have coded all the simulation programs

'Parts of this chapter appear in the published papers, “Security Constrained Optimal Power Flow via
Proximal Message Passing,” “Toward Distributed/Decentralized DC Optimal Power Flow Implementation
in Future Electric Power Systems,” and “A Survey of Distributed Optimization and Control Algorithms for
Electric Power Systems.” The author of this treatise is the first author of the first paper, contributed section
V, parts of sections IX and X of the second paper, and contributed parts of section III and V of the third

paper.
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Figure 8.1: The 3 Bus Power System.
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Figure 8.3: The IEEE 14 Bus Power System.
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Figure 8.4: The IEEE 30 Bus Power System.
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Figure 8.5: The IEEE 57 Bus Power System.
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in C++11, with the generator optimization solvers being implemented with the CVXGEN

custom solvers [271]. The compiler used is GCC version 4.8.4.

For both the OPF and the SCOPF simulations, we have used the primal and dual
residual tolerances, each to be 0.006, and we have used a discrete version of proportional-+derivative
controller to adjust the value of p for the first 3000 iterations, such that at each iteration
the relationship p X €primal = €duar 15 maintained, where €prima and €444 are respectively
the primal and dual residuals. After the first 3000 iterations, if the algorithm hasn’t still
converged, then p is held fixed at the last value. The initial value of p at the beginning of

the iterations is taken as 1.

8.1.1 OPF

Here we will describe the simulation results of the OPF. For each system, we will
describe a moderately unconstrained case (with higher transmission line limits) and a mod-
erately congested case (with lower line limit). OPF Results for the different systems are as
shown in the table 8.1. In this table, and the convergence characteristics plots, that follow,
we have simulated the systems for two different values of transmission limits. It is assumed
that all the lines have the same limits. The higher values of the limits indicate a relatively

less constrained problem. The lower values are the ones that are closest to infeasibility.

In these simulations, we have maintained all the transmission lines of the system
to be of exactly the same limit, for any particular case. We start with the 5 bus system:
Presented below are the convergence characteristics for the primal residual, dual residual,

and the objective value:
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Figure 8.8: Convergence Characteristics of 5 Bus System OPF with 100 MW line capacities.
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PrimaIOConvergence for 14 Bus OPF (UnconstraiBed) Convergence for 14 Bus OPF (Unconstrained)
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Figure 8.10: Convergence Characteristics of 14 Bus System OPF with very high (1000000
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Primal Convergence for 14 Bus OPF (73.5MW) Dual Convergence for 14 Bus OPF (73.5MW)
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PrimaIOConvergence for 30 Bus OPF (UnconstraiBed) Convergence for 30 Bus OPF (Unconstrained)
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Figure 8.12: Convergence Characteristics of 30 Bus System OPF with very high (1000000
MW) line capacities.
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Pr%mal Convergence for 30 Bus OPF (18MW)
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PrimaIOConvergence for 57 Bus OPF (UnconstraiBed) Convergence for 57 Bus OPF (Unconstrained)
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Figure 8.14: Convergence Characteristics of 57 Bus System OPF with very high (1000000
MW) line capacities.
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Prgmal Convergence for 57 Bus OPF (71MW) D2ual Convergence for 57 Bus OPF (71MW)
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Figure 8.15: Convergence Characteristics of 57 Bus System OPF with 71 MW line capacities.
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Primal Convergence for 118 Bus OPF (Unconstrd)nadlxaonvergence for 118 Bus OPF (Unconstrained)
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Figure 8.16: Convergence Characteristics of 118 Bus System OPF with very high (1000000
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Primal Convergence for 118 Bus OPF (69 MW) Duzal Convergence for 118 Bus OPF (69 MW)
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Figure 8.17: Convergence Characteristics of 118 Bus System OPF with 69 MW line capaci-
ties.
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OPF Results for 5 Bus System is as shown in the table 8.1

Table 8.1: OPF Results for 5 Bus System.

Line Limits (MW) Solution Time (s) No. of Iterations

100 0.047913 3017
60 0.075353 5453

OPF Results for 14 Bus System is as shown in the table 8.2

Table 8.2: OPF Results for 14 Bus System.

Line Limits (MW) Solution Time (s) No. of Iterations

1000000 0.058781 3018
73.5 0.260373 15888

In the preceding tables and figures, we have shown the results of the OPF. Now we

will describe the SCOPF results.

8.1.2 SCOPF

In this section, for each of the simulation studies, we have assumed the line ratings

to be 100 MW only. We have marked the all the lines for contingency analysis for the 3 bus

system, whereas, only considering lines 3 — 4 and 4 — 5 for the 5-bus system gave us feasible

solutions.

8.1.3 APMP for LASCOPF Problems

In this section, we present the results of the APMP algorithm for the LASCOPF

problem instance for tracking demand variation for the 5 bus system. All the other LAS-

COPF problems can be solved in the exact same manner.

236



Primal Convergence for 3 Bus SCOPF (100MW) Du4a| Convergence for 3 Bus SCOPF (100MW)
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Figure 8.18: Convergence Characteristics of 3 Bus System SCOPF with 100 MW line capac-
ities.
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Primal Convergence for 5 Bus SCOPF (100MW) Dugl Convergence for 5 Bus SCOPF (100MW)
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Figure 8.19: Convergence Characteristics of 5 Bus System SCOPF with 100 MW line capac-
ities.
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OPF Results for 30 Bus System is as shown in the table 8.3

Table 8.3: OPF Results for 30 Bus System.
Line Limits (MW) Solution Time (s) No. of Iterations

1000000 0.472536 7783
18 0.332098 7216

OPF Results for 57 Bus System is as shown in the table 8.4

Table 8.4: OPF Results for 57 Bus System.
Line Limits (MW) Solution Time (s) No. of Iterations

1000000 0.598247 7966
71 14.6919 173012

The figure 8.20 shows the outer APP convergence for this example problem.

8.1.3.1 APP Convergence Characteristics

All the rsults presented above have been calculated using a single thread, although,
the code is written in such a way, that, if desired, it can easily be converted to a multithreaded

one. Implementing fully multithreaded code is one of the proposed future works.
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OPF Results for 118 Bus System is as shown in the table 8.5

Table 8.5: OPF Results for 118 Bus System.

Line Limits (MW)

Solution Time (s)

No. of Iterations

1000000
69

7.96253
42.2865

19595
121487

SCOPF Results for 3 and 5 Bus System is as shown in the table 8.6

Table 8.6: SCOPF Results for 3 and 5 Bus System.

Line Limits (MW)

Solution Time (s)

No. of Iterations

100 (5 bus)
100 (3 bus)

3.12735
0.893854

3741
1053

Table 8.7: Variation of Load for 5 Bus System.

Connection Node | MW in Interval-1 | MW in Interval-2 | MW in Interval-3

2 20 30 20

3 45 40 43

4 40 40 45

5 60 65 65

Table 8.8: Generator Outputs 5 Bus System.
Generator MW in Interval-1 | MW in Interval-2 | MW in Interval-3

Gen. 1 (Conn. Node: 1) 140.771 141.355 143.131
Gen. 2 (Conn. Node: 2) 24.229 33.6459 29.8704

240




APP Residuals

Iterations

Residuals.pdf
Figure 8.20: APP Convergence Characteristics of 5 Bus System LASCOPF
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Chapter 9

Extensions, Future Works, & Conclusion

9.1 Proposed Future Research Works

In this chapter, we will give brief outline of the proposed work, we plan on doing
as part of this ongoing research endeavor. Here are the problems we will be considering

extending our present work to. In the following sections, we will describe each of them.

e AC LASCOPF formulation.

e Development of Multithreaded code.

e Modeling of generator contingency and Ancillary Services/reserve pricing.
e Unit Commitment and Combined Cycle Power Plant Scheduling.

e Dynamic Line Switching.

e Advanced Mathematics for Grid Operation Enhancing Demand Response and Renew-

ables.

e Financial Transmission Rights (FTR)/Congestion Revenue Rights (CRR) Revenue Ad-

equacy in the events of line switching.
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e Comparison Between Existing Scheme and the Proposed New Scheme for Post-Contingency

Restoration

9.2 AC LASCOPF formulation

We will be applying the recent advances on the ACOPF work presented in [15], [243],
[242], [335], [334] etc. to our problem. It will be a more natural approach, since we will
be able to calculate the exact Ohmic losses and temperature rise on transmission lines by
solving the ACOPEF. The only difference is that, we will be replacing the linearized model
of (6.32) or (6.33) with ACOPF and for each problem, as described in the references, we
will be solving the Semidefinite Prodrgramming (SDP) relaxation and caiculating the pri-
mal solution of the SCOPF from the dual solution. The details of this future work has been

described in appendix A. We refer the reader to the appendix.

9.3 Development of Multithreaded code

So far, we have only developed the serial code. In order to increase the speed and
leverage the concurrent computation capability of the computing machine, we can make use
of the C++411 standard thread library and implementing the actual multithreaded code,
which will adaptively decide the number of threads to be generated based on the number
of generators present (for which the most intense calculations of actually iteratively solving

the optimization problems is required) and also the number of processor cores present.
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9.4 Modeling of generator contingency and Ancillary Services/reserve
pricing
In this work, we have just modeled the line contingency. We will also be modeling
the possible outage of generators, or, the generator contingency in the subsequent work.
This will require us to keep certain fraction of power generation capability of the different
generators in reserve, to supply the demand, when an outage of a generator actually happens.
Hence, there will be pricing scheme related to such reserves or “Ancillary Services (AS)” as

well.

9.5 Unit Commitment and Combined Cycle Power Plant Schedul-
ing
In this future work, we will include the aspects of switching of generators, by extend-
ing the LASCOPF to have integer decision variables. The details of this future work has
been described in appendix B. We refer the reader to the appendix. This work also paves

the way for the next future work, we will mention.

9.6 Dynamic Line Switching

In this work, we have only indicated how to use the ramping capability of generators
in order to relieve the line overloads after an outage. But, for this exploration, we will try to
achieve the same by switching on or off different lines. The modeling for this problem will

build upon the same ideas as those presented in section 9.5.
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9.7 Advanced Mathematics for Grid Operation Enhancing De-
mand Response and Renewables
In this future work, we will explore the decision-making problem, as it pertains to
deciding upon the optimal mix on the part of the consumer and the producer of electricity
(hereafter, also to be referred to as the “prosumer”), regarding different conventional and
non-conventional sources of electricity, as well as loads acting as sources. The preliminary
ideas of this future work has been described in appendix C. We refer the reader to the

appendix.

9.8 Financial Transmission Rights (FTR)/Congestion Revenue Rights
(CRR) Revenue Adequacy in the events of line switching
It is known that in the event of a change in network topology, (caused primarily by
line switching), the ISO can run out of money to fund the FTRs/CRRs, a condition, known
as, “Revenue Inadequacy”. In this future work, we will attempt to develop newer schemes
of both the design and auctioning of FTRs/CRRs, such that the revenue inadequacy is cir-
cumvented, even in the event of random or planned outages. Some of the preliminary ideas

of this future work has been described in appendix A. We refer the reader to the appendix.
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9.9 Comparison Between Existing Scheme and the Proposed New
Scheme for Post-Contingency Restoration

In this future work, we will be alluding to the example system and results thereof,

mentioned in the references [209], [205], [207], [211] for the following three cases:

Out-of-merit dispatch with LMCP reflecting opportunity cost

Marginal congestion cost saving

Marginal capacity value to null the incentive of uninstructed deviations to support

dispatch, and

LASCOPF for multiple dispatch interval with representation of line temperatures.

9.10 Conclusions

In this section, we will draw some conclusions regarding how we have addressed the
issue of representing post-contingency states of a power system within the dispatch optimiza-
tion problem and solved them. We began by mentioning where the current state of art and
industrial practice are at, for power system scheduling and dispatch optimization in chapter

1. We also mentioned, in that chapter, the real world motivations, that are necessitating the
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need for newer and better optimization schemes,and the challenges that lie in their imple-
mentation.

Following that, in chapter 2, we have provided a comprehensive survey of the body of ex-
isting knowledge in the fields of Power Systems Optimization, Mathematical Optimization,
and Distributed Optimization Algorithms, specifically in the context of their applications
to power systems. We have built up this present work based on those previous works. The
bibliographies presented at the end of each of the references cited in that chapter, through-
out this dissertation, and in the bibliography of this work, point to several other references,
which forms a rich body of literature.

Thereafter, in chapter 3, we set the conventions for symbols and notations, which we have
followed in the rest of this work. As much as possible, we have tried to stick to this con-
vention. In a few instances, where we have introduced some new notion and corresponding
symbols for that, we have restated the conventions specifically for notions and symbols.

In chapter 4, we start by presenting the OPF and SCOPF formulations in terms of the in-
tuitive pictures from a case study of a simple two bus power system, and eventually present
the mathematical formulations. We thereafter, present the intuitive models, followed by the
mathematical ones for the LASCOPF problems for tracking demand variation and ensur-
ing post-contingency restoration in one dispatch interval (as a simplifying first step, before
making the model more realistic). In the second half f the chapter, we have generalized the
optimization formulations to power networks of arbitrary size.

We have introduced the Auziliary Proximal Message Passing (APMP) algorithm in chapter
5, for solving the problems described in the previous chapter. We have reformulated all the

problems presented earlier, for us to be able to apply the APMP algorithm to solve them.We
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have also presented justifications for using this algorithm to solve the problems.

In chapter 6, we have presented the dynamicsof temperature evolution of transmission lines,
following the outage of a transmission line, and applied the APMP algorithm to develop a
mathematical model, which solves the LASCOPF problem, while limiting the temperature
on the transmission line. The formulation also attempts to restore the system to normal
operation, followed by restoring it to secure operation, following an outage, in the most
ecomnomic manner, possible.

So far, we have just discussed DC-OPF. Chapter A Extends the model developed in chapter
6, to solve the AC-OPF problem. Solving the AC-OPF is hard and hence we made use of
the recent advances in Semi Definite Programming (SDP) and rank relaxation, as applied to
AC-OPF, to build the LASCOPF model for post-contingency restoration for the non-linear
and non-convex AC power flow problem.

Chapter 7 discusses the object oriented programming approach that has been used for de-
veloping the simulation software for implementing all the tools that we have developed in
this work and chapter 8 gives the numerical results, while applying the methodologies to
different power systems.

Finally, in chapter 9, we make mention of some future research directions, specifically, in-
clusion of Mized Interger Linear Programming (MILP) Optimization and Markov Decision
Process (MDP) based decision making, in which the LASCOPF model can be embedded.
In the following subsection, the major contributions of this work has been summarized, fol-

lowed by an explanation of the roadblocks faced while carrying ouut this work.
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9.10.1 Broad Overview and Contribution

e Extension of the Alternating Direction Method of Multipliers (ADMM) Based Proxi-
mal Message Passing Algorithm from solving simple OPF Problems to solving SCOPF

Problems which are secure to (N — 1) Contingencies.

e Specifically considered outages of Transmission Lines.

e Numerical results pertaining to simple systems.

e Contributions: Representation of post-contingency states, post-contingency remedial

and corrective actions, and line temperature evolution within dispatch optimization

e Combining Proximal Message Passing with Auxiliary Problem Principle to give rise to

the APMP algorithm for solving multiple dispatch interval SCOPF.

9.10.2 Roadblocks

e Tuning of the ADMM step-length p to attain convergence: This is the most
critical roadblack we have faced in the current work. We think that this factor is re-
sponsible for the following three roadblocks, as well. In general, there currently exists
no provable technique of p tuning, which is universally applicable to any problem in-

stance to be solved by ADMM. In our work, we have made use of a discrete time PID
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controller, with varying the gains, in order to vary p such that, we maintain the primal
and dual residuals approximately equal to each other, while they approach to zero, as
the iterations converge. However, we have in practice observed that it’s best if we let
this controlled tuning happen till 3000 iterations, and then fix the p. Unfortunately,
for solving SCOPF for arbitrary networks and line contingencies, this approach also
fails. One alternative idea, we would like to explore in future, is to use different values
of rho for each contingency scenario and/or each node and tune them seprarately to

explore if the iterations converge.

e Current limited ability of the algorithm for solving SCOPF for arbitrary
size and contingency scenario: This has been already mentioned in the previous

point, and can be attributed to the ad-hoc tuning of p.

e High number of iterations to attain convergence: Currently, even though for
some situations in OPF and SCOPF, we get convergence via ADMM, but, it takes a lot
of iterations to converge. This is also a very well known setback of ADMM. However,
if the sepcific application at hand doesn’t demand very high accuracy of the results,
we can trade off accuracy for fewer iterations. Nevertheless, means of exploring faster
convergence is an issue we haven’t been able to address to, in this work and would like

to consider as a future work.

e Impact of above factors to adversely influence scalability, and exploration
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of alternative algorithms: Lastly, all of the above factors can be seen as impedi-
ments to achieve precisely what a distributed algorithm is intended for, i.e. scalability.
Therefore, in our future work, we would like to compare the performance through al-
ternative algorithms, like Consensus + Innovation (C+I), Analytical Target Cascading

(ATC), Optimality Condition Decomposition (OCD) etc.

Thus, the present work comes to an end. But, I sincerely hope and wish that the material
presented here will, rather, be the starting point of a plethora of inquiries, further doubts
& questions, and enhancing factor for the thirst for more discovery and knowledge creation.
Thus, this end is, on the contrary, the beginning of a vast field of exploration by several
generations of future researchers. This, as a researcher, is my deepest desire. With that, I

rest my case.
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Appendix A

Future Work: LASCOPF Modeling for AC-OPF

A.1 Introduction

In this appendix, we will first introduce the AC-OPF problem in its pristine, or, classical
form (in both the angles included (which is also the polar coordinate formulation) as well
as the angles eliminated (which is also the Cartesian or rectangular coordinate formulation)
formulations). The AC-OPF is well known in both the Electrical Power Engineering and
Operations Research/Mathematical Optimization communities as an extremely hard prob-
lem to solve because of its notorious degree of non-convexity. The non-convexity arises in
polar coordinates due to the cross-terms in the voltage magnitude variables and due to the
presence of trigonometric terms in the expressions for real and reactive powers, in angles in-
cluded formulation. For the last fifty five years (starting from 1962 by Carpentier et al. [67]),
several authors have tried to solve this hard non-convex problem using different approaches.
Recently, Bai et al. [15] first reformulated the AC-OPF as a Semi-Definite Programming
(SDP) optimization problem using rectangular coordinates, thereby convexifying it. Later
on, Lavaei et al. [243, 242, 335, 334] substantially advanced the approach, building upon the
work of Bai. In this chapter, our work will build upon that of Bai and Lavaei. For the sake
of completeness, we will present salient parts of the convexification approach of Lavaei in the
form of a series of reformulations of the classical AC-OPF formulation in terms of the rectan-

gular or Cartesian co-ordinates, which eventually leads us to the convexification. As we will
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soon see, representation of the classical AC-OPF problem as an SDP OPF problem means
that the non-convexity is manifested as a rank constraint and eliminating that constraint
or “relaxing” the problem leads to the convexification. The resulting convexified problem
is called the “SDP Rank Relaxed OPF”. There are also other approaches to convexify-
ing the AC-OPF, such as the “Second Order Cone Programming (SOCP) Convexification,”
22, 213, 214] “Convex Quadratic Envelope Method,” [83] etc. The material presented in
this appendix will form the basis, upon which in our future work, we will use the SDP rank
relaxation to build the AC-SCOPF and the AC-LASCOPF models as well. We will finally
apply the APMP algorithm to distribute the computation of the above-mentioned models.
In the next section, we will describe the notational conventions that are most relevant for
the material we are going to present in this chapter. Some of these notations have already

been introduced earlier. We will also introduce some new notations.

A.2 Classical AC OPF Formulation: Notations

First of all, let’s introduce the notations to be used throughout. The system of notations

follows the same pattern, as that presented in the earlier chapters.

A.2.0.1 Sets

D: Set of Devices
T: Set of Terminals

N: Set of Nets (or Buses, or Nodes), J(N;): Set of buses directly connected to bus, N;
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The next three sets form partitions of the set of devices:

G C D: Set of Generators, G(V;): Set of Generators connected to bus, N;

T C D: Set of Transmission Lines, T'(N;N;): Set of Transmission lines connected between
buses, N; and N;

L C D: Set of Loads

L ={0,1,2,...,|L|}: Set of possible (N — 1) Contingencies. The element, 0 indicates the
base case.

Q= {0,1,2,...,|Q[}: Set of Dispatch intervals or, the net Dispatch Horizon under consid-
eration. 0 indicates the upcoming dispatch interval under consideration. It is to be noted
that the first dispatch interval under consideration, for which the calculation is done is the
upcoming/forthcoming one. Hence, dispatch interval —1 (which is not in this set) is the
current running one.

T will be used to denote the transpose of a vector or matrix.

A.2.0.2 Elements

t: Elements of T
g: Elements of G
D: Elements of L
T: Elements of T’
N: Elements of N
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A.2.0.3 Indices

1,7: Nets

k: Terminals

q: Generators

r: Transmission Lines

d: Loads

c: Contingencies

7: Dispatch Intervals

v: Iteration count for ADMM /PMP algorithm

uapp: Iteration count for APP algorithm

A.2.0.4 Parameters

Ry, X1, yr,, Zr, = Ry, + (vV—1)X71.: Resistance, Reactance, Admittance, and Impedance
of the 7" Transmission Line.

Qg,s Bgys Vg, Quadratic, Linear, and Constant Cost Co-efficients of the ¢'" Generator.

Cy, (), faew(.) will be used to denote the cost function of the generator g, and that of a
generic device, respectively, throughout. We will introduce the other cost functions in the
appropriate sections.

Re. and Im. will be used to extract the real and imaginary parts of a complex number.
Hence, >, (Cy,(Py,)) = p e (Oégq(qu)Q + By, (Py,) + 74,): Total cost of Generation
@gq : Vg, € G: Maximum Reactive Power Generating Capability

Py, Vg, € G: Maximum Real Power Generating Capability
Vi, : VN; € N: Maximum Bus Voltage Magnitude allowed
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Qg : Vg, € G: Minimum Reactive Power Generating Capability
- Jq

P, Vg, € G: Minimum Real Power Generating Capability

Vy, 1 VN; € N: Minimum Bus Voltage Magnitude allowed

: Vg, € G: Maximum ramp-up rate of the generator g, in MW /interval

}_%Qq
R, (= —Ry,, usually) : Vg, € G: Maximum ramp-down rate of the generator g, in M'W/interval

g(T(j,) : VT, € T: Maximum allowable line MVA flows corresponding to long-term rating

+-(0)

r. VT, € T Maximum allowable line MW flows corresponding to long-term rating

TEFO ) VT, € T: Maximum allowable line current flows corresponding to long-term rating

?%) : VT, € T: Maximum allowable line MVA flows corresponding to short-term rating

?%) : VT, € T: Maximum allowable line MW flows corresponding to short-term rating

Tgi) VT, € T: Maximum allowable line current flows corresponding to short-term rating
AVy VT, € T: Maximum allowable magnitude of difference between bus voltages between
two ends of a Transmission line

Pp, :VDye€ L and VN; € N: MW Demand at the buses

aN
QDdN_ : VD, € L and VN; € N: MVAr Demand at the buses
The following (same as before) is the convention we follow in order to identify the associa-

tions of any particular variable to the sets:

. (Contingencylndex)(DispatchTime#2)
(VaTzableNet/DeviceElementTermmalNumber (¢)(DispatchTime#1)

) (IterationCount)
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A.2.0.5 Variables

Vi, : VN; € N: Complex bus voltages (Cartesian Form)

Py, : Vg, € G: Real Power Generation

Qq, : Vgq € G: Reactive Power Generation

STTNiNj : VT, € T"and VN;, N; € N: Set of line MVA flows

PTTNiNj : VT, € T and VN;, N; € N: Set of line MW flows

ITTNZ-NJ- : VT, € T and VN;, N; € N: Set of line current flows

On, : VN; € N: Bus voltage-phase angle (Polar Form)

e, ey, ..., ey Standard basis vectors in RN

& = [elT eff]T and H occuring in the exponent indicates complex conjugate and Hermitian

transpose of matrices and vectors.

A.3 SDP-OPF Semidefinite Programming Optimal Power Flow

In this section, we will first present the classical polar corrdinate, or, angle represented
version of the full AC-OPF problem, followed by the rectangular/Cartesian coordinate, or,
angles eliminated version. We will subsequently focus on the angles second version, and

reformulate it in the Semi Definite Programming (SDP) format.

A.3.1 Classical AC OPF Formulation: The Primal Problem

The classical AC-OPF problem is stated below. The equality constraints are the ones per-
taining to satisfying the power-balance Kirchhoft’s laws for real and reactive power injection.

The objective is to minimize the cost of generation. Let yy,n. be the series admittance be-
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tween buses IV; and N;. Let y;\,i A be the total shunt admittance between buses N; and V;

associated with the 7 model of all the transmission lines connecting bus NN; to bus NV; (which

I
YN, Ny
2

means, on each shunt leg, the shunt admittance is ), and let yp 4y e the admittance to
ground of the constant impedance load (if any) connected to bus N;. We state below, first,

the angles included formulation.

Objective Function : min >~ (Cy,(F,) = ag, (B, + 65, Py +7,)  (Ada)
V,Py,Qg, s
Subject to :qu <P, < _qu, Vg, € G (A.1Db)
Q, <Qq<Q Vg €C (A.lc)
PTTNI-N{

= ‘VNZHVN;‘ <Re(yNiNi)cos(«9Ni - eNZ) + Im(yNiNz)sin(HNi — 9]\@)), VNl € N, VN; € J(NZ)

(A.1d)
QT’“NZ-NT
= |VN1 VNZ| (Re(yNiNi)sin(HNi — QN;.> + Im(yNiNz)cos(HNi — eNi))7 VN; € N, \V/N; € J(NZ)

(A.le)
Y. Puy —Pou. = ) Pn, YN.eN (A.1f)

9,€G(Ny) C N (V) '
Y Quy Qi = Y Qn,, VNN (Alg)

94€G(N;) NyeJ(N;) ‘
1S, | <SY. VT, eT (A.11)
Pr| <Py VT, €T (A.1))
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_ 2
(5> < @), VT, €T (A.1K)

L VT, eT (A.11)

The angles eliminated formulation can be written down as follows:

Objective Function : min (ng (P,,) = g, (Py,)* + By, Py, + 79q> (A.2a)
Voo Qo 9qe€G
Subject to: P, < F,

9q

Q, < Qo <Qy V9, €G (A.2¢)

Z quNi - PDdNZ-

<Py, Vg, €G (A.2b)

9q€G(N;)
y;\lfj-[N—
- Z [ Z Re{VNi(VNi - VN;-)Hypr{Nva + |V, 2<T +yngA> }], VN; € N
N-€J(N;) LT.€T(N;N) v i
(A.2d)
Z ngNi - QDdNi
99€G(Ny)
y;\I/{N
— Z [ Z Im{VNi(VNi — VN;)HygN_Ni + |Vn, 2<T + yngv) H, VN, e N
N;eJ(N;) LT-eT(N;N;) B i
(A.2e)
Vi, <|Va,| <V, VN; €N (A.2f)
S| < S VT, €T (A.20)
Pr,| <Py VT €T (A.2h)
2 _ 70,2 .
(r,[)" < (Ug,) . VI, €T (A.21)
‘VNz - VN;‘ < _VTTN-N ; VTT - T (A 2J)

260



A.3.2 Network Matrices

If yn,n. is the series admittance between buses N; and N;. If y;vl A= be the total shunt
admittance between buses N; and N; associated with the m model of all the transmission
lines connecting bus NN; to bus N; (which means, on each shunt leg, the shunt admittance

YN, N-
is N;Ni ), and if yp, ~be the admittance to ground of the constant impedance load (if any)

connected to bus N;. Hence the Bus Admittance matrix, Y € CN*M is given by:

Y(Ni, N;) = —yn,n;, when N; # N; (A.3a)
y;ViN;
y(Nz‘, Nz) = Z ( 9 + deNi + yNZ.NZ_) , (A.3b)
N;eJ(Ni)

where J(N;) denotes the buses that are directly connected to the bus N;

I=[1,.. I|N|]T =YV = Current Injection Vector (A.3c)

Let us now define the other Network matrices to be used in the subsequent formulations of

the problem:

Yy, =enen, 'Y (A.4a)
1 (Re{Yn, +YL} Im{Yl —YN.}>
Y, = = PN Ni i A.4b
N9 (Im{YNi ~ YL} Re{Yy +Y§} (A.4b)
Vo 1 (Im{Yy, + YL} Re{Yy —YL} (A 40)
2 \Re{YL, — Yn} Im{Yy, +YL}
Uri v, T T
YTTNiNj = 5 J +yTTNiNj ey,en, — (yTTNiNj )eNieNj (A4d)
. 1 (RefYry, + Y0 b Im{YE =Yg ) e
TN, N; 2 Im{YTT M ;T Nj} Re{YTTNN + ;TNiNj}
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_TTN N 9 T ?TNiNj <A5a)
2 \Re{Yy, =Yg, } In{Yg o+ TTNZ_NJ,}
t
_(Ret¥z ) 0 (A.5b)
Try, N, 0 Im{_YTTTN_N_ } )
- Im{Y}, '} 0
_ iNj A5
Trnyw, 0 Re{Y}, } (A.5¢)
f
ey.ey, 0
My, = ( ¢ eNieNﬁ) (A.6a)
(en, —en,)(ex, — ex,)’ 0
Ve ((en —ex))en, — e, A.6b
M ( 0 (eNi - eNj)(eNz - eNJ)T ( )
— x7dl
@TTNZ_NJ_ _ KTTNZ.N]. (OJNZ-ENZ-TKTTNZ.N].T 4 KTTN,L-NJ- gNiSNiTKTTNiNj (A.6¢)
X — [Re{V}T Im{V}T]T (A.6d)

A.3.3 OPF Reformulation
A.3.3.1 OPF Reformulation

With the above, we will now present a slightly reformulated version of the OPF from

(A.2). But before we do that, we need to define a few other quantities as follows:

Prini = D, Poyy = Py VN €N

gqui

= Re{Vi,In,"} = Re{V7epnen, T} = Re{VIY NV}
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Re{YNz} _Im{YNz}
=X (fmn] Terrat) ¥

il (Re{Yy, + Yy} Im{Yy"— Yy}
2 \Im{Yy, — Yn,'} Re{Yn +Yn'}
=Tr{Yn, XX} = Tr{YyW} (A.7a)

) X = XYy X

Similarly, Qn,inj = Y Quuy, — Qpay > YN EN

9q€N;
=Tr{Y W} (A.8a)
Va,|? = Tr{My,W},: VN; € N (A.8b)
Pn,inj = _PDdNiv VN; e NG (A.8c)
QN inj = _QDdNi, VN; e N~ G (A.8d)
Py =Py =Qn =Q, =0,YN,e NG (A.8¢)

Yr,

iNj oyt N/ 1878
5 J — X KTTNiNj ENi + —1<X KT’“NZ-NJ- 8Ni>’ VI, €T

Iny o = (Vi = Vp)yn o + Vi
2 _ oyt t t T 7l
|IT,~NZ.NJ_| =X (KTTNZ.NjeNﬁN,- Kt yn, K1y ENEN, KTTNZ_NJ,)X

=Tr{0g, XX} =Tr{O7, W} (A.8f)

/

YTy .
H _ VN»LH (V]\hﬂ> + VNZH(VN’L — VNj)yTTNiNj = VHYTTNiN]-‘/’ VTT eTl

TTNiNj B
= TT{YTTNZ_NJ_ W} — \/—_1Tr{7TTNZ_Nj W} (A.9a)

Pr, . =Tr{¥Vr, W} VL, €T (A.9D)

Vi, |> = Tr{My,n,W},: VT, € T (A.9¢)
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Hence, combining all the information from above, the reformulated OPF is (with correspond-

ing Lagrange Multipliers shown to the right of <+ symbol):

min Y g, (Tr{Ys,W} + Pp, )* + B, (Tr{Ys,W} + Pp, )+,

N;eN
Subject to :

VN, e N

Py, — Pp,, <Tr{YnW}< Py, —Pp, + ok.o

P
N;

QNi - QDdNi < TT{?NZW} < @Ni - QDdNi = Q]C\?ma]c\gfi

(Vo S Tr{Mu W} < (V) 6 11,75

() —Tr{¥pW} —Tr{Yn,W} rr, T,
~Tr{Yr, W} 1 0 =04 |7, 17,
—Tr{Y, W} 0 1 v T

W =0
rank(W) =1
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A.3.3.2 Schur’s Complements

Consider a requirement Cy_ (P, ) < Ay , with Cy, defined in (A.2a) which is equivalent

to

Bou Tr{¥ou, W} = Ay, +ag, AGTr{Yy,, W}, \ 0 (A.122)
, /ozqur{Y;]qu W} + bgqu -1 B

agqu = rygq + ﬂgq PDdNi ) bgqu Y agq PDdNi

(A.12b)

Hence, the Reformulated OPF from above can further be slightly modified into the four

different forms presented next

A.3.3.3 Optimization 1

min Y | Ay, (A.13a)
9q€G
Subject to :
Py — PDdNi < Tr{¥YyW} < FNZ. — PDdNi ~ gﬁi,ﬁﬁi (A.13b)
QNZ. - QDdNZ- <STr{Y W} < @Ni - QDdNZ- < Q%i,ﬁgi (A.13c)
(Viy)? S Tr{My,W} < (Vv)* © 7. 7N, (A.13d)

/ngT’I“{quNi W} - qu + a’gqu \Y4 OéquT{YngNi W} + bgqu ~ O o 1 ’I";qu
\ /ozqur{Y;]qu Wi+ bgqu -1 - rl 2 1

Jan; Yan,

(A.13e)

VI, €T
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Tr{M, W} < (AVz,)" & uf”
W

Tr{Ye, W} < P < AP

—(0),2 I
Tr{eW} < ([TT> < V7,

B2 Ty W —Tr (Y W} rboor2ord
—Tr{Yy, W} 1 0 =0 |73, 17, TS
—Tr{Y 7 W} 0 1 YT THoTH

A.3.3.4 Optimization 2

BNi - PDdN

2

Qy — O,

S Tr{Y W} <Qy, — Qp,, ¢ ¥ .Tn

W =xXxt

min E A,
w q

9q€G
Subject to :

< Tr{Ys,W} < Py, = Pp, < ok, .0

N;

(KNi)z < TT{MNiW} < (VNz‘)Q A ZXHWKZ

(BQQTT{YQ

V O[quT{}/;]qu W} + bgqu

quW} — A, + Qg, + /aqur{quNiW} + bgqu) L0e ( 1
_ r

1

VI, eT

Tr{Ye, W} < P & AL

—(0),2 I
Tr{OsW} < (ITT> < T,

Tr{Mr,W} < (AVr,)" & pp”
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gqu
2
gqN,L-

gqN,L-

(A.14a)
(A.14D)

(A.14c)
(A.14d)

(A.14e)

(A.15a)

(A.15h)
(A.15¢)

(A.15d)

(A.15e)

(A.16a)
(A.16Db)

(A.16¢)



B —Tr{yp, W} —Tr{¥5,W} ry, r3 rd

—Tr{Yy, W} 1 0 =0 (73, b oS
—Tr{Y W} 0 1 YL TR T
W =0
rank(W) =1

A.3.3.5 Optimization 3

min E A,
W q

9q€G
Subject to :

PNi - PDdN, < TT{YNiW} < FN’L — P, = gﬁﬂaﬁi

it Day,

QNi - QDdNi < TT{?NzW} < @Ni - QDle, = Q%NE%Z'
(KNi)Q < TT{MNiW} < (VNi)Q e ZXZﬁXl

/ngTT{}/rQqu W} - qu + a’gqu V aqur{}/gqu W} + bgqu <0 1
\ /ozquT{quNi W+ bgqu -1 - rl

gqu_

_0 —

B2 T (YW —Tr{Y W} r%r ri r%r
—TT{_TTW} 1 0 =0« |ry 17 T
~Tr{Y W} 0 1 ry o rS i

(A.16d)

(A.16e)

(A.16f)

(A.17a)

(A.17h)
(A.17¢)
(A.17d)

1
gqu_
2
gqu_

(A.17e)

(A.18a)
(A.18b)

(A.18c)

(A.18d)



A.3.3.6 Lagrange Multipliers

Here we consider some relations amongst Lagrange multipliers.

P _ P =P 1
oy, = —0n, + 0, + By, + 2, /agqrgqu_ VGenerator Nodes

P _ P | =P
Oy, = —On, + 0y, €lse
Q _ _ Q@ —=Q )
oy, = —0on tONIN; €N
v .V =V
TN = Uy, t Y, VN; € N
_|sP Q .V =P —Q -V P _I AV
X = [gNi’gNi’ZNi’ ON;» ON;s TN, /\Trv V1,5 M, ]
1 2 3
Tg; TZT Tgr Lo,
R = 't Tr. Tro |51 2
,',.3 7‘6 ,',.5 Gap. Gapn
. "n. T, i

A.3.3.7 Dual OPF Formulation

H(X,R) = > {ok Py, — 7% Py,

N;eEN
+08, Py, +0%,Qy —%,Qn, T 0%,y
1%, (V) = 75, (V) }
—(0 -~ 2
- Z {)‘i-P(T} +pz (AVy,)
Tr-€T

—(0), <)
95, () + 75, (52 + 1, + 75, }
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(A.19a)
(A.19D)
(A.19¢)
(A.19d)

(A.19e)

(A.19f)

(A.20a)



BX,R) = > {ok Vi, + 08 Vn, + KMy, }
N;eN

+y { 22 4+ ANV 4 205 Yo, 4 iy Moy, 4+~ @TT} (A.20b)
T.eT

A.3.3.8 The Lagrangian

H(X,R) + Tr[BXR)XXT + 32 o1 =g, H{Ag, = By, (L+ Po, ) =Y.}
The Lagrange Dual Problem is
maxyzoxzo{miny o (H (X, R) + Tr[B(X, R)XXT] + 35, (1 —rg ){Ag, — By, (1+ Pp,, ) -

Vou 1)}
This gives rise to the Dual OPF

A.3.3.9 Optimization 4(Dual OPF)

max H(X,R) (A.21a)
X>0,R>0
Subject to :
B(X,R) =0 (A.21D)
rhorh vl
5, T4, | =V €T (A.21c)
hoTh T
1 7!
( 1 Z“W) = 0Vg, € G (A.21d)
9an;, 9an;,
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A.3.4 Bridging the Duality Gap
A.3.4.1 Duality Gap (Slater’s Constraint Qualification)

e Existence of finite optimum of Reformulated Primal OPF (Optimization 1) guarantees

finite optimum of Dual OPF (Optimization 4).

e Non-empty interior of the feasible region of Optimization 4.

The above conditions are necessary to establish a zero duality gap between the primal and

the dual OPF problems.

A.4 SDP-SCOPF Semidefinite Programming Security Constrained
OPF

A.4.1 Classical Primal AC SCOPF Formulation (Without Generation Reserves)

In this formulation of the AC-SCOPF, the generation reserve capacities are not rep-
resented explicitly, but the formulation takes into account decision variables, Agf), Ag), &S),
and ﬁg) corresponding to each contingency scenario, ¢ for real and reactive power genera-
tion, respectively, such that the change in real and reactive power output from the base case
operation to the scenario, ¢ is limited by a fraction (called the participation factor) of Agﬁ),
Ag), égf), and 1((5) Implicitly, Agf), AS), égﬁ), and 5((5) represent the changes in real and
reactive power losses in case of a change of network topology due to line contingency and a

loss of generation, for generator contingency. The role of Ag), AS), Ag), and Ag) is also

to make sure that the generating units that are operating close to their upper limits need
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to ramp up less, that the others, as well as those with lower values of ramp-rate limits also

have to change their productions less than those that have higher values of ramp-rate limits.

A.4.1.1 Classical AC SCOPF Formulation: The Primal Problem (Base-Case

Constraints)

Objective Function : min o
VPyQ ,A(”,A<°>,AP<6>,AQ<6>,A<@,AS>

>~ (CoulPD) = g, (BL0) + 8, P + 7, )

9q€G
3 (091AY + A9))

cel
Subject to: P, < Pg(f) < ng, Vg, € G
Q, <Q <Q, V5, €G

D Fin ~Pou = > D RO Vi) Turl )

9gEN; N;€J(N;) Tr€N; Ny
0

Do Qo = D 3 IV - Vi)l )

94€N; ' N-€J(N;) TrEN; N; N

N SV <V, YN €N

S0 < S VT eT
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(A.22D)
(A.22¢)

(A.22d)
(A.22¢)

(A.22f)
(A.22g)

(A.22h)



A.4.1.2 Classical AC SCOPF Formulation: The Primal Problem (Base-Case
Constraints)

PO <Py VT, €T (A.23a)

— 2
(9D < @), VT, eT (A.23D)
|Vz\(/?) ~ Vi ’ AVTT VI, eT (A.23c)

A.4.1.3 Classical AC SCOPF Formulation: The Primal Problem (Contingency

Scenarios)
P, <(PY+AP) <P, Vee Vg, €G (A.24a)
Q, < QW +AQY) <Q, , Vee L vgq €G (A.24b)
(P + APY) = Pp,, = > Y Re{Vy )Hy;ifm} (A.24¢)

N;€J(N;) TreN; Ny

QW +AQW) = Qo = > > Im{VF WV —vi)hy? ) (A.24d)

TTN N
N;eJ(N;) TreN; Ny

Vy, < V7] <V, ¥N; €N (A.24e)
S| < 85, VT, e T (A.24f)
IPOI< Py VT eT (A.24g)

19)° < @) v et (A.24h)

Vi) =V <AV, VT T (A.24i)
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A.4.1.4 Classical AC SCOPF Formulation: The Primal Problem (Ramping
Constraints)

_5((:)555) < Apéqc) < 5&)&9 (A.25a)
_5(0)58) < AQS? < 552)&((5) (A.25b)
~Rpy, < AP < Rp,, (A.25¢)
~TRo,, < AQS;) < Ry, (A.25d)
ég) >0 (A.25e)

é(QC) >0 (A.25f)

A.4.2 Classical Primal AC SCOPF Formulation (With Generation Reserves)

In this case, the maximum amounts of generation reserves for real and reactive pow-
ers committed by a generator g,, which we indicate as AS?;;” and ASZ;;;‘ are the decision
variables, and the change in generation, which is equal to the participation factor of each
generator, multiplied by the shortfall (or excess) in generation (indicated as (552)&55) and

5552)&8), as before) are limited by the respective decision variables corresponding to reserves

commitment. The rest of the formulation is the same as before.
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A.4.2.1 Classical AC SCOPF Formulation: The Primal Problem (Base-Case

Constraints)
Objective Function . o Asmaz Asges Z (ng ) = ozgq(P ) + ﬁng(S) + ’ng)
CeEe TR gleq
(AS) max (AS) max
T Z <CP9 AS . T Cng ASng ) (A.26a)
94€G
Subject to : P, < P\V + ASpe* < P,,, Vg, € G (A.26b)
Q, <Q +ASg <Q,,, Vg, €G (A.26¢)
0) (1-(0 0 0)H

SSRY P, = 3 Y RV - VT (A.26d)

9q€N; N;€J(N;) TreN; N; v
S Q0 —Qo, = Y Qv - v (A.26¢)

94EN; ' Ns€J(N;) TrEN; N7 N
N <V S Vi, YN €N (A.26f)
1S9 <8y VT e T (A.26g)

(A.26h)

A.4.2.2 Classical AC SCOPF Formulation: The Primal Problem (Base-Case
Constraints)

PYI< Py VT, T (A.27a)

_ 2
(N < (1) VT e T (A.27)
Vi = Vil < AV, VT, €T (A.27¢)
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A.4.2.3 Classical AC SCOPF Formulation: The Primal Problem (Contingency

Scenarios)

P, < (PO +89AY) <P, Vee LVg, €G

Q < (QY+59AY)<Q,, Yee LVg, €G

—9q

c) A (c c c c c)H
(P +00A) = Po, = Y D Re{VQ (V) = Vi)l )

N;€J(N;) TreN; Ny

@) +39AG) ~@Qn,, = Do > Im{V Vi) )

N;EJ(N'L) ,Trej\[i]\[lT

Vy, <[V <V, YN; €N
591 <5Y v eT
PO <P VT, eT

() < (15 v, e T

v - VJ§?| <AV, VT ET

(A.28a)
(A.28D)

(A.28¢)
(A.28d)

(A.28¢)
(A.28f)
(A.28g)
(A.28h)

(A.28i)

A.4.2.4 Classical AC SCOPF Formulation: The Primal Problem (Ramping

Constraints)

SOAY) < ASpa
SOAY < ASpa

Z ASEaT >

9q€G

Z Asmaa:

9q€G
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(A.29¢)

(A.29d)



—Epgq < 5(C)Ag§) < }_%qu (A296)

(A.20f)

Theabove formulations can be extended to multiple time interval post-contingency restora-
tion models, which can then be solved using SDP relaxation, combining it with a tree de-

composition and ADMM and APP decompositions, as before.
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Appendix B

Future Work: Unit Commitment and Combined Cycle
Power Plant Scheduling

B.0.1 Introduction and Problem Description

The Unit Commitment and Economic Dispatch problems deal with the optimal allo-
cation of load demands to the different generators in the system so that the cost of generating
power is minimized, while satisfying different system costraints like maximum and minimum
generating limits, minimum up and down times, ramping constraints, transmission limits

etc. As the name implies, the entire problem consisits of two parts, namely:

1) The Unit Commitment Problem, which which solves the problem of deciding

which generators to switch on and which all to keep off during any particular time, and

2) The Economic Dispatch or Optimal Power Flow Problem, which decides
how much power to generate from the units that are switched on (Economic Dispatch, when
the transmission line limits are not considered and Optimal Power Flow otherwise). Although
the second problem is continuous (although not convex in it’s actual form. Nevertheless it can
be convexified with minor loss of accuracy), the first part consists of binary integer variables

representing switching states and hence is a non-convex integer optimization problem. In
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this future work, we will be looking at an approximate model for implementing the same in

a Mized Integer Linear Programming (MILP) framework.

B.1 Problem Formulation
B.1.1 Assumptions of the Model

In order to simplify the mathematical modeling and also to expedite the computa-

tions, the following assumptions are made:

e The cost curve for all the dispatchable generators are linear and increasing. This means
that the incremental cost is a constant (which is the product of average heat rate and
fuel cost for the particular generating unit) with or without a non-zero positive no load
or minimum power output cost. In a later version we might be including a piecewise

linear increasing or convex polynomial cost function as well.

e Instead of representing the actual transmission lines, we represent a reduced set of
constraints, whereby, we only represent the most significant transmission constraints

(four for ERCOT in the current version, but can be changed and specified by the user).

e Instead of having to represent the actual values of line reactances in the formulation
(and consequently take care of presence of transformers), we have made use of gener-

ation shift factor matrix that simplifies calculation.
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e In the present model, we haven’t taken into account the contribution of load demands

to congest or relieve the line loading.

e [t is assumed that the solar and wind power plants have a predecided hourly gener-
ation profile that has already been provided as part of the input data and hence the
switching state of those units as well as their power generation are not included in the

decision variable vector of the problem.

e Also, the base load units’ (coal, nuclear etc) power outputs are constant throughout
the entire dispatch horizon and are predecided as well. These are the must-run units
and hence their switching state as well as power outputs are not parts of the decision

variables.

With all the above assumptions we will now look at the different sets, indices, el-
ements, describe the variables and parameters of the problem, describe and explain the
different symbols, and write down the mathematical model. The formulation presented here
is a somewhat modified version of the ones presented in [216] and [389] by Jiang, Zhang et al.
However, the authors of the above two papers didn’t include ramp-rate constraints. A good
reference for how to include ramp-rate constraints is by Frangioni, Gentile, and Lacalandra
in [156]. For a detailed derivation and more in-depth study of the formulations, we refer the
readers to the above-mentioned references. In our formulation, we have taken into consid-

eration, the possibility that some units are already switched on/off and have stayed in that
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state for a time duration less than the minimum up/down times allowed respectively, before
the simulation starts. Also, our formulation of the ramping and transmission constraints are
slightly different than the references and more in tune with the requirements of the present

model.

B.1.2 Sets

: Here we will describe the different sets for the problem.

7 : Set of dispatch time intervals (in hours),
L : Set of Transmission Lines/Commercially significant constraints,
G : Set of Dispatchable Generators,
Gna = Set of Non-Dispatchable Generators (typically solar, wind, and/or base-load units),

Z . Set of load-zones

B.1.3 Indices

1 : Index of Disatchable Generators,

J : Index of Loads,
t : Index of Time (in hours),
[ : Index of Transmission lines,

q : Index of non-dispatchable Generators,

z : Index of load-zones
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B.1.4 Cardinality

G : Total number of Dispatchable Generators,
ND : Total number of non-dispatchable Generators,
NZ : Total number of load zones,
D : Total number of Loads (Same as the number of hours the simulation is run for),
T : Total number of hours for which the simulation is run,

|£| : Total number of Transmission lines/CSCs

B.1.5 Variables and Parameters

Pg(f ). Power output in MW of i dispatchable generator at hour, ¢ (Decision Vari-

ables),

X i(t) . Switching state of i** dispatchable generator at hour, ¢ (Decision Variables; 0 for “OFF”
and 1 for“ON”),

Pg(s) : Predecided hourly generation in MW of ¢'* non-dispatchable generator (Solar, Wind,

or Base-Load unit) at hour, ¢,

ugt) : Variable for switching on transition for the i dispatchable generator at hour, ¢; If

XY _ 0 and Xi(t) =1, then ugt) = 1, otherwise 0 (Decision Variables),

2

dgt) : Variable for switching off transition for the i** dispatchable generator at hour, t; If
XY =1 and Xi(t) =0, then dl(-t) = 1, otherwise 0 (Decision Variables),

7

SU;, SD; : Start-Up and Shut-Down costs respectively (in $) for the i** dispatchable gener-
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ator,

UT;, DT; : Minimum Up and Minimum Down times respectively (in hours) for the it dis-
patchable generator,

U;, D; : Time for which a previously switched on Generator was on and time for which
a previously switched off Generator was off respectively (in hours) for the i** dispatchable
generator before the start of the simulation,

Rrer Ry Maximum Ramp-up and maximum Ramp-down limits (MW /hour) of the '
dispatchable generator,

D" : Total load demand in MW at hour ¢ in zone Z,

SF,

! s Shift Factor from the index™ element to the [** transmission line/constraint,
P P;:“” : Maximum and minimum power generation limits (MW) of the " dispatchable
generator,

L; : Transmission limit (in MW) of the [ transmission line/CSC,

¢i1, Cio : Linear Cost Coeffcicient (product of average heat-rate and fuel cost) and no-

load /minimum output cost for the i** dispatchable generator

B.1.6 Optimization Model for the Problem

With the above mentioned sets, indices, cardinalities, variables, and parameters, we
can now write down the Unit Commitment and Economic Dispatch/Optimal Power Flow

Problem as the following Mized Integer Linear Programming Problem (MILP):

chﬂp + X + 0P sU; + dP S D) (B.1a)

min
PP erXxMef01} {7
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Subject to :

Max/Min Generation Limits — XZ»(t)P;?m < Pg(f) < Xi(t)P;?a‘”,Vt er,vie§ (B.lb)

G ND NZ
Supply — Demand Balance — Z Pg(f) + Z P;:) = Z DY vt e (B.1c)
=1 q=1 z=1

Min Up —time — — X"V 4+ x¥ _x® <owvtervieg1<k—(t—1) <UT,
If X9 =1and UT, — U; > 0,
—xO o xW_xW < _3vieg1<k<UT, U (B.1d)
Min Down — time — X!'™ = XY 4+ x® <1 vterVvieg1<k—(t—1) < DT,

7

If X = 0and DT, — D; > 0,

X0+ xM 4 x®<ovieg1<k<DT,—D, (B.1e)

Start — Up — — X"V 4+ xO — 4P <o, vterVieg (B.1f)

Shut — Down — X'V — x¥ —q" <o, vter Vieg (B.1g)

Ramp Limits — X"V Rm" < PO — pl=h) < XV Rmae vt ¢ 7. € § (B.1h)

G ND NZ
Flow Limits — —L; <Y SF/PY + > SFIPY - "SFIDY < L, Vte 7Vl € L
=1 q=1 z=1

(B.1i)

The above set of equations is very self-explanatory as the names suggest. As it can be ob-

served, the double sigma notation in the objective function corresponds to summation of

costs across all the generators and all the hours in the entire dispatch simulation horizon.

We haven’t showed the production cost for the predecided output generators, which will just

be a constant and same as the first two terms in the objective (which respectively represent

the running cost for producing power and the no-load cost and hence is multiplied by the

switching state). The third and fourth terms in the objective represents the start-up and
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shut-down costs for the dispatchable generators.

The next set of constraints represents the maximum and minimum generating ranges
for the generators. As can be seen from the equations, the limits are multiplied by the
switching variable so that when it is 0, representing an “OFF” state, the power generation

value is forced to be 0 as well.

In the supply-demand balance constraint, both the dispatchable generators’ outputs
as well as the non-dispatchable MW values are taken into account at the left side and equated

to hourly demand values at the right side.

Let us now describe the next two set of constraints corresponding to the minimum up
and down-times respectively. In the case when the generator is previously switched on and
has run for a time duration less than the minimum up-time, then from the equations, the
first term X i(o) will be equal to 1 and hence, X i(l) and XF has to be equal to 1 for the remain-
ing duration of minimum up-time in order for the inequality to hold, thereby guaranteeing
the minimum up-time on condition of the units. A similar explanation can be given for the
other equations as well. As mentioned in the assumptions, since we are not considering the

impact of the load demand on the line loading, we have excluded the term representing that

in the last equation.

We will now give a brief description of the final form of the equations that has been
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modified slightly from the previous ones, which is suitable for the purposes of writing a code,

that calles an MILP solver (for instance, the GLPK solver) to solve it. In the description

that follows, the coefficients and/or right hand sides whose values need to be told to the

solver are written in bold-face (The other ones being the decision variables).

B.1.7

B.1.8

B.1.9

Constraints and coefficients corresponding to supply-demand balance

NZ ND
t t
LPY +1.PY + ..+ 1P =>"DP ) PV vier (B.2a)
z=1 q=1

Constraints and coefficients corresponding to power generation lower
bounds

1.2+ X (P2 > 0.Vt € Vi€ G (B.3)

Constraints and coefficients corresponding to power generation upper
bounds

1RO + X (—Pm) <0Vt eT,Vie§ (B.4a)
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B.1.10 Constraints and coefficients corresponding to power generation Ramp

up limit
12D+ XV (-RE=) < POt =1,¥i€ G (B.5a)
t t—1 (t) max .

B.1.11 Constraints and coefficients corresponding to power generation Ramp
down limit

1P > PO+ X{"Rp™,t = 1,Vi € § (B.6a)

t t—1 (t-1) min .
1LPO + (=1).P" Y + X"V (-RP™) > 0,Vt € 7,Vi € § (B.6b)

B.1.12 Constraints and coefficients corresponding to power generator Start-Up

L+~ <XV t=1Vieg (B.Ta)

)XY 11.xP 4 (1) <o vterVies (B.7b)

B.1.13 Constraints and coefficients corresponding to power generator Shut-
Down

(1) XY 4+ (-1).dV < X9 t=1Vieg (B.8a)

i

1XIY 4 (). XD+ (—1).dY <ovterVies (B.8b)
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B.1.14 Constraints and coefficients corresponding to power generator Minimum
Up-time

)XY+ (1) xP < X9 -3 1=1VieG1<k<UT,-Uif UT, - U; >0, X" =1
(B.9a)

)XY 11X+ (—1).Xx® <o vterVie§1<k—(t—1) <UT, otherwise
(B.9b)

B.1.15 Constraints and coefficients corresponding to power generator Minimum
Down-time

1.XV +1.x%P < X9 t=1,Vie§1<k<DIT,—D,if DT, —D; >0, X" =0
(B.10a)

1.Xi(t_1) + (—1).Xi(t) + 1.Xi(k) <1,vter,Vie§,1<k—(t—1) <UT,, otherwise
(B.10b)

B.1.16 Constraints and coefficients corresponding to Forward Transmission Lim-
its

ND NZ
SFy P + SFyPY + ..+ SFLPY <Li— > SFiPY + Y "SF.DM vterVie L
q=1 z=1

(B.11a)
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B.1.17 Constraints and coefficients corresponding to Reverse Transmission Lim-
its

ND NZ
SFL Py + SFyPY + .+ SFGPY > L — ) SFiPY + Y "SF,DM Vi e r Vi€ L
q=1 z=1

(B.12a)

B.2 Description of the Software

In this section we will give a broad overview of the way the software for the above
optimization model would work and the underlying ideas and philosophy we would like to
adopt while writing the program. The structure of the program is as follows. The program
execution starts at the main method, whereby an object of the “Nettran” class is initialized.
Nettran class further has, as its data members, objects of the “Powergenerator” class (whose
objects represent the dispatchable generators) and “preDecGen” class (which inherits from
the Powergenerator class and whose objects represent predecided output generators), ob-
jects of “Tranline” class representing the transmission elements. The class diagram for the

program is as shown below.
The figure B.2 shows the creation of the different objects of the different classes.

The figure B.3 shows the overall execution of a software, that can be written for this appli-

cation.
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Figure B.1: The Class Hierarchy of the Program
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Figure B.2: Unit Commoitment MILP: Objects
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Nettran
nettranlnstance

int simTime, Constructor: Nettran( int simTime,
int genNum, o o > int genNum, int lineNum, int
int lineNum,——] . : curveChoice )

e int main( ) !
curveChoice !

void setNetwork( int curveChoice )

void MILPAvgHR()

Figure B.3: Unit Commitment MILP: Software
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The Nettran class object represent the physical network and has two main function-
alities, namely, instantiation of the data members, which include the objects of the other
three classes and running the GLPK MILP algorithm. The first function is achieved with
the constructor method, which in its turn calls the “setNetwork()”, “setLoadVal()”, “set-
ShiftVal()”, “setGenVal()”, “setTranVal()” methods, which respectively set the simulation
mode (type of the objective function; average heat rate, piecewise linear, polynomial etc.),
populates the vector of hourly load demand values, populates the matrix of generator shift
factor values (rows representing the generator serial numbers and columns representing the
transmission lines), creates the generator objects (both dispatchable and predecided hourly
generators) and stores them in a vector (since the predecided output generators belong to
the subclass of that of the dispatchable generators, both types of objects can be stored in
the same vector. Storing on the same vector, both these types of objects makes it easier to
refer to the associated shift factors), creates the transmission line/CSC objects and stores
them in a vector. Depending on what type of objective function has been chosen, the sec-
ond functionality is implemented with either the “MILPAvgHR()” (for average heat rate),

7

“MILPPiecewiselin()” (for piecewise linear objective), or “MILPPolynomial()” (for polyno-
mial objective). Currently, only the one for the average heat rate has been implemented.
Within the “MILPAvgHR()” method, before calling the Simplex and MIP GLPK solvers to
solve the problem instance, the objective coefficients (also called the columns) along with the
type and range of decision variables (continuous, discrete, integer, binary etc.) are specified.
Also, the non-zero entires of the left had side of the constraint coefficient matrix has been

specified corresponding to each group of constraints listed previously along with the relevant

row number (which represents the serial number of the constraint equation/inequality) and
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the column number (which represents the serial position of the particular decision variable
in the decision vector; here, we have put all the P,s of the different hours, in the increasing
order of hours, and in increasing order of generators’ serial numbers within a particular hour,

as the first group of variables, followed by X;s, u;s, and d;s in an exactly similar way).

B.3 Combined Cycle Dispatch Allocation Model

B.3.1 Introduction and Problem Description

In this future work the aim is to develop an optimization model that will help us in
deciding which particular configuration of a Combined Cycle power plant to switch on to
(ie a specific combination of a set of particular combustion turbines and steam turbines),
how much MW to sell in the energy market and capacity to reserve, or, whether to switch
off the plant, given a temporal variation of the Locational Marginal Price (LMP) and the
Market Clearing Price for Capacity (MCPC)/ Ancillary Services Price for the particular
node to which the plant in connected. The other constraints are highlighted in the material

that follows. This problem is just a variant of the unit commitment problem, that we just

described.

B.4 Problem Formulation
B.4.1 Sets

: Here we will describe the different sets for the problem.

7 : Set of dispatch time intervals (in hours),

@ : Set of Configurations
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B.4.2 Indices

7 : Index of configurations,

t : Index of Time (in hours)

B.4.3 Cardinality

N : Total number of configurations,

T : Total number of hours for which the simulation is run

B.4.4 Variables and Parameters

Pg(f ). Power output in MW of i*" configuration at hour, ¢ (Decision Variables),
Xi(t) : Switching state of i" configuration at hour, ¢ (Decision Variables; 0 for“OFF” and 1
for“ON"),
C’Z@ : Reserved capacity for Ancillary Services in MW of i configuration at hour, ¢ (Deci-
sion Variables),
ug) : Variable for switching on transition from the j** configuration to the i* configuration
at hour, t; If X j(tfl) =1 and Xi(t) =1, then ul(;) = 1, otherwise 0 (Decision Variables),
SU;; : Transition cost (in $) for transition from the 5™ configuration to the i configuration,
UT, DT : Minimum Up and Minimum Down times respectively (in hours) for the Combined

Cycle plant
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U, D : Time for which the previously switched on plant was on and time for which the pre-
viously switched off plant was off respectively (in hours) before the start of the simulation,
Ry, R;’Zi” : Maximum Ramp-up and maximum Ramp-down limits (MW /hour) of the it
configuration,

prox prin: Maximum and minimum power generation limits (MW) of the i configura-
tion,

Ci3,Ci2,Ci1, Cip - Cubic Cost Coefficient, Quadratic Cost Coefficient, Linear Cost Coeffcicient
(product of average heat-rate and fuel cost), and no-load/minimum output cost for the it
configuration,

p(t) : Probability that the reserved capacity for the i configuration will be deployed in the
energy market at ¢ hour,

F(t,i) : Hourly fuel cost for the i configuration (Adjusted by the configuration specific fuel
adder),

A,B,C,D,VOM : Cubic, Quadratic, Linear, Minimum/No load cost coefficients and Vari-
able O & M costs respectively of the configurations,

ASPercent : Maximum limit on the reserve capacity for a particular configuration expressed
as a percentage of the maximum generating limit of that configuration,

LMPY

node

MCPC® : Ancillary Service price at hour, ¢

. Locational Marginal Price of the node™ node at hour t,

Here, Ciz = AF(t,’L), Ciog = BF(t, Z), Ci1 = CF(t, Z) + VOM, Cio = DF(t,Z)

295



B.4.5 Optimization Model for the Problem

With the above mentioned sets, indices, cardinalities, variables, and parameters, we
can now write down the Combined Cycle dispatch configuration allocation Problem as the

following Mixed Integer Linear Programming Problem (MILP):

max Z{LM | (f) +pCl-(t)] + Mcpc® [C’Z.(t)}

PeRry xMVefo11uef0,1} 4= i

—(plelPY + CUP + cn[PO + COP + cu [P + CP] + cio XV}

+(1 — p){Cz':’,[Pg(f)]S + Cio [P(?)]Q + Cng(f) + CioXi(t)}

+ Y u)suy)} (B.13a)
jee/{i}
Subject to :
Max/Min Generation Limits — Xi(t)Pg’Z”” < Pg(f) + Ci(t) < XZ.(t)P;:L”,Vt er,viel

(B.13b)

N
Exclusion Constraint — Z XZ-(t) <l Vter (B.13c)

i=1

PlantMmUp—tzme%Z x* 1)—|—X() X}’“))gO,VteT,lgk—(t—l)gUT

=1

N
If Y X" =1and UT - U >0,

i=1
N
S(-x" - xV-xP)y<-3vi<k<UT-U (B.13d)
i=1
Plant Min Down — time — Z X(t) +X( )) <LVter,1<k—(t—1)<DT
=1

N
If Y X =0and DT - D >0,

=1
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N
SO+ xV+xP)y<ovi<k<Dr-o (B.13e)
i=1

Con figuration Switching — 1 — X;t_l) - Xi(t) + 2ugf) >0,VteT,Vi,j e CU{0} (B.13f)

Ramp Limits — X"V Rmn < pO 1 ¢ — pt=1 < XVRmew wi ¢ 1 Vie € (B.13g)

From the above model, the objective is the profit maximization, and hence the first couple
terms represent the expected revenue from sale of energy and ancillary services commodi-
ties, the next couple terms represent the expectedoperating cost to operate the plant in a
particular configuration, and the last term represents the cost incurred due to configuration

switching.

The first set of constraints are for enforching the condition that the generation and
capacity reserved for any configuration cannot exceed the bounds allowed if that particular
configuration in run. Otherwise, it’s zero. The second set of constraints state that at a
time, only one configuration can be operated. The next two sets of constraints are for the
minimum up and down times. Finally, the last two sets of constraints tell us about when it
is profitable to switch to what configuration depending upon both the operating costs and
the transition costs and the ramping limits within a configuration. The reserve term in the
future time here implies that even in the worst possible case when the plant is called to
deploy all its reserves in the energy market, it can still ramp up or down safely. We will now

slightly reformulate the problem to convert it into a piecewise linear program.

In order to carry out the piecewise linear equivalent formulation of the problem, we

will do the following substitutions:
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(P+O) Zyzm,0<y(” v v m=12 . rVieCVier

(m+1) im
r41
Pl-(t) 1(2,0 < zl(m < Z((7)n+1) - Zi(g, m=12..,rVieCVter
m=1
and
r+1 r+1
ASPercent. Prr >y "yt N "2 S0 VieCVter
m=1 m=1
where Zl((z oy = B

t mzn
Zi(l) =P

7

(t)
}/i(r-ﬁ—l)

Y;(lt) _ Pimm Then,

J— max
~ P,

APY + 91 4+ BIPY + V2 4 PP + ¢ = S0 Sinyl?,

7 m=1
- Di(m+1)—Dim
wm Y(m+1)7§/im

APV + BIPP? + BIPY2 + C[PY) = S0 izl

m=1 " 1M~im

F‘ — Ei(m+1)7Eim
vm Z’L(m—‘—l)*sz

(B.14)

(B.15)

(B.16)

Z,Y s are the break points for energy and energy-+treserves, S, F' s are the slopes of the

linearized segments of the respective cost functions (without the no load cost), and D, K

are the y-axis intercepts of the quadratic cost curves corresponding to the break-points. Let

us now look at the reformulation of the objective function first in terms of the new piecewise

linear variables and then the other constraints in terms of the same set of variables. It will

eventually lead us to the way the problem is posed to an MILP solver (for instance, the

GLPK solver) in terms of the coefficients.
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Z Z{LMP“’ [P + pC) + MCPCO[C)]

node
=1 =1
—(p{es[PO + COP + colPO + CO1 4 ca[PO + CO] + o XV}

+(1 — p){Clg[Pg(Zt)]g + CZQ[P(t)]Q + Czlpg(f) + C,L'()Xi(t)}

+ Y u)suy)y

jee/{i}

T N
=N N A{LMPY, P[P + ) + LMPY, (1 - p)[PY) + MCPCY[C]
t=1 =1

~(p{ealP; C“)] + e[ P + O 4 ea[PO + CO)}

+(1 = D{eslPP + col BT + ca PD} + coo X[

+ Y u)suy)}
jee/{i}
N r+1 r+1
=3 N {@EMPY, —VOMP> "yl + (LMPY, — VOM)(1 —p)[>_ =)

t=1 =1 m=1 m=1

r+1 r—+1
+MCPCOY gyl = > 2]
m=1 m=1
r+1 r+1
PP Simin] = (1= D)F(0)[Y_ Fimzip] — e X"
- 3 wsuy)
jec/{i}

T N
=333 (LMPL),, — VOM)p + MCPC® — pF(t,1)Sim )y,

T N
222 2 (LMPg, = VOM)(1 = p) = MCPCY) — (1 = p)F(t, {)Fim)2y,
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T N
Y X =-3"3 N suul) (B.17a)

(B.17b)

The boldface coefficients above are the ones that are needed by the MILP solver while stating

the objective coefficients or the columns.

B.4.6 Constraints and coefficients corresponding to Exclusion Condition

1XP +1xP+ r1xP<ivier (B.18a)

B.4.7 Constraints and coefficients corresponding to power generation lower
bounds

r+1
1. Z g+ X (~P™) > 0,Vt € 7,Vi € C (B.19a)

B.4.8 Constraints and coefficients corresponding to power generation upper
bounds

r+1

1LYyl + XV (P <o VierViee (B.20a)
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B.4.9 Constraints and coefficients corresponding to Configuration Ramp up

limit
r+1
1LYy + XV(-Rm) < POt =1 Viee (B.21a)
m=1
r+1 r+1
1LYyl 4+ (1)) A xO(-RM) <oVt eT,Vie @ (B.21b)
m=1 m=1

B.4.10 Constraints and coefficients corresponding to Configuration Ramp down

limit
r+1
1Yy > PO XORP t = 1,Vie € (B.22a)
m=1
r+1 r+1
LY 04 (-1, Y25 4 XV (R >0 v e Vi€ @ (B.22b)
m=1 m=1

B.4.11 Constraints and coefficients corresponding to Configuration Switching
from ;" to "

12XV 248 > -1+ XVt =1,i,j € €U{0} (B.23a)

—1XY 1 xP r2al) > 1 vt e v, e U {0} (B.23b)
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B.4.12 Constraints and coefficients corresponding to Plant Minimum Up-time

N N
1)) X+ (-1).Y X <XO -3t =11<k<UT-UifUT-U>0,X" =1
=1 =1

(B.24a)

N N
(-1). ZXi(t_l) + 1. ZXi(t) +(-1). ZXZ-UC) <0,vter,1<k—(t—1)<UT, otherwise
i=1 i=1 i=1

(B.24b)

B.4.13 Constraints and coefficients corresponding to Plant Minimum Down-
time

N N
1Y XV 413 XV < - XO t=1,1<k<DT-Dif DT -D>0,X" =0
=1 =1
(B.25a)
N N N
1LY XV ()Y X 1Y XV <1 vter1 <k—(t—1) <UT, otherwise
=1 =1 i=1

(B.25b)

B.4.14 Constraints and coefficients corresponding to Ancillary Services upper
limit

r+1 r+1
1. Z i 4+ (—1). Z 20 < ASPercent. P3**,Vt € 7,Vi € C (B.26a)
m=1 m=1
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B.4.15 Constraints and coefficients corresponding to Ancillary Services lower
limit

r+1 r4+1
1LY (-1 Y 2 sovternviee (B.27a)
m=1 m=1

B.5 Description of the Software

A program, written to implement the above model, will begin its execution at the
main method. In the main method, an object of the “Plant” class is instantiated, which
in trun instantiates several objects of the “Configuration” class dependent on the number
of configurations to be considered. The object of the Plant class has the “MILPPiece-
WiseDisp()” function, which calls the GLPK Solver and solves the optimization problem.
The piecewise linear approximation calculation is carried out within the member function

“setConfiguration()” of the Plant class. The processcan be pictorially shown in figures B.5

and B.4.
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glp_prob glp_simplex( milp )/

milp glp_interior( milp )
Plant /
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Constructor: Plant( int simTime, /
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¥

‘ \ void setPlant( void ) /

,
onfiguration

ion Configuration i
configObjec configObject # 2 c e Cz‘;igﬁ(;kl’:; #
t#1

Figure B.4: Combined Cycle Configuration: Object Creation

304



Plant
plantInstance

int si.mtTime, Constructor: Plant( int simTime,
in . . .
—— — == - int configNum, int breakpoint )
configNum, ———| . .
o int main( ) !
breakpoint 1

void setPlant( void )

void MILPPiecewiseDisp( )

Figure B.5: Combined Cycle Configuration: Execution
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Appendix C

Future Work: Advanced Mathematics for Grid
Operation Enhancing Demand Response and
Renewables

C.1 Market Sector, Background, Objectives, and Goals

The traditional view of the electrical power system, of controllable generation and
probabilistic, but inflexible demand is changing due to inclusion of intermittent and proba-
bilistic renewable generation and price-responsive smart loads and new energy resources such
as plug-in electric vehicles, battery packs, consumer end solar PV etc. [202, 255, 155, 329,
333, 192, 222, 6]. This means, that the generation and demand now share a lot of common
features. Closely aligned to this is the problem of contingency modeling enhancements and
need for developing a preventive-corrective dispatch scheme as emphasized by the CAISO
in their straw proposals. [203, 204, 210, 206, 208, 212, 209, 205, 207, 211]. These are multi-
dispatch interval OPF problems, for which the ISOs (especially CAISO) doesn’t currently
have a scheme, which represents not only the post-contingency restoration, while abiding
by the thermal line limits, but also generates appropriate pricing signals to incentivize the
different agents mentioned above to provide energy and reserves. In this future work, we
will explicitly solve the multi-stage dispatch problem, taking into account the “dynamic line
rating”, and producing the market mechanisms for implementing demand response (DR),

enhancing participation of renewable and smart loads etc (Solving this new SCOPF will au-
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tomatically generate prices, which reflect need for reserves or additional resources to ensure

system reliability). The main goals of this work will be as follows:

e To maximize the penetration of renewables into the grid, like solar, wind, hydro etc.

e To make use of flexible demands like EVs/PHEVs, battery charging, DRs, and load
acting as reserves to attain system restoration and reliability, in case of unforeseen

events as outages. [47, 309, 178, 300, 54].

e To explore the possibilities of incentivizing the consumers to participate directly in the

wholesale market layer through pricing schemes.

C.2 Technical Approach

In order to address each of the above-mentioned objectives, we will formulate the
problem, in several stages, as mathematical optimization problems over multiple dispatch
intervals, building in look-ahead capabilites. We will make use of the model predictive con-
trol paradigm, [379, 272, 370, 29, 307] since we want to build resiliency against suspected
conditions in our formulation. Since the demand variation and renewables availability for
the future are inherently probabilistic, we will adpot a dynamic programming approach to
solve our optimization problem. Such problems become computationally expensive to solve.
Hence we will make use of several model reductions and specifically of the sensitivity analysis
tools [17, 50] and also the recent advances in distributed computations for power problems

(233, 301, 71, 49] to solve our problem fast. Given below is a broad brush of the how the
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problem formulation is going to look like:

T

V(SA(t)’ P(tfl)J(tfl)) — (I)nax( : Z[NU(P(t)’SZt)> + Z p(S(tH)|SA(t))V(S(tH), P(t)ﬂr(t))]
Pt eF n(t
’ t=0 St+1) g

(C.1)
where, V(.,.,.) = Value function associated with the state transitions, p(.|.) = Transition
probabilities, 8§ = State space of the system, NU(.) = Net utility function (Utility-Cost), 7(*)
= Vector of nodal prices for power at time slot ¢, S*Y = Future state at time ¢ + 1, S =
Realization of current state, § = Feasible set of power injections and other state variables,
which obeys the constraints imposed by the Look-Ahead SCOPF problem, P® = Vector of
power generation and consumption, which is composed of sub-vectors of conventional gener-

ation, wind, solar PV, solar concentrated, other renewables, conventional load, rechargeable

batteries, PEVs/PHEVs, residential solar etc.

Observe, that (C.1) encapsulates the pricing incentives for motivating the loads to act
as reserves and/or participate in the energy market by actively supplying power to the grid,
in response to the pricing signals through the value function and an appropriate design of
the utility function, based on which, the above model can even enhance the participation of
smart /price responsive loads as well as renewable penetration. Figure C.1 shows a schematic
of the layers of the market, where we would also like to explore the possible underpinnings

with and without the presence of the aggregator (and hence, it’s dashed).
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