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Abstract

In this dissertation we provide a novel estimation framework designed and
structured on duality theory for estimation of some key parameters in electricity
markets. Specifically, the framework uses financial transmission right (FTR) auction
outcomes such as clearing prices and quantities to estimate implicit parameters of the
underlying optimization problem such as power transfer distribution factors (PTDF)
without the need to know the auction bid/offers. The application of the proposed
framework is not limited to electricity markets and can be used in any optimization
problem with similar characteristics. We show successful estimation of parameters by
simulating the proposed method on small systems and on a large power system
extracted from actual US eastern interconnection network model. We also provide
discussion on special estimation cases and proposed methods to address them, and

future works to improve the algorithm and applicability of the framework.

Xi



Chapter 1: Introduction

Transmission congestion is a recurring event that impacts power system and
market operation. Congestion prevents satisfying electrical energy demand in some
areas of the system from cheap generation units thus leading to high power prices
(locational marginal prices, abbreviated to LMP) at the affected areas.

To hedge against the congestion price risk, financial transmission rights (FTR)
are used that entitle the holder to a payoff which is based on the congestion component
difference of LMPs between an injection and a withdrawal location. One method to
acquire such contracts is to submit bids to buy them in FTR auctions hold by
independent system operators (ISO). ISO which has responsibility of reliable and
economical operation of power system uses an optimization framework to clear the bids
and offers submitted by auction participants. The auction optimization used by ISO tries
to ensure obtaining maximum value from submitted bids and offers while satisfying
system flow capacity requirements. To make the auction fair to the participants, ISO
publishes the physical network model (that is the base model to be modified and used in
auction optimization) before holding the auction which can be used by participants to
analyze and adjust their to-be-submitted bids/offers. Although 1SO uses an updated
network model which is set up based on the published base model, the network
structural and operational characteristics may be different with the base model such as
inclusion of additional planned/forced line outages and line reactance changes. This
impacts the values of some implicit structural-related variables such as power transfer
distribution factors (PTDF) which have major impact on auction clearance. A PTDF is

the sensitivity of active power flow in a reference direction on a line with respect to a



power change in injection and withdrawal locations. PTDF changes impact different
aspects of FTR applications such as use of FGRs (contracts similar to FTR) for hedging
and the FTR auction clearance. Therefore, having a method to track the PTDF
variations based on publicly available auction outcome is worthwhile.

A Dbrute-force method to estimate PTDFs is based on extensive stochastic
simulations of the FTR auction. In this case, the uncertain inputs such as bids/offer and
uncertain system parameters such as line flow limits and reactances are assumed to have
distributions and using stochastic draws of the unknown variables the FTR auction
optimization is solved to replicate the actual auction result. Extensive and
computationally heavy simulation and the need for some priori information are some
drawbacks of the brute-force simulation method.

In this dissertation we propose a different estimation method, designed based on
the duality theory, for estimation of the underlying parameters in FTR auction and
electricity market optimization problems. The objective of the method is to use actual
system output to infer the values of the parameters that characterizes the system. The
duality in basic definition describes the relationship between primal and dual problems
optimal objective values. The application of the proposed estimation method will be
shown in PTDF estimation in FTR auctions. This will be of interest to regulators and
auditors, market participants, investors, and retail customers as it helps obtain more
insights about the market which would lead to a more transparent and efficient market.
We would like to mention that the application of our proposed method is not limited to
FTR auctions and electricity markets and can be modified to be suitable for any

optimization problem with similar characteristics.



The dissertation is organized as follows: Chapter 2 provides a brief overview of
electricity markets and the optimization problem solved for clearing bids/offers in the
market. We also discuss the locational marginal pricing which has the goal of managing
the congestion using market based prices. In Chapter 3, basic attributes and
characteristics of financial transmission rights are discussed followed by a formulation
of FTR auction optimization problem. Chapter 4 discusses some reasons for estimating
PTDFs and the challenges that one may face in doing so. Chapter 5 introduces our
proposed estimation method and shows its application in estimating PTDFs in FTR
auctions and electricity markets. Simulation results for two small systems and a large
power system extracted from actual US eastern interconnection grid are provided in
Chapter 6 and Appendices. Chapter 7 provides discussions on some of the special
estimation cases and methods used to address them. Simultaneous estimation of
multiple parameters is also discussed in this chapter. Finally, Chapter 8 lists some

concluding remarks.



Chapter 2: Electricity Market Overview

In this chapter, we provide a brief overview of electricity markets, locational
marginal pricing, and a basic cooptimization model which is used in the market for
clearing the energy and ancillary services together.

2.1 A brief overview of electricity market

Electricity markets provide a framework for trade of several electricity related
commodities. The main product traded in the market is the electrical energy, that is,
delivery of a specified amount of MWh energy over a specified time period. Other
commodities traded include ancillary services such as Regulation, Spin, Non-Spin and
financial contracts such as transmission rights which are means to hedge locational
price risk due to congestion in transmission system.

Major market participants include generating companies who use their portfolio
of generation units to sell energy such as merchant generators or utilities, transmission
companies who own transmission network components, retailers who provide electricity
to consumers but do not own generation, and large consumers.

Day ahead (DA) and Real time (RT) are the two general decision time frames
for electricity markets. DA market is a forward market typically held the day before RT
operating day. These markets are interrelated since DA decisions can impact RT
decisions and financial outcomes. For example if a retailer purchased 5 MWh energy in
DA for 30$/MWh but used 7 MWh in RT at RT price of 40$/MWh, then will be
charged for 80 $ for 2 MWh that used in excess of its DA purchase. Finally,
transmission right auction provides another decision time frame interrelated with DA

market which is typically held a month or more in advance of the operating DA market.



The DA market is cleared hourly using a process that co-optimizes energy and
ancillary services. The process is a multi-hour mixed integer programming algorithm
that tries to maximize bid-based revenues minus offer-based costs (social welfare) over
the operating day, subject to security, ancillary services requirements, and other
constraints [1]. The RT market is typically cleared every 5 minutes using a security
constrained economic dispatch process (SCED) which tries to produce a least cost
dispatch of online resources while respecting transmission and generation constraints.

ISO is the independent system operator that coordinates transmission right
auction, DA, and RT markets together for the sake of reliable and economical operation
of power system and market. An ISO in general must ensure the balance between
supply and demand for every operating hour, must respond quickly to major disruptions
such as line or generation outages, and must ensure economical and efficient operation
of the market. There are several 1SOs throughout the US as shown in Figure 2-1. Each
ISO holds its own markets based on its regulations and typically market
implementations are different for each 1SO, however the general market concepts are

similar.
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Figure 2-1: North America ISO/RTO map [2]

2.2 Energy Locational Marginal Price (LMP)

Locational marginal pricing is a mechanism for using market based prices for
managing transmission congestion [3]. The LMP is the marginal cost of serving the next
increment of demand (1 unit) at a specific location taking into account the balance of
supply with demand and respecting physical limits of the transmission system. When
transmission congestion does not exist, the LMPs are the same throughout the system
since an energy demand in any location can be satisfied by increasing the output of
cheapest generation units. In this case, the offer price of the unit providing the next
increment of demand would be reported as the LMP throughout the system. When
congestion exists, it may not be possible to meet the demand in some locations by

generation from cheap units and thus the cost of serving the next increment of demand



depends on the location of the demand. In this case, LMPs can be different throughout
the system although buses with close LMPs can still be found.

Each LMP can be decomposed to three components of energy, congestion, and
loss. The energy component is considered as the marginal cost of producing energy at
slack bus which is the same for all system buses and changes with different choices of
slack bus. The congestion component of LMP is considered as the marginal cost of
transmission congestion when transferring energy from slack bus to the desired bus.
The loss component is considered as the marginal cost of losses when transferring
energy from slack bus to desired bus. Intuitively, LMP at a bus can be considered as the
cost of producing energy at slack bus and withdrawing it from the desired bus, while
this production of energy changes the system cost by the congestion component due to
its effects on transmission congestion, and by the loss component due to its effect on
system loss.

2.3 Basic market cooptimization problem
In a very basic form, the RT cooptimization of energy and ancillary services

under a DC OPF framework can be summarized as follows:

K
Z‘”}z a;E; + b;R; (2.2)

i=1
Subject to K E—YN.Di—loss=0 (A) (2.2)
Pimin S Ei + R < Pijpax (o) VieE{l.. K} (2.3)
Rimin <Ri S Rimax (91},910) Vie{l.. K} (2.4)
KiRiZO0R (9,) (2.9)

_RRdown,i < Ei - Ei,t—S = RRup,i (193i1'193i2) Vie {L--;K} (2-6)



where

_fj,max =< f] =< fj,max (Hj'ﬁj) Vj € {1"-'L} (2.7)

fy = ) GSF(pi = Dy). (2.8)

Note that in this optimization problem:

The system has N buses, K generators, and L transmission lines.

In (2.1), a; and E; denote marginal offer of generator i and its energy dispatch at
time t, and b; and R; denote marginal offer for reserve of generator i and its
allocated reserve at time t respectively.

In (2.2), D; denotes the demand at bus i at time t.

Equation (2.4) represents the unit reserve capability.

Equation (2.5) represents the system-wide reserve constraint where OR denotes
the system-wide reserve requirement.

In (2.6), E; ;s denotes the energy dispatch of unit i at the previous solution of
the optimization problem (which here is assumed to be 5 minutes ago).
RR4own,i» and RR,,,,; are the unit ramping limits.

In (2.7), f; represents flow of line j for a fixed direction

In (2.8), GSF;; denotes the generation shift factor of bus i on line ;.

Lagrange multipliers associated to every constraint is shown in parenthesis

following the constraint.

The Lagrangian function £ can be written as follows:

K K N
L= Z aiEi + biRi + /1(2 Ei - Z Di — lOSS)
i=1 i=1 i=1



L N
D B GSF (B = D) = fima)
=1 i=1

L N
+ Z 0; (—fjmax — z GSF;(E; — D;)) + Other terms not having D;
j=1 i=1

Finally, the LMP of bus i can be calculated as follows,

mp, =25 /1(1 +aloss> EL:( 6,)GSF,
L aD,_ a aDl = ﬁj J Ji
j=



Chapter 3: Financial Transmission Rights Auction

This chapter is dedicated to introduction of financial transmission rights (FTR)
and the auction held by 1SO and used by participants to acquire these rights.
3.1 FTR basics

A FTR is a financial contract that entitles the holder to a payoff (positive or
negative) which is based on the congestion component difference of LMPs between an
injection and a withdrawal location [4]. The FTRs defined between an injection and a
withdrawal location are typically called Point-to-Point (PTP) FTRs. Transmission rights
can also be found in the form of flowgate rights (FGR) with positive revenue based on
the shadow price of the underlying flowgate in market optimization problem. A
flowgate is a key transmission network element or bundle of several elements (such as
several lines) which is monitored for congestion. From now on until Section 3.4 we
would use FTRs to denote both FTRs and FGRs to explain general properties of these
transmission rights.

A FTR is specified using several attributes such as

- Account holder/Owner

- Category: PTP or FGR

- Type: Obligation or Option

- Injection and Withdrawal location (or Flowgate name for FGRs)

- FTR term and start/end dates: Monthly, Quarterly, etc.

- Time of Use (TOU): On Peak, Off Peak, 24 Hr, On Peak Weekend, On Peak

Weekday

- Bid/Offer price and quantity

10



FTRs can be used for hedging or investment. When LMPs of two locations are
different due to congestion, a market participant holding a transaction between these
two locations that adds to the congestion severity has to pay a congestion cost which is
the difference between congestion components of LMPs at location of withdrawal and
at location of injection. In this case, a PTP FTR can be used to hedge this congestion
cost since its payoff is the difference between congestion component of LMPs at
withdrawal and injection locations. The FTRs can also be used for investment if the
participant trades the FTR for the sake of its positive expected payoff and not
necessarily for hedging a transaction risk.

FTRs can be acquired by allocating where the I1SO in special cases allocates the
FTR to some market entities or transmission operators; auctioning where ISO holds
several auctions to let market participants submit bids/offers for FTRs; and trading
where participants trade their FTRs bilaterally.

In FTR auctions, participants submit their bids and offers and ISO solves an
optimization problem to clear the competitive submissions and to calculate FTR market
clearing price (MCP). Note that FTR prices cannot be calculated until the auction
optimization is solved. The optimization objective is to award FTRs to participants that
value them the most. The optimization constraints are in general FTR quantity
requirements and simultaneous feasibility test (SFT) requirements which are used to
ensure transmission capacity is not oversold in auction. SFT is used to ensure that the
network flows due to introduction of FTRs does not violate operating constraints such
as line flow limits. It confirms that the transmission system can support an awarded set

of FTRs during normal system conditions [4].
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ISO collects congestion charges in the day-ahead market and adds it to a FTR
balancing account. This account which is also used to collect some other charges will be
used to pay FTR settlement revenues (or collect FTR settlement charges). When the
ISO collects equal or more than what it pays as FTR revenue, then it is revenue
adequate. The auction optimization problem is designed to ensure revenue adequacy
although in practice there are chances of revenue inadequacy. Revenue adequacy is
ensured (sufficient condition) if the network model and the constraints that are used in
the FTR auction are the same as those of DA market [4]. However, this is not the case
in practice as the network model and constraints change as time passes. We will discuss
later that power transfer distribution factors which are major components of SFT change
between FTR auction and DA market and thus would lead to different set of feasibility
constraints.

To further ensure revenue adequacy, the auction optimization is designed so that
FTRs that are of option type does not provide counterflow. A counterflow is a flow in
the opposite direction of main flow which would reduce the congestion severity and
thus could lead to more FTRs being cleared in the main direction of flow. We do not
delve into details of this design and refer the reader to [4] for further illustrations.
However, we will consider this design element in our models.

3.2 Network model and PTDFs

The network model is a key component of FTR auction and electricity market
operations which is prepared in AC form and is converted to a DC model for FTR
auction. The DA market network model choice varies from AC to DC-with-losses for

various 1SOs. However, most of 1SOs use a DC network model for their FTR auction.
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The AC network model is published to market participants to help them decide their
FTR bid/offer submissions however the DC model used in FTR auction is not available
and thus is uncertain to participants. The AC network model is generally published for
different seasons and loading conditions which are different in active and reactive load
pattern, line ratings, and line and generation planned outages. The AC network model
includes loads, generators, full transmission line model, voltage transformers and phase
shifters, shunt devices, HVDC lines and FACTSs and etc. This AC model is converted to
a DC network model to be used in FTR auction. To do so, the transmission line
resistances are set to zero and all voltage magnitudes are set at 1 p.u. Moreover, all the
generation, loads, and shunt and reactive devices are eliminated. Then each FTR will be
modeled such as a generator at its injection location and a load at its withdrawal
location. This ensures that the sum of FTR injections and withdrawals are balanced in
the network.

The converted DC model will be used along with SFT conditions and other
constraints to clear the feasible and competitive FTRs. Some of major components of
SFT constraints are power transfer distribution factors (PTDFs) which specifies the
flow on transmission lines due to FTR injection and withdrawals. A PTDF is specified
by a line with reference direction, an injection and withdrawal bus, and a value. The
value of PTDF is the sensitivity of active power flow in a reference direction on a line
with respect to a power change in injection and withdrawal locations [4]. The PTDFs
are calculated from network model and are used in the SFT conditions. For an AC
network model, PTDFs change when system operating points are changed such as

losses and reactive power flow; system structure is changed such as outages in some
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lines; line characteristics are changed such as line reactance. For a DC network model,
PTDFs only change with changes in system structure and line reactances and they are
independent of injections to and withdrawals from network.

3.3 Market Participants interested in FTR for hedging

In this section, using some examples we show how some of the electricity
market participants may use FTRs to hedge against locational price risk. Specifically we
consider an independent retailer, a merchant generator, and a utility company [5].

An independent retailer does not own generation and thus buys energy at
electricity spot price to deliver it to consumers. Suppose the retailer has to supply fixed
load of L at location B at a fixed rate of R. The retailer has to buy the required energy
from market at location B at spot price of Sz. Thus, its profit is given by

P = LR — LSp. (3.1)

The retailer is exposed to spot price risk and its profit will reduce if Sp increases.
Suppose the retailer decides to enters an obligation contract to hedge the price risk
however the contract is available for spot price at a different location S,. The profit
function considering the obligation contract is given by

P=LR—LS; +Q(Ss—K) (3.2)

where Q is the hedge quantity and K is the strike price of the contract. In this case if the
spot price at location A increases above the K then the hedge contract payoff is positive.
Finally, the retailer may enter into a FTR contract with the same hedge quantity
between locations A and B to hedge against the spot and locational price risk. In this

case the profit is (ignoring cost of acquiring FTR)

14



P=LR—LSg+Q(S4—K) + Q(Sg — Sy). (3.3)

To hedge against the spot and locational price risk, the hedge quantity should be chosen

so that

_LSB + QSA + Q(SB - SA) = 0

or
Q=1L

Then, the profit would be given by (3.4) which has no uncertainty assuming L is known
and fixed. Note that the example introduced here is only for illustration and is very
simplified compared to practical cases.

P=LR - LK (3.4)

A merchant generator owns generation and sells the electricity at spot price.
Consider a merchant generator that decides to sell L amount of energy at the spot price
S however enters into an obligation contract at a different location A to hedge its price
risk. Also suppose the merchant generator enters into a FTR to hedge against locational
price risk. Then the profit (ignoring generation cost) is given by

P=LSg—Q(Ss—K)+Q(S4—Sp)

To hedge against the spot and locational price risk, the hedge quantity should be chosen

so that

LSp—Q S4+Q(Sy—Sp) =0
or

Q=0L.

Then, the profit would be given by
15



P =LK.

Consider a utility company (UC) that has its generation units at location A and
its consumers at location B. Suppose it decides to sell L MWh at location A and
purchase L MWh at B to deliver to consumers. Then UC is exposed to spot and
locational price risk of A and B. To hedge the risks, the UC enters into a FTR with
quantity Q = L. Then the profit is given by

P = L(SA - SB) + L(SB - SA) = O
Spot sale and purchase FTR payoff

which is certain. Note that the UC collects revenue from consumers by selling them
electricity at a fixed rate.
3.4 Auction formulation

In this section we provide a general formulation of FTR auction optimization
problem. This formulation is meant to cover major characteristics of the FTR auction
and is deduced and modified based on references [6]-[21].

3.4.1 Basic Nomenclature

b/s Participant => b for buyer and s for seller
t Time of use (TOU) => Peak or Off-peak or 24hr
w FTR type => Obligation (Obl), Option (Opt), and FGR
km Injection bus k and withdrawal bus m
ij Index of line i —j
rs Index of contingency liner — s
r Auction round
m, Fraction of capacity auctioned in round r

16



B Bid/Offer price

BL Bid/Offer Block
Fj** Flow limit of transmission line between bus i and j
PTDF;j xm PTDF of line i — j w.r.t. injection at k and withdrawal from
m
LODF;j s LODF of line i — j w.r.t. outage of liner — s
Qé’vﬁmgL Maximum quantity of offer/bid for right w, TOU ¢t, buses

km, and block BL
QP/smin Minimum quantity of offer/bid for right w, TOU ¢, buses
w,t,km,BL
km, and block BL
MCPyp o~ 2anrm,w Market clearing price of the transmission right for round r,
right w, buses km, and Peak or Off-peak TOU

MCPy, ¢=24nrw  Market clearing price of the transmission right for round r,

right w, buses km, and 24hr TOU

3.4.2 Auction formulation

The auction optimization problem for round r can be summarized as follows:

max
b/s

b b
{ [ﬁw,t,km,BL ) Qw,t,km,BL - ﬁvsv,t,km,BL ) Q\fv.t.km,BL] (3.5)
Qutkm,BL b/s,w,t,km,BL

subject to

b
{PTDFij,km ) [(Qt,km,BL,w:Obl - Qtikm,BL,w:Obl)

b/s,t,km,BL

17



+z (thmBLw Obl thmBLw Obl ]

b
+max(0, PTDFij,km) ' [(Qt,km,BL,w=Opt - Qf,km,BL,w:Opt)
+Zp (thmBLw Oopt thmBLw Oopt ]

b
+[(Qt,ij,BL,W=FGR - Qf,ij,BL,w:FGR)

+Z (Qtl]BLw =FGR QtL]BLw =FGR ]}

<m, FI% Vij (i) (3.6)
where 721 () denotes the net of FTRs cleared in the previous rounds and Q;.;; g1, w=rcr

denotes the bid/offer quantity for flow on flowgate from i — j.

b
{_PTDFij,km ’ [(Qt,km,BL,w:Obl - Qtf,km,BL,w:Obl)
b/s,t,km,BL

S,P
+Z (Qt km,BL,w=0bl Qt,km,BL,w:Obl)]
b
+ max(O, _PTDFij,km) ’ [(Qt,km,BL,W=0pt - Qg,km,BL,W=Opt)
r—1
+Zp_ (thmBLw Opt thmBLw Oopt ]

b
+[(Qt,ji,BL,W=FGR - Qf,ji,BL,w:FGR)

+Z (Qt]lBLw FGR Qt]lBLW FGR ]}

<mFP Vi (i7) (3.7)

The n — 1 contingency constraints are as follows:

18



{[PTDFij,km + LODFij,rsPTDFrs,km]
b/s,t,km,BL

b
) [(Qt,km,BL,W=0bl - Qf,km,BL,w:Obl)

+Zp_ (thmBLw Oobl thmBLw Oobl ]
+max(0, PTDF;j jom + LODF;; ,sPTDFyg o)

b
) [(Qt,km,BL,w=Opt - Qiikm,BL,w:Opt)
+Zp_ (thmBLw Opt thmBLw Opt ]

b
+[(Qt,ij,BL,w=FGR - Qf,ij,BL,w:FGR)

+Z (QtljBLw =FGR QtUBLw =FGR ]}

<m.Fm* Vijandrs v
riij ijrs

{(~[PTDF;j jm + LODF;; xsPTDFyg 1]

b/s,t,km,BL

b
) [(Qt,km,BL,w=0bl - Qf,km,BL,w:Obl)

+Z (thmBLw Oobl thmBLw Oobl ]

+max(0, —[PTDF;; gy + LODF;j ;sPTDFy 4n])

b
) [(Qt,km,BL,w=0pt - Qg,km,BL,w=0pt)

+Z (thmBLw Opt thmBLw Opt ]

19
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b
+[(Qt,ji,BL,W=FGR - Qf,ji,BL,w:FGR)

r—1
b,p s,p
+ Zp_l(Qt,ji,BL,w=FGR - Qt,ji,BL,w=FGR 1}

<m.Fi"“* Vijandrs (vi;-,rs) (3.9)

Moreover, the bid/offer quantities should be within appropriate or requested limits.

b b/s,
QW{ka,BL < QW{:,IZLZJI;L v km and BL (n\j-/,t,km,BL) (310)
b/s b/s,min _
—Qu.timpr < ~Qutikmpr Y km and BL (”w,t,km,BL) (3.11)
3.4.3 Notes

1. Each auction round r is solved separately.

2. The bid prices for obligation FTRs can be negative.

3. Transmission rights awarded in previous rounds p = 1,...,r — 1 are already
known and thus are modeled as fixed injections or flows. This has been
addressed in the above formulation by terms in -1 argument.

4. The optimization problem is solved separately for Peak and Off-Peak periods.
5. A 24hr bid/offer is modeled as a combination of a Peak and an Off-Peak
bid/offer.

6. Because option holders do not have the obligation to relieve the congestion if
the flow direction is not in their benefit, options are modeled such that they do
not provide counterflows.

7. Note that the FGRs modeled here are naturally an option since they have a

positive payment if the shadow price is positive in their direction and zero

payment if shadow price is positive in negative direction.
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8. The optimization is first solved without contingency constraints (3.8) and
(3.9). Then a contingency analysis is performed to determine the important set
of contingent elements and lines or flowgates. Finally, the optimization is
resolved considering the additional contingency constraints (3.8) and (3.9) for
identified contingencies.

3.5 MCP

The market clearing price (MCP) of an obligation right for 1 MW injection at k and

withdrawal from m is equal to the congestion cost of a transaction between these

locations and can be calculated as [6], [8], [9]:

MCPy = ) [(13; = i) - PTDFyj ]
ij

For the auction in (3.5)-(3.11), the MCP of FTRs can be summarized as follows:

MCP ym,t—(24hr),w=0b1 = Z[(M;_j - .ui_j) * PTDF;j jom]
ij

+ z [(vi s = Vijrs) - (PTDFyj g + LODF;j sPTDFys )] (3.12)

ijrs

MCProme—oanryw=ope = ) (18 max(0, PTDF )]
ij

+ Z (17 max(O, —PTDFij,km)]
ij

+ z [v{; rs max(0, PTDF;j jm + LODF;} ;sPTDFyg )]

ijrs

+ Z [vij,rs max(0, —[PTDF;j m + LODF;j ;sPTDFg jo )] (3.13)

ijrs
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Ultm + Z Vl-cl-m,rs if km = ij
s

MCPym t—(24hr)w=FGR = ~ B . .

U S

The MCP for 24hr transmission right is weighted average of the Peak and Off-peak

(3.14)

rights:

MCPkm,t=24hr,w

_ (MCPymt=pearw * Trear + MCPym,=ofs-peakw * Toff-pear) (3.15)

TPeak + TOff—Peak
where Tpeqr and Torr_peqr denote the number of Peak and Off-Peak hours in FTR
term, respectively.

3.6 Example 3.1

1 2

— —

5

T L 1

Figure 3-1: 6-bus system
Consider the network model shown in figure 3-1. The network data, FTR bids/offers,

and PTDF data are given in the following tables.

Table 3.1: Transmission Line Data

# From bus Number | To bus Number X (PU) Limit(MW)
1 1 2 0.02 Fax — pmax — 100
2 1 4 0.02 F3%* = FJ1% =100
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3 2 4 002 | FIax = gmax = 200
4 3 2 002 | FIex = pmax = 100
5 4 5 002 | FIU = FIax = 200
6 6 3 002 | Fmex = pmax = 100
7 6 5 002 | Fmex = pmax =100
Table 3.2: FTR Data
4 | Type | Bid/Offer Injgﬁt;on Wltrt;(iljrsawal Ma>z I\Cj\lj\f;\)ntlty Price ($/MW)
1 [ obl Bid 1 5 QY =150 | PBfs=15
2 [ ol Bid 6 2 QY =150 | P& =12
3 | opt Bid 4 5 QUM% =100 | Blsope = 6
4 | oOpt Bid 2 4 QU =200 | PBraope = 16
5 | FGR | Bid 2 4 Qmax — 200 | B2y rer = 20
6 | Opt Offer 6 5 Qesopr =50 | Besope =8
Table 3.3: PTDF Data
PTDFy, s 0.4286 | PTDF,,15| 05714 | PTDFyuqs 0.1429
PTDFs,.5 | -0.2857 | PTDFy5q5| 0.7143 | PTDFg3qs -0.2857
PTDFgs 15 0.2857 | PTDFy,¢,| 0.1429 | PTDFy.q; -0.1429
PTDFy.s, | -0.2857 | PTDFs,4,| 05714 | PTDF,se, -0.4286
PTDFgsq; 05714 | PTDFys,| 0.4286 | PTDFyy4s 0.0714
PTDFy44s | -0.0714 | PTDFyy45| -0.1429 | PTDFyp,s -0.2143
PTDFys 45 0.7857 | PTDFg345| -0.2143 | PTDFgs4s 0.2143
PTDFy;5, | -0.2857 | PTDFy4,4| 0.2857 | PTDFy4sa 0.5714
PTDFy,,, | -0.1429 | PTDFy5,,| -0.1429 | PTDFas,a -0.1429
PTDFgs 24 0.1429 | PTDF, 45| -0.0714 | PTDFiaes 0.0714
PTDF,4 g5 0.1429 | PTDFy,45| 0.2143 | PTDF,s s 0.2143
PTDFg3 5 0.2143 | PTDFg545| 0.7857

The auction optimization, considering a single round, single TOU, single bid/offer

blocks, and no contingency constraints, can be formulated as follows:
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b Ab b Ab b b b b
max {ﬁ15Q15 + Be2Q62 + Bas,0ptQds0pt + B2a,0ptQ24.0pt
(3.16)
b b
+ B24,rcrQ24F6r — :BgS,OthgS,Opt}

subject to
PTDF;;15Q75 + PTDF;,,6,Q8, + max(0, PTDF12,45)Q25,0pt +
max (0, PTDF12,24)Q§4,0pt — max(0, PTDF12,65)Q25,Opt S FRY (uy)
PTDF,4,5Q75 + PTDF,46,Q8, + max(0, PTDF14,45)Q25,0pt +
max (0, PTDF14,24)Q§4,Opt — max(0, PTDF14,65)Q(§5,0pt S FR (udy)
PTDF24,15Qf5 + PTDF24-,62Q22 + max(O, PTDF24,45) Qzlfs,om +
max(0, PTDFz424) Q3a,0pt + QFurcr = Mmax(0, PTDFy465) Qs ope < F3a™

(H34)

PTDFs3;15Q%5 + PTDF3;,6,Q8, + max(0, PTDF32,45)Q£5,Opt +

max (0, PTDF32,24)Q§4,0pt — max(0, PTDF32,65)Q§5,0pt S FHY (udy)
PTDF,515Q%s + PTDF,5,6,Q8, + max (0, PTDFys 45)Q2s opr +

max(0, PTDFys 54) Q%4 0pe — max (0, PTDF,s5.65)Qds opr < Fie™  (ids)
PTDFg315Q75 + PTDFg34,Q¢, + max(0, PTDF63,45)Q£5,Opt +

max (0, PTDF63,24)Q§4,Opt — max(0, PTDF63,65)Q25,Opt S FEY (uds)
PTDFgs15Q7s + PTDFg5 6,Q¢, + max(0, PTDF65,45)Q51-)5,0pt +

max (0, PTDF65,24)Q§4,019L“ — max (0, PTDFg5,65)Q6s5,0pt < Fos5 (1és)

Line flow constraints on opposite direction:
—PTDF;315Q75 — PTDF;3 6,Q8, + max(0, _PTDF12,45)Q£5,0pt +

max (0, _PTDF12,24)Q§4,Opt — max (0, _PTDF12,65)Q25,Opt < 1% (ur2)
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—PTDFy415Q7s — PTDFy46,Q8; + max(0, _PTDF14,45)QZS,Opt +

max (0, _PTDF14,24)Q§4,Opt — max(0, _PTDF14,65)Q25,0pt < FAY (pi)

—PTDF,415Q% — PTDF,46,Q8, + max(0, —PTDFy4 45) Qzlfs,Opt +

max(O, _PTDF24,24) Q§4,0pt - max(O, _PTDF24-,65) QgS,Opt < Fi™ (4z4)

—PTDFs3;15Q75 — PTDF35,6,Q8, + max(0, _PTDF32,45)Q25,Opt +

max (0, _PTDF32,24)Q§4,0pt max (0, —PTDF3565)Qgs,0pt < 25 (u32)

—PTDF,5,5Q7s — PTDFy56,Q8, + max(0, —PTDFy5 45) Q%5 0 +

max(0, —PTDFy524) Q%4 0pe — Max(0, —PTDF,s565)Qés opr < Fia™  (zs)

—PTDFg315Q75 — PTDFg3,6,Q8, + max(0, _PTDF63,45)Q25,Opt +

max (0, _PTDF63,24)Q£)4,Opt — max(0, _PTDF63,65)Q(§5,0pt < F5e™  (Ue3)

—PTDFgs15Q75 — PTDFe5,6,Q8, + max (0, —PTDFgs 45) Q%5 op¢ +

max (0, _PTDF65,24)Q£)4,Opt —max(0, —PTDFes565) Qg5 0pt < Fs6 - (Ugs)
The bid/offer quantity constraints:

Qfs < QY™™ (mfy)

Q6 < Qg™ (md)

bmax

+
Q450pt Qas0pt (”45.0pt)

b b,max +
Qzs,0pt = Q24,0pt (7724,0pt)

bmax +
Q24 FGr = Q24 rGR (ﬂ24,FGR)

QgS,Opt = Qéﬁﬁg’i (”gs,Opt)
_Qfs <0 (7T1_5)

_ng <0 (7T6_2)
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—Qfs,om <0 (”Zs,oz;t)
_Qg4,0pt <0 (7T2_4,0pt)
_Q§4,FGR <0 (”2_4,FGR)

—Qgs,Opt <0 (776_5,0pt)

The solution of auction optimization problem is as follows:

Table 3.4: Auction optimization solution — Part 1
# FTR cle_ared Shadow prices
quantity
1 b =150 s =3 T =0
2 QL, =150 g, =6 Mgy =0
3 QZs,0pt = 58.3 s ope = 0 T45,0pt = 0
4 Q§4,0pt =137.5 ﬂ;4,0pt =0 T24,0pt = 0
5 Q§4,FGR =150 ﬂ;4,FGR =0 Toarcr = 0
6 Qés,0pt = 50 s opt = 17 Tes,0pt = 0
Table 3.5: Auction optimization solution — Part 2
# Line flow constraint shadow prices
1 pi =0 pi =0
2 pHis =2 Pigs =0
3 34 =20 Hze =0
4 Hi =0 Pz =0
5 pis =0 Has =0
6 pez =0 ez =0
7 Hes = 28 Hes =0

Finally, the MCPs can be calculated using the following formulas and auction results:
MCP;5 = (uy, — ui,)PTDFy5 15 + (uiy — p1a) PTDF 4 5
+ (U34 — H22)PTDFp 15 + (U3, — p32) PTDF35 15 + (U5 — Has)PTDFys 15

+ (uds — ug3)PTDFs3 15 + (uds — pnes)PTDFgs 15
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MCPs; = (i — Ui)PTDF 565 + (Ui — p14) PTDF 4,

+ (434 — 124)PTDFy465 + U3y — u32) PTDF556 + (Uis — Uas)PTDFys 6,
+ (ués — g3)PTDFg362 + (1és — Ues) PTDFgs 67

MCPys 0pt = uizmax (0, PTDF,, 45) + ui;max(0, —PTDF; 45)
+ufamax(0, PTDFy 4 45) + piaymax(0, —PTDFy 4 45)

+uzsmax (0, PTDF,y 45) + puz,max(0, —PTDF, 4 45)

+ud,max(0, PTDF3; 45) + pu3,max(0, —PTDFz; 45)

+ussmax (0, PTDF,s 45) + pzsmax(0, —PTDFys5 45)

+udsmax(0, PTDFg3 45) + pigzmax (0, —PTDFg3 45)

+udsmax(0, PTDFgs 45) + ptgsmax (0, —PTDFgs 45)

MCPz4,0pt = ui;max(0, PTDF 3 24) + pi;max (0, —PTDF;;54)
+uiymax(0, PTDF,454) + uiamax(0,—PTDF,45,)
+uzamax(0, PTDF,, 34) + piz4max(0, —PTDF454)
+u3,max(0, PTDF3, 54) + pi3,max(0, —PTDFz;54)
+ujsmax(0, PTDF,5 34) + pizsmax(0, —PTDF,s554)
+udsmax(0, PTDFy324) + pgzmax(0, —PTDFg3 24)

+ugsmax(0, PTDFgs 24) + pgsmax(0, —PTDFys 24)

MCP;4pgr = #;4

MCPgs op¢ = pii,max (0, PTDFy; 5) + pi;max(0, —PTDF;; 45)
+uf4max(0, PTDFi465) + p1amax(0, —PTDF465)

+,u;4max(0, PTDF24,65) + uzamax (0, _PTDF24,65)
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+u3,max(0, PTDF;565) + pu3;max(0, —PTDF; 65)
+zsmax(0, PTDFys 65) + pasmax(0, —PTDFys ¢5)
+ugzsmax(0, PTDFg365) + pgzmax(0, —PTDFg3.65)

+ugsmax(0, PTDFys565) + pgsmax (0, —PTDFgs 65)

Using the given values for the variables, the MCPs are calculated and the results are

shown in Table 3.6.

Table 3.6: FTR MCP
# MCPs

12
6
6

16

20

25

OO B WIN| -

Comparing the calculated MCP values in Table 3.6 with bid/offer prices in Table 3.2,
we see that:
- Anbidto buyaFTR is cleared if the bid price is larger than or equal to the MCP
- An offer to sell a FTR is cleared if the offer price is less than or equal to the
MCP
The MCPs in Table 3.6 will be used to calculate the auction settlements. For example if
FTR #1 was requested for 300 hours in TOU, then the bidder must pay a Cost = Qs -
MCP; -300 = 15012 - 300 = $540000 to hold the right.
3.7 Settlements based on LMP and Shadow prices
FTRs cleared in the monthly auctions will generally be settled hourly using DA

market congestion component of LMP. FGRs are settled based on the DA market
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shadow prices of the underlying flowgate. For obligation FTRs, the payment/charge
(P/C)is

P/Copi = Quantity(MW) * (LM Pcongjwith — LMPcongjinj)

where LMP¢opg/inj and LMPcong/wicn denote congestion components of hourly DA

LMP at injection and withdrawal locations. A positive value for P/C would be a
payment to FTR holder and a negative value would denote a charge. For option FTRs
there is no charge and the payment is

Popt = Quantity(MW) - max (0, LMPcong/with — LMPcong jinj)-

We do not provide settlement formulas for FTR sellers as we assume a participant can
only sell FTRs that are already purchased in previous auctions and thus no sell FTR will
exist for DA settlement.
3.8 Sample Monthly auction results

Figure 3.2 shows part of the PJM monthly FTR auction results for the auction
held for July 2014. We observe for example that the auction is cleared for three TOUs
(OnPeak, OffPeak, and 24 HR), different monthly or quarterly time periods (Jul, Aug,
Sep, Q2, Q3, and Q4), and for Option and Obligation FTRs. FTRs in PJIM monthly
auction can have a term of one month for any of the next three individual months in the
planning period or one quarter for any full remaining quarters where Q1 covers June,
July, August; Q2 covers September, October, November; Q3 covers December,
January, February; and Q4 covers March, April, and May [20]. Thus, the FTR terms for

July auction can be July, August, September, Q2, Q3, and Q4.
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3.9 Some notes on ISOs transmission right auctions
In this section, we summarize some additional information about variations in
FTR auctions for different ISOs [19]-[22].

3.9.1 General notes

FTRs are financial positions.
- There are annual, seasonal, and monthly auctions.
- Abase FTR network model is released to participants typically a few weeks
before auction.
- FTR MW amount and MCP is the same for all hours within the TOU block and
for the whole FTR term.
- Bid prices can be negative for FTR obligations.
- FTRs settled with congestion components of DA LMP.
3.9.2 CAISO auction
- CAISO auctiones congestion revenue rights (CRRs) for hedging congestion
risks.
- CRR options are dedicated only to transmission operators.
- Bid/Offers can be piecewise linear.
- Annual auction:
- Yearly
- 75% of network capacity
- Four seasons, two TOU (Peak and Off-Peak): As an example can be
awarded a CRR for the 1st season Peak hours. The CRR is going to be

applied to all Peak hours in season 1 with fixed price.
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- Eight independent optimizations for two TOU and four seasons.
- Monthly auction: 12 time a year in advance of each month
- DC network model is used for auction.
3.9.3 ERCOT auction

- CRRs auctioned in 1-month strips and three TOU (Off-Peak, Peak weekday
(PeakWD), and Peak weekend (Peak WE))

- 24hr bids treated as single bid across all TOUs. The MCP of a 24hr CRR is
weighted average of different TOU MCPs.

- Bids in form of not-to-exceed price (single segment).

- Annual auction:

Two-years

- 55% of network capacity for the first year

- 15% of network capacity for the second year

- Each year optimization executed separately.

- Only obligations and options.

- CRRs could be for more than 1-month strips.
- Monthly auction:

- 1-month strip

- 90% of network capacity

- Obligations, options, and FGRs for designated directional network
elements

- DC network model is used for auction.

32



3.9.4 MISO auction
- Annual auction consists of several rounds.
- Monthly auction:
- Two separate optimization for Peak and Off-Peak
3.9.5 PJM auction
- Annual auction consists of several rounds.
- Monthly auction:
- FTR terms of 1 month or 1 quarter

- Obligations and Options
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Chapter 4: Estimation Challenges, Applications, and Contribution

As illustrated in previous chapters, PTDFs play an important role in FTR
auction clearance, and FTR hedge. In practice PTDFs change under different network
topology, loading pattern, and controllable transmission system elements limits [23]-
[25]. For example, line outage, line addition, and phase shifters reaching their limits are
among system events impacting PTDF values. PTDF variations impact different aspects
of FTR applications such as use of FGRs for hedging and the FTR auction clearance. In
the following we provide several general application categories for which it would be
beneficial to know the PTDF variations and thus an estimation framework such as ours
can be of significant application. However, the use of our proposed estimation
framework is not limited to these applications. Finally we would summarize
contribution of our proposed framework to the state of art and its benefits to the
electricity market and power system industry.

4.1 Estimation of actual PTDFs from auction/market outcome for additional
insights and for regulatory auditing

In practice, the FTR auction or DA market network model is published in
advance of the auction/market operating day, and it is based on the forecasted network
operation. Thus, the PTDFs that are used in the DA market may be different than those
published earlier. These PTDFs are not typically publicly available. Thus, an estimation
framework which can help estimate PTDF values from publicly available
auction/market outcome would have great applications for regulatory audition of market
operation such as for market abuse as well as for identifying additional auction/market

insights. For example, a generation unit could withhold capacity to cause congestion in
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several transmission lines. Then, estimation of line flow sensitivities or PTDFs could
help auditors to identify the units that have large impact on transmission flows and
investigate them carefully for market power abuse.
4.2 The need for reliable PTDFs to construct FGR portfolios

As discussed in earlier chapters, the congestion cost between injection location
k and withdrawal location m for a transaction between these locations can be calculated

as

Congestion Cost = Z[(,u{} - ,ui_j) * PTDFjj km] (4.1)
ij

where u{fj,u{j denote shadow prices of line i —j flow limit constraints. Since the
settlement of a FGR is equal to the shadow price (Hf} , ui;) of the underlying flowgate,
it is possible to construct a FGR portfolio with PTDF;; ., as portfolio weights to hedge
the congestion risk for a 1 MW transaction between the two locations. However, due to
changes in PTDFs, the FGR portfolios that are set up based on an initial set of PTDFs
cannot fully hedge the underlying position if the PTDFs at the time of settlement are
different than the initial set [23]. Thus an estimation framework which can help update
the trader’s knowledge of PTDF values from publicly available data would be valuable.
Unlike point-to-point FTRs which can perfectly hedge the LMP differences due to
congestion, when FGR portfolios are used to hedge congestion risk of a position, the
FGR holder should construct a portfolio that replicates the congestion LMP differences
between two desired location of injection and withdrawal. Such a portfolio insures the
holder against risks in flowgate shadow prices and flowgate capacity however not

against variations in PTDFs. So it is the responsibility of the FGR holder to track the
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changes in PTDFs to make sure the portfolio revenue would be enough to cover the
congestion charges due to LMP differences [25], [26]. Moreover, [26] argues that a
portfolio of FGRs can be constructed for any point to point transaction using the
maximal PTDFs under any n — 1 contingencies. Such a portfolio for sure pays at least
the congestion charge between two locations LMPs under n — 1 contingencies. Thus
our estimation framework would be very valuable in estimating the PTDFs and keep
track of their changes.

Note that our estimation framework in its current form can be used for
estimating PTDFs in FTR auctions from auction outcome. This is also true for
estimating DA market PTDFs from DA market outcome if a DA market network is
published in advance. However, typically the DA network model is not publicly
available and thus cannot be used by a market outsider to estimate PTDFs. In this case,
since the DA network model is set up based on the FTR auction network model as the
base model, our proposal is to use the DA market results and FTR auction network
model to estimate the DA market PTDFs. To do so, we would need to do some
modifications to our estimation framework such as inclusion of network losses. We
leave this as a topic for our future research.

4.3 PTDF estimation for generation investment

Identifying the appropriate location is one of the earliest steps in investing for a
new generation unit. It is crucial to choose a location that does not add to congestion
severity of the network otherwise it would impose additional congestion costs to the
transactions involving the new unit. In this case, our proposed framework will be very

useful as it could give a track of PTDF variations for different injection and withdrawal
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locations and thus help the investor choose the locations that have small sensitivities on
typically congested transmission lines for further investigation for final investment.
4.4 Other applications and contribution

Other than the applications discussed above, there are other uses to our proposed
framework for estimation of unknown parameters summarized as follows: the proposed
framework can also be beneficial to market participants and retail customers since it
would improve market transparency due to making the value of underlying system
parameters observable to all market participants and thus will lead to more efficient
pricing with the hope of reducing the final rate for retail consumers. Moreover, it can
help participants to verify their transaction cleared quantities, prices, and settlement
charges in FTR auctions and electricity markets by providing the information for
underlying parameters that were unknown to them. Specifically, having a track of PTDF
changes would also help them to predict and identify the transactions that are subject to
curtailment in the market because of violating the flow limit constraints and thus help
them to take appropriate preventive actions.

Finally, the contribution of our research work to the state of art can be seen from
two perspectives: from the industrial perspective, as explained using several examples
introduced above, the proposed method can be useful for regulators and auditors,
market participants, investors, and retail customers. From the academic perspective, it
provides a novel method for estimating part of the unknown system parameters in an
optimization problem without the need to know the uncertain system inputs that are
modeled as part of the optimization parameters. This is accomplished by using the

duality theory and by introducing additional optimization constraints from system
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output data which altogether help shrink the optimization feasible region and thus reveal
the true value of the unknown parameters. Specifically for the field of electricity
markets and power systems, the application of this framework would be extensive for
gaining additional knowledge and conducting further research on FTR auction and
electricity market optimization problems since the duality theory holds for these
optimizations. Finally, it is worth mentioning that the method can also be used for other

optimization problems with similar characteristics.
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Chapter 5: Proposed Estimation Method for FTR auctions and

electricity market

In this chapter, we propose an estimation method that is designed and structured
based on duality theory in optimization [27]-[28]. The duality in basic definition
describes the relationship between primal and dual problems optimal objective values.
The proposed estimation method, intuitively, tries to estimate the true value of
parameters by shrinking the underlying optimization problem feasible region. We
perform this by introducing additional constraints from readily available information.
The following sections are used to illustrate the steps in the estimation method.

5.1 FTR Auction dual problem

One of the equality constraints used in the proposed estimation method is the

strong duality of primal and dual. We derive the dual of the FTR auction optimization

introduced in equations (3.5)-(3.11) as follows:

min ) { [(mTFi’}mx — !2+)ui+j

+ - - +
HiplijpVijrsVijrsTw,tkm,BL'w,t,km,BL 77

+ (M F = 0]
) [ = 07 g+ (my 7 = )i )
ijrs

[Qb/smax + Qb/smm - ] }

w,t,km,BL WtkmBL w,t,km,BL WtkmBL

(5.1)

km,BL

where

+ _ s,p
"= Z {PTDFU km Z (Qt km,BL,w=0bl Qt,km,BL,w=0bl)
b/s,t,km,BL
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+max(0 PTDFU km) Z (Qt km,BLw=0pt Qt km,BLw=0pt

+Z (QtL]BLw =FGR ~ tL]BLw FGR)}

N = Z { PTDFU km Z (Qt km,BL,w=0bl Qiifm,BL,w:Obl)

b/s,t,km,BL

+max(0 PTDFUkm) Z (thmBLw opt thmBLw opt

+Z (Qt]lBLw =FGR ~— t]lBLW FGR)}

ot = Z {[PTDFij,km + LODFij,rSPTDFrS,km] .
b/s,t,km,BL

S,p
[Z (Qt km,BL,w=0bl Qt,km,BL,w=Obl)]

+max(0, PTDF;; g + LODF;; ;sPTDFrg jm)

Ep_ (thmBLw Oopt thmBLw Oopt ]

r—1
+Z (Qtl]BLW FGR — tl]BLW FGR)}

O = Z {—[PTDFij,km + LODFij,rSPTDFrS,km] .
b/s,t,km,BL

[Z (thmBLw obl thmBLw obl ]
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+max(0, —=[PTDF;j xm + LODF;; ;sPTDFyg jm])

Zp (thmBLw Oopt thmBLw Oopt ]

+z (Qt]LBLW FGR ~— t]LBLW FGR)}

The dual optimization (5.1) is subject to the following constraints:
U35 U35 Vi rss Vigrss o tem,BLs Tw ¢ km,BL = 0 (5.2)
and

- Ifthe FTR type is a buy and Obligation ( b and 0bl),

Z PTDF;j em (1 = 135)
T

+ z [PTDF;j jom + LODF;; sPTDFyg i (v;’j_rs - v{j’rs)

ijrs
+7T,} -, > Bl
w,t,km,BL w,t,km,BL = Fw,t,km,BL

for all FTRs of type (b and Obl) and all BL (5.3)

- IfFTRIs (s and Obl),

z PTDF;j em (15} = 145)
T

+ Z [PTDF;j jom + LODF;; ;sPTDFyg jm] (vi;-,rs - v;;-,rs)

ijrs
+103, ¢ kmBL — T, e kmL = —Bow tjem,BL
for all FTRs of type (s and Obl) and all BL (5.4)
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If FTR is ( b and Opt),

Z [7; max(0, PTDF;j k) + pij max(0, —PTDFyj )|
ij

+ Z [V rs max (0, PTDF;; ym + LODF;j ;sPTDFyg g )]

ijrs

+ Z [Vijrs max(0, —[PTDFy; jm + LODF;; rsPTDFyg g ])]

ijrs
+ - b
10yt km,BL ~ Tw,tkm,BL = Bw,tkm,BL

for all FTRs of type (b and Opt) and all BL

If FTR is ( s and Opt),

— Z [u; max(0, PTDF;j ) + pij max(0, —PTDFyj )|

ij

- Z [V rs max(0, PTDF;; gy + LODF;; ;sPTDFyg i )]

ijrs

- Z [Vijirs max (0, —[PTDFy; jym + LODF;; rsPTDFyg 1| )]

ijrs
+ - S
+7TW,t,km,BL — Tw,t,km,BL = _:Bw,t,km,BL

for all FTRs of type (s and Opt) and all BL

If FTR is ( b and FGR),

(5.5)

(5.6)

+ - + - + - b
2(#1 T M j) + § (v; Jrs — Vi j,rs) + Tyt km,BL — Tw,tkm,BL = Pwt km,BL
ij

ij,rs

for all FTRs of type (b and FGR) and all BL
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- IfFTRis (s and FGR),

- + - + + - s
Z(ﬂij - ﬂij) + Z (vij,rs - 1/ij,rs) + Ty, t.km,BL — Tw,t,km,BL = _ﬁw,t,km,BL
ij

ij,rs

for all FTRs of type (s and FGR) and all BL (5.8)

Note that in the discussed primal or dual optimization problems, one of each constraint
and its negative duplicate can be binding simultaneously meaning that the following
dual variables cannot be non-zero simultaneously:

One of ujf; or ug; V ij

+ o
One of v{; s Or vy . V ij and rs

One of 7y, ; kmsL OF Ty ¢ ke ¥V km and BL

5.2 Involving auction outcome and grid structure in estimation

To estimate the parameters we would need to include additional information.
One set of information that is publicly available in all 1SOs is the MCPs which are
calculated from auction results. We would use MCPs to construct additional set of
constraints in estimation. These constraints are constructed by setting equations (3.12)-
(3.14) equal to their auction outcomes. Thus, considering MCP ., t—(24hr)w=0b1>
MCP o t—2ahr)w=0pt: aNd MCPyp e 2anr)w=rGr @S Known auction results the

following will be additional equality constraints used in estimation.

MCProme-eanryw=ont = ) [(13) = 15) - PTDFyjjon]

ij
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+ Z [(vg-,rs - vi}'rs) - (PTDF;j jom + LODF;; ,sPTDFyg )]

ijrs

MCP ym,t—24hr)w=0pt = Z [ max (0, PTDF;; )]
ij

+ Z [ui; max(0, —PTDFyj )]
ij
+ z [v{; rs max(0, PTDF;j um + LODF;j ;sPTDFyg )]

ijrs

+ z [V} rs max(0, —=[PTDF;j gy + LODF;;sPTDFy iem])]

ijrs

( . ..
| :u?c—m + Z Vljm,rs lf km = Y
MCP km,t—(24hr),w=FGR = =

\

| Uiem + z Viem,rs if km=ji
s

(5.9)

(5.10)

(5.11)

In addition to using market results in estimation, power grid structure will also

simultaneous feasibility conditions in the auction formulation and its dual.

5.3 Proposed estimation method

be used in the optimization. For example in applying the estimation framework to PTDF

estimation, the grid structure is implicitly considered since PTDFs are present in

We propose a core optimization framework to be used in the estimation
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procedure. Note that the proposed estimation method can be applied to estimate various
parameters in the auction and market optimizations. For example in addition to PTDF

estimation, it can also be used to estimate line flow limits one at a time (That means



only one line limit is uncertain). We do not elaborate on this and only provide the
simulation results for line flow estimation whenever necessary. The objective function
of the core optimization used in the estimation is minimization of a L; norm of
estimated auction bid/offer prices and their initial guesses. The L, norm is chosen since
in many estimation situations it is less sensitive to data outliers and has been used
widely as a robust norm. The equality constraints are strong duality of primal-dual
problems and the MCP constraints introduced in (5.9)-(5.11). Finally, the inequality
constraints are the dual inequalities in (5.2)-(5.8). The proposed core optimization

framework can be summarized as follows:

b/s b/s,0

B by ;r:ﬁ_ﬁ’;n . ,t,km,BL'"v_v,t,km,BL||ﬁw,t,km,BL = Butiem,BL ” 1 (5.12)
subject to
Strong Duality: arg{(3.5)} —arg{(5.1)} =0 (5.13)
Dual inequalities:  (5.2) to (5.8) (5.14)
MCP equalities:  (5.9) to (5.11) (5.15)
B ckom s, = 0
Sign requirement o g"/5 >t for obligation bids where (5.16)

denotes a negative bound.

where ﬁv”v,/f,kmm is the vector of unknown bid/offer prices to be estimated and ﬁf,,/ts”,fm,BL

is the vector of initial guesses.
The optimization framework in (5.12)-(5.16) will be the core of the estimation
method. The proposed estimation method for estimation of a single parameter starts by

sweeping through an appropriate range of the parameter values while solving the core
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optimization in (5.12)-(5.16) and focusing on the feasibility/infeasibility flag of the
optimization. The true value of the parameter will be identified as the values for which
the optimization in (5.12)-(5.16) is feasible and optimum. Later we will apply the
proposed estimation framework to estimate PTDFs and line flow limits in FTR auction.
We will also show in simulation results that for some PTDFs, the optimization is only
feasible at their true value, for a second group of PTDFs the true value will be the
border of feasibility-infeasibility region, and for a third group of PTDFs a range can be
found which includes the true value while the optimization is feasible for that range.
5.3.1 Example 5.1
In this section we provide the optimization framework for the FTR auction
introduced in example 3.1.
The auction optimization dual is as follows:
min{FIE*ut, + FEut, + Pty + F™ i, + FE ity
+ Fos™ Mas + Fes ™ ugs + F21" iy + Fii™ ugy
+ Fip ™ taa + F35" Uy + Fs™ pas + F36™ es (5.17)

max,,— bmax_+ bmax_+ bmax _+
+ Fse Hes T+ Q15 Tis +Qsy Tz + Qus opeTas,ope

+ Qgi}r,rcl)%”;;,om + QS&%%Q”L,FGR + Qé’s’,’%ﬂ&,om}
where
Ay = (U7, 1ia B34 M32) s, Hess és Hazs Hiar Haa H32) Has) Hess Hes P15, Tz,
”Zs,oml T[;4,Opt' n-;l,FGR' ”gs,Opt}

The dual optimization is subject to the following constraints:
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(#fz - .U1_2)PTDF12,15 + (#ﬂ - H1_4)PTDF14,15
+ (.154 - .U2_4)PTDF24,15 + (#;2 - Hst)PTDF32,15

(5.18)
+ (uis — Has)PTDFys15 + (ués — ugs) PTDFy315

+(uds — pos)PTDFgs 15 + s — i = Bis

(ﬂfz - Hfz)PTDF12,62 + (,uﬁ - H1_4)PTDF14,62
+ (U34 — Uz4)PTDF, 4 65 + (U3, — t32)PTDF3, 6,

(5.19)
+(uis — Mas)PTDFys56; + (ués — es)PTDFg3 62

+(uds — ugs)PTDFgs 62 + Ty — 5y = BE,

ui;max(0, PTDF 3 45) + py;max (0, —PTDF;; 45)

+ufamax(0, PTDFy4 45) + paymax(0, —PTDFy 4 45)
+33max (0, PTDFy4 45) + pizamax(0, —PTDF, 4 45)
+u3;max(0, PTDF;; 45) + pu3;max(0, —PTDF3; 45)
+ussmax (0, PTDF,s 45) + pasmax (0, —PTDFys5 45)
+ugzsmax(0, PTDFg3 45) + pgzmax(0, —PTDFg3 45)

+udsmax(0, PTDFgs 45) + ptgsmax (0, —PTDFgs 45)

105 0pe — Tas,0pe = Pis (5.20)

pui,max (0, PTDFy;5,) + pui;max(0, —PTDF;; 54)
+‘u.i|-4max(0, PTDF14,24_) + M1_4max(0, _PTDF14_,24_)

+,u;4max(0, PTDF24,24) + uzamax (0, —PTDF24,24)
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+u3,max(0, PTDF;;54) + pu3;max(0, —PTDF3;54)
+zsmax(0, PTDFys 24) + pasmax(0, —PTDFys 54)
+ugzsmax(0, PTDFg354) + pgzsmax(0, —PTDFg354)

+ugsmax(0, PTDFys54) + pgsmax (0, —PTDFgs 54)

+ - b

+T24,0pt — T24,0pt = B2aopt (5.21)
- b

H3a + T34 rer — M2arr = Boarcr (5.22)

—put, max(0, PTDF, 5 65) — pi,max(0, —PTDFy; 5)
—puiamax(0, PTDF465) — piamax(0, —PTDFy, ¢5)
—pu3, max(0, PTDF, 4 65) — pz4max(0, —PTDF, 4 ¢5)
—pu3, max(0, PTDFy365) — pt3,max(0, —PTDFy5 ¢5)
—pfs max(0, PTDF,g565) — ptasmax (0, —PTDFy5 65)
—pd; max(0, PTDFg3,65) — ptgsmax(0, —PTDFg3 65)
—puds max(0, PTDFgs 65) — ugsmax(0, —PTDFgs ¢5)

+10ds 0pt — Tos,0pt = —Bés (5.23)

A, >0 (5.24)

The core optimization can be summarized as follows:

Z’}f};“ﬁfsl + |,Bé)2| + |3fs,0pt| + |IB§4,0pt| + |.Bg4-,FGR| + |ﬁgs,0pt|} (5.25)

_ ¢pb pb pb b b U -
where 4, = {B1s, Bezs Bas,opts B2a,0pt» B2a,rer Bés,ope - The optimization is subject to
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and

Strong Duality: arg{(3.16)} — arg{(5.17)} =0

Dual inequalities:  (5.18) to (5.24)

MCP,5 = (llii-z - llIz)PTDF12,15 + (,uf4 - ll1_4)PTDF14,15
+ (Il;4 - H2_4)PTDF24,15 + (ll;z - ﬂst)PTDFsz,ls
+(uis — Mas)PTDFys5 15 + (g3 — Ug3)PTDFy315

+(ugs — tes)PTDFys 15

MCPs; = (ufy — ui2)PTDF 56, + (Ui — n14)PTDFy 46,
+ (U34 — Hz4)PTDF, 4 65 + (U3, — 32) PTDF35 6,
+(uis — Mas)PTDFys 67 + (ués — g3) PTDFg3 6,

+(ugs — tes)PTDFys 6,

MCPys = ui;max(0, PTDF,3,45) + u,max(0, —PTDFy; 45)
+uiymax(0, PTDF 4 45) + piiamax (0, —PTDF4 45)
+u3smax (0, PTDF,y 45) + puz,max(0, —PTDF, 4 45)
+u3,max (0, PTDF3, 45) + pz,max(0, —PTDFs; 45)
+uzsmax(0, PTDFys 45) + pasmax(0, —PTDFys 45)
+udsmax(0, PTDFg3 45) + tigzmax(0, —PTDFg3 45)

+ugsmax(0, PTDFgs 45) + pgsmax(0, —PTDFgs 45)

MCP,4 0p¢ = pi,max (0, PTDFy; 54) + pui;max(0, —PTDF;;54)
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+uiymax(0, PTDF,, 34) + uizmax(0, —PTDF, 4 ,4)
+uz,max(0, PTDF,454) + pz3max(0, —PTDF4 54)
+uz,max(0, PTDF3;5,) + p3,max(0, —PTDFz; 54)
+uzsmax(0, PTDF,5 54) + pasmax(0, —PTDFys 54)
+ugzmax(0, PTDFg324) + gzmax(0, —PTDFg324)

+ugsmax(0, PTDFys54) + pgsmax (0, —PTDFgs 54)

MCP;y por = :u;zl

MCPgs = pi, max(0, PTDFy; 65) + uy;max (0, —PTDF,5 45)

+pi, max(0, PTDFy 4 ¢5) + uiamax (0, —PTDF, 4 45)
+u3, max(0, PTDF,465) + pz4max(0, —PTDF, 4 ¢5)
+u3, max(0, PTDFs565) + u3,max(0, —PTDF3; ¢5)
+pfs max(0, PTDFy565) + pasmax (0, —PTDFy5 65)
+ud; max(0, PTDFg365) + ptgzmax(0, —PTDFg3 65)

+uds max(0, PTDFgs 65) + ugsmax(0, —PTDFgs ¢5)

4, > 0and ﬁf;_/,fkm_m > 7 for obligation bids and possibly a negative

bound t
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Chapter 6: Simulation Results

In this chapter we apply the proposed estimation framework to PTDF and line
limit estimation for three cases. For each case, we consider one unknown variable at one
time and solve the core optimization for a range around the true value of the variable
and provide the feasibility behavior of the optimization problem.

6.1 Some special cases

There are a few special cases in estimation of PTDFs that are listed as follows:

First: The method cannot be used to estimate parameters (PTDF or line flow limits)
associated with transmission lines that are not binding in the auction optimization. This
IS because the shadow prices of these transmission lines are zero in equations (5.14) and
(5.15) which makes the PTDFs and flow limits of these lines unobservable through
output.
Second: For a similar reason, the PTDF for some of Opt FTRs and FGRs cannot be
estimated. For Opt FTRs, the terms with maximum function in (5.14) and (5.15) such as
ui; max (0, PTDF;j xm) and p;; max(0, —PTDF;jxm) can be zero depending on the
sign of PTDF and the line shadow price. This behavior in some cases makes the Opt
FTRs unobservable through output which will lead to not-so-accurate estimation results.
For FGR type FTRs, the PTDFs are not observable in (5.14) and (5.15) since the
assumption in these equations is that the FGR would imply a full flow on the associated
line. We would propose a method in Section 7.1.1 to address FGR and Opt FTR
estimation special cases.

Due to these special cases and for brevity, we only provide the estimation results

associated with Obl FTRs and associated with binding transmission lines. Moreover, we
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would not consider contingency constraints in our example and would leave it for our

future work.

6.2 Estimation of PTDFs and transmission line limits in different scenarios

6.2.1 Case 1-Example 3.1 and 5.1

Tables 6.1 and 6.2 provide the estimation results for the system introduced in

examples 3.1 and 5.1. As discussed earlier, we only provide the estimation results of

PTDFs that are associated to obligation (Obl) FTRs and binding transmission lines.

Moreover, for brevity the results of PTDFs with absolute values of less than 0.1 are

omitted. Note that the estimation results for each PTDF or line limit are separated with

blank rows in both tables. Moreover, we are interested in the feasibility flag column to

identify the true value of PTDF or line limit.

Table 6.1: PTDF estimation results

Line LineTo | From | TolInj. | Estimated Feasibility flag
From : True value .
Number | Inj. Bus Bus value (feasible=1)
Number
1 4 1 5 0.45712 0.5714 -2
1 4 1 5 0.468548 0.5714 -2
1 4 1 5 0.479976 0.5714 -2
1 4 1 5 0.491404 0.5714 -2
1 4 1 5 0.502832 0.5714 -2
1 4 1 5 0.51426 0.5714 -2
1 4 1 5 0.525688 0.5714 -2
1 4 1 5 0.537116 0.5714 -2
1 4 1 5 0.548544 0.5714 -2
1 4 1 5 0.559972 0.5714 -2
1 4 1 5 0.5714 0.5714 1
1 4 1 5 0.582828 0.5714 1
1 4 1 5 0.594256 0.5714 1
1 4 1 5 0.605684 0.5714 1
1 4 1 5 0.617112 0.5714 1
1 4 1 5 0.62854 0.5714 1
1 4 1 5 0.639968 0.5714 1
1 4 1 5 0.651396 0.5714 1
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1 4 1 5 0.662824 0.5714 1
1 4 1 5 0.674252 0.5714 1
1 4 1 5 0.68568 0.5714 1
2 4 1 5 0.11432 0.1429 -2
2 4 1 5 0.117178 0.1429 -2
2 4 1 5 0.120036 0.1429 -2
2 4 1 5 0.122894 0.1429 -2
2 4 1 5 0.125752 0.1429 -2
2 4 1 5 0.12861 0.1429 -2
2 4 1 5 0.131468 0.1429 -2
2 4 1 5 0.134326 0.1429 -2
2 4 1 5 0.137184 0.1429 -2
2 4 1 5 0.140042 0.1429 -2
2 4 1 5 0.1429 0.1429 1
2 4 1 5 0.145758 0.1429 1
2 4 1 5 0.148616 0.1429 1
2 4 1 5 0.151474 0.1429 1
2 4 1 5 0.154332 0.1429 1
2 4 1 5 0.15719 0.1429 1
2 4 1 5 0.160048 0.1429 1
2 4 1 5 0.162906 0.1429 1
2 4 1 5 0.165764 0.1429 1
2 4 1 5 0.168622 0.1429 1
2 4 1 5 0.17148 0.1429 1
6 5 1 5 0.22856 0.2857 -2
6 5 1 5 0.234274 0.2857 -2
6 5 1 5 0.239988 0.2857 -2
6 5 1 5 0.245702 0.2857 -2
6 5 1 5 0.251416 0.2857 -2
6 5 1 5 0.25713 0.2857 -2
6 5 1 5 0.262844 0.2857 -2
6 5 1 5 0.268558 0.2857 -2
6 5 1 5 0.274272 0.2857 -2
6 5 1 5 0.279986 0.2857 -2
6 5 1 5 0.2857 0.2857 1
6 5 1 5 0.291414 0.2857 1
6 5 1 5 0.297128 0.2857 1
6 5 1 5 0.302842 0.2857 1
6 5 1 5 0.308556 0.2857 1
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6 5 1 5 0.31427 0.2857 1
6 5 1 5 0.319984 0.2857 1
6 5 1 5 0.325698 0.2857 1
6 5 1 5 0.331412 0.2857 1
6 5 1 5 0.337126 0.2857 1
6 5 1 5 0.34284 0.2857 1
1 4 6 2 -0.11432 -0.1429 -2
1 4 6 2 -0.11718 -0.1429 -2
1 4 6 2 -0.12004 -0.1429 -2
1 4 6 2 -0.12289 -0.1429 -2
1 4 6 2 -0.12575 -0.1429 -2
1 4 6 2 -0.12861 -0.1429 -2
1 4 6 2 -0.13147 -0.1429 -2
1 4 6 2 -0.13433 -0.1429 -2
1 4 6 2 -0.13718 -0.1429 -2
1 4 6 2 -0.14004 -0.1429 -2
1 4 6 2 -0.1429 -0.1429 1
1 4 6 2 -0.14576 -0.1429 -2
1 4 6 2 -0.14862 -0.1429 -2
1 4 6 2 -0.15147 -0.1429 -2
1 4 6 2 -0.15433 -0.1429 -2
1 4 6 2 -0.15719 -0.1429 -2
1 4 6 2 -0.16005 -0.1429 -2
1 4 6 2 -0.16291 -0.1429 -2
1 4 6 2 -0.16576 -0.1429 -2
1 4 6 2 -0.16862 -0.1429 -2
1 4 6 2 -0.17148 -0.1429 -2
2 4 6 2 -0.22856 -0.2857 -2
2 4 6 2 -0.23427 -0.2857 -2
2 4 6 2 -0.23999 -0.2857 -2
2 4 6 2 -0.2457 -0.2857 -2
2 4 6 2 -0.25142 -0.2857 -2
2 4 6 2 -0.25713 -0.2857 -2
2 4 6 2 -0.26284 -0.2857 -2
2 4 6 2 -0.26856 -0.2857 -2
2 4 6 2 -0.27427 -0.2857 -2
2 4 6 2 -0.27999 -0.2857 -2
2 4 6 2 -0.2857 -0.2857 1
2 4 6 2 -0.29141 -0.2857 -2
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2 4 6 2 -0.29713 -0.2857 -2
2 4 6 2 -0.30284 -0.2857 -2
2 4 6 2 -0.30856 -0.2857 -2
2 4 6 2 -0.31427 -0.2857 -2
2 4 6 2 -0.31998 -0.2857 -2
2 4 6 2 -0.3257 -0.2857 -2
2 4 6 2 -0.33141 -0.2857 -2
2 4 6 2 -0.33713 -0.2857 -2
2 4 6 2 -0.34284 -0.2857 -2
6 5 6 2 0.34288 0.4286 -2
6 5 6 2 0.351452 0.4286 -2
6 5 6 2 0.360024 0.4286 -2
6 5 6 2 0.368596 0.4286 -2
6 5 6 2 0.377168 0.4286 -2
6 5 6 2 0.38574 0.4286 -2
6 5 6 2 0.394312 0.4286 -2
6 5 6 2 0.402884 0.4286 -2
6 5 6 2 0.411456 0.4286 -2
6 5 6 2 0.420028 0.4286 -2
6 5 6 2 0.4286 0.4286 1
6 5 6 2 0.437172 0.4286 -2
6 5 6 2 0.445744 0.4286 -2
6 5 6 2 0.454316 0.4286 -2
6 5 6 2 0.462888 0.4286 -2
6 5 6 2 0.47146 0.4286 -2
6 5 6 2 0.480032 0.4286 -2
6 5 6 2 0.488604 0.4286 -2
6 5 6 2 0.497176 0.4286 -2
6 5 6 2 0.505748 0.4286 -2
6 5 6 2 0.51432 0.4286 -2
Table 6.2: Line limit estimation results
Line From Line To Estimated value True value | Feasibility flag
Number Number (MW) (MW) (feasible=1)
1 4 80 100 1
1 4 82 100 1
1 4 84 100 1
1 4 86 100 1
1 4 88 100 1
1 4 90 100 1
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100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

100
100
100

92

94

96

98
100
102
104
106
108
110
112
114
116
118
120

160
164
168
172
176
180
184
188
192
196
200
204
208
212
216
220
224
228
232
236
240

80
82

84
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6 5 86 100 1
6 5 88 100 1
6 5 90 100 1
6 5 92 100 1
6 5 94 100 1
6 5 96 100 1
6 5 98 100 1
6 5 100 100 1
6 5 102 100 -2
6 5 104 100 -2
6 5 106 100 -2
6 5 108 100 -2
6 5 110 100 -2
6 5 112 100 -2
6 5 114 100 -2
6 5 116 100 -2
6 5 118 100 -2
6 5 120 100 -2

We see from Tables 6.1 and 6.2 that the true values of all parameters are either
identified on the border of feasibility-infeasibility region (namely “Border” behavior) or
the optimization is feasible only for the true values of the parameters (namely “Exact”
behavior).

6.2.2 Case 2 (18 buses, 23 transmission lines, 8 FTRs) with a negative bid
The system in Case 2 is a 18 bus system connected with 23 transmission lines.

There are 8 FTRs defined for the auction. The case data are as follows:

Table 6.3: Transmission Line Data

# From bus Number | To bus Number X (PU) Limit(MW)
1 1 18 0.025 1000

2 2 1 0.0411 600

3 2 3 0.0151 505

4 3 4 0.0213 500

5 4 5 0.0128 600

6 4 10 0.0129 500

7 5 8 0.0112 303.6
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8 5 6 0.0026 1200
9 6 9 0.025 900
10 6 7 0.0092 900
11 7 8 0.0046 900
12 10 9 0.0101 371.2
13 11 10 0.0217 600
14 12 14 0.0195 400
15 12 11 0.0094 600
16 13 3 0.013 500
17 13 12 0.0089 600
18 14 9 0.025 900
19 15 12 0.0059 600
20 16 17 0.0323 600
21 16 2 0.0086 500
22 17 13 0.0147 500
23 18 8 0.025 900
Table 6.4: FTR input data and auction results
. Auction
o | Tyoe OBfifd Lnj. V\t:ith. Q:gii‘ity ($F/)|iix|cvew Aﬁﬂcg;’” QlIJanti(tjy
er us us cleare
(MW) ($/MW) (MW)
1| Obl bid 2 8 1000 25 25 519.0366
2| Obl bid 3 4 400 -2 -2 235.1622
3| Obl offer 9 12 50 3 0.499799 0
4| Opt bid 9 5 120 6 0.208813 120
5| Opt bid 2 18 400 30 18.1402 400
6 | FGR bid 5 8 310 20 56.18553 0
7 | FGR bid 2 3 500 3 3 104.9485
8| FGR bid 14 12 400 5 0 400

Optimum Objective function value = 27540.43

Out of 184 PTDFs that can be estimated, we only provide the estimation results of

PTDFs that their absolute value is larger than 0.1 and they are associated to obligation

FTRs and binding transmission lines. The estimation results are provided in Tables 6.5

and 6.6.
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Table 6.5: PTDF estimation results

Line

LineTo | From | TolInj. | Estimated Feasibility flag
From . True value .
Number | Inj. Bus Bus value (feasible=1)
Number
2 3 2 8 0.424 0.53 -2
2 3 2 8 0.4346 0.53 -2
2 3 2 8 0.4452 0.53 -2
2 3 2 8 0.4558 0.53 -2
2 3 2 8 0.4664 0.53 -2
2 3 2 8 0.477 0.53 -2
2 3 2 8 0.4876 0.53 -2
2 3 2 8 0.4982 0.53 -2
2 3 2 8 0.5088 0.53 -2
2 3 2 8 0.5194 0.53 -2
2 3 2 8 0.53 0.53 1
2 3 2 8 0.5406 0.53 -2
2 3 2 8 0.5512 0.53 -2
2 3 2 8 0.5618 0.53 -2
2 3 2 8 0.5724 0.53 -2
2 3 2 8 0.583 0.53 -2
2 3 2 8 0.5936 0.53 -2
2 3 2 8 0.6042 0.53 -2
2 3 2 8 0.6148 0.53 -2
2 3 2 8 0.6254 0.53 -2
2 3 2 8 0.636 0.53 -2
3 4 2 8 0.33896 0.4237 -2
3 4 2 8 0.347434 0.4237 -2
3 4 2 8 0.355908 0.4237 -2
3 4 2 8 0.364382 0.4237 -2
3 4 2 8 0.372856 0.4237 -2
3 4 2 8 0.38133 0.4237 -2
3 4 2 8 0.389804 0.4237 -2
3 4 2 8 0.398278 0.4237 -2
3 4 2 8 0.406752 0.4237 -2
3 4 2 8 0.415226 0.4237 -2
3 4 2 8 0.4237 0.4237 1
3 4 2 8 0.432174 0.4237 -2
3 4 2 8 0.440648 0.4237 -2
3 4 2 8 0.449122 0.4237 -2
3 4 2 8 0.457596 0.4237 -2
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3 4 2 8 0.46607 0.4237 -2
3 4 2 8 0.474544 0.4237 -2
3 4 2 8 0.483018 0.4237 -2
3 4 2 8 0.491492 0.4237 -2
3 4 2 8 0.499966 0.4237 -2
3 4 2 8 0.50844 0.4237 -2
5 8 2 8 0.31488 0.3936 -2
5 8 2 8 0.322752 0.3936 -2
5 8 2 8 0.330624 0.3936 -2
5 8 2 8 0.338496 0.3936 -2
5 8 2 8 0.346368 0.3936 -2
5 8 2 8 0.35424 0.3936 -2
5 8 2 8 0.362112 0.3936 -2
5 8 2 8 0.369984 0.3936 -2
5 8 2 8 0.377856 0.3936 -2
5 8 2 8 0.385728 0.3936 -2
5 8 2 8 0.3936 0.3936 1
5 8 2 8 0.401472 0.3936 -2
5 8 2 8 0.409344 0.3936 -2
5 8 2 8 0.417216 0.3936 -2
5 8 2 8 0.425088 0.3936 -2
5 8 2 8 0.43296 0.3936 -2
5 8 2 8 0.440832 0.3936 -2
5 8 2 8 0.448704 0.3936 -2
5 8 2 8 0.456576 0.3936 -2
5 8 2 8 0.464448 0.3936 -2
5 8 2 8 0.47232 0.3936 -2
2 3 3 4 -0.09824 -0.1228 -2
2 3 3 4 -0.1007 -0.1228 -2
2 3 3 4 -0.10315 -0.1228 -2
2 3 3 4 -0.10561 -0.1228 -2
2 3 3 4 -0.10806 -0.1228 -2
2 3 3 4 -0.11052 -0.1228 -2
2 3 3 4 -0.11298 -0.1228 -2
2 3 3 4 -0.11543 -0.1228 -2
2 3 3 4 -0.11789 -0.1228 -2
2 3 3 4 -0.12034 -0.1228 -2
2 3 3 4 -0.1228 -0.1228 1
2 3 3 4 -0.12526 -0.1228 -2
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2 3 3 4 -0.12771 -0.1228 -2
2 3 3 4 -0.13017 -0.1228 -2
2 3 3 4 -0.13262 -0.1228 -2
2 3 3 4 -0.13508 -0.1228 -2
2 3 3 4 -0.13754 -0.1228 -2
2 3 3 4 -0.13999 -0.1228 -2
2 3 3 4 -0.14245 -0.1228 -2
2 3 3 4 -0.1449 -0.1228 -2
2 3 3 4 -0.14736 -0.1228 -2
3 4 3 4 0.50664 0.6333 -2
3 4 3 4 0.519306 0.6333 -2
3 4 3 4 0.531972 0.6333 -2
3 4 3 4 0.544638 0.6333 -2
3 4 3 4 0.557304 0.6333 -2
3 4 3 4 0.56997 0.6333 -2
3 4 3 4 0.582636 0.6333 -2
3 4 3 4 0.595302 0.6333 -2
3 4 3 4 0.607968 0.6333 -2
3 4 3 4 0.620634 0.6333 -2
3 4 3 4 0.6333 0.6333 1
3 4 3 4 0.645966 0.6333 -2
3 4 3 4 0.658632 0.6333 -2
3 4 3 4 0.671298 0.6333 -2
3 4 3 4 0.683964 0.6333 -2
3 4 3 4 0.69663 0.6333 -2
3 4 3 4 0.709296 0.6333 -2
3 4 3 4 0.721962 0.6333 -2
3 4 3 4 0.734628 0.6333 -2
3 4 3 4 0.747294 0.6333 -2
3 4 3 4 0.75996 0.6333 -2
3 4 9 12 -0.17208 -0.2151 -2
3 4 9 12 -0.17638 -0.2151 -2
3 4 9 12 -0.18068 -0.2151 -2
3 4 9 12 -0.18499 -0.2151 -2
3 4 9 12 -0.18929 -0.2151 -2
3 4 9 12 -0.19359 -0.2151 -2
3 4 9 12 -0.19789 -0.2151 -2
3 4 9 12 -0.20219 -0.2151 -2
3 4 9 12 -0.2065 -0.2151 -2
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3 4 9 12 -0.2108 -0.2151 -2
3 4 9 12 -0.2151 -0.2151 1
3 4 9 12 -0.2194 -0.2151 2
3 4 9 12 -0.2237 -0.2151 -2
3 4 9 12 -0.22801 -0.2151 2
3 4 9 12 -0.23231 -0.2151 -2
3 4 9 12 -0.23661 -0.2151 2
3 4 9 12 -0.24091 -0.2151 2
3 4 9 12 -0.24521 -0.2151 -2
3 4 9 12 -0.24952 -0.2151 2
3 4 9 12 -0.25382 -0.2151 -2
3 4 9 12 -0.25812 -0.2151 2
Table 6.6: Line limit estimation results
Line From Line To Estimated value True value | Feasibility flag
Number Number (MW) (MW) (feasible=1)
2 3 404 505 1
2 3 414.1 505 1
2 3 424.2 505 1
2 3 434.3 505 1
2 3 444.4 505 1
2 3 454.5 505 1
2 3 464.6 505 1
2 3 474.7 505 1
2 3 484.8 505 1
2 3 494.9 505 1
2 3 505 505 1
2 3 515.1 505 -2
2 3 525.2 505 -2
2 3 535.3 505 -2
2 3 545.4 505 -2
2 3 555.5 505 -2
2 3 565.6 505 -2
2 3 575.7 505 -2
2 3 585.8 505 -2
2 3 595.9 505 -2
2 3 606 505 -2
3 4 400 500 1
3 4 410 500 1
4 420 500
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3 4 430 500 1
3 4 440 500 1
3 4 450 500 1
3 4 460 500 1
3 4 470 500 1
3 4 480 500 1
3 4 490 500 1
3 4 500 500 1
3 4 510 500 -2
3 4 520 500 -2
3 4 530 500 -2
3 4 540 500 -2
3 4 550 500 -2
3 4 560 500 -2
3 4 570 500 -2
3 4 580 500 -2
3 4 590 500 -2
3 4 600 500 -2
5 8 242.88 303.6 1
5 8 248.952 303.6 1
5 8 255.024 303.6 1
5 8 261.096 303.6 1
5 8 267.168 303.6 1
5 8 273.24 303.6 1
5 8 279.312 303.6 1
5 8 285.384 303.6 1
5 8 291.456 303.6 1
5 8 297.528 303.6 1
5 8 303.6 303.6 1
5 8 309.672 303.6 -2
5 8 315.744 303.6 -2
5 8 321.816 303.6 -2
5 8 327.888 303.6 -2
5 8 333.96 303.6 -2
5 8 340.032 303.6 -2
5 8 346.104 303.6 -2
5 8 352.176 303.6 -2
5 8 358.248 303.6 -2
5 8 364.32 303.6 -2
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A similar estimation behavior is seen as that of Case 1 in which all the true
values are successfully estimated and parameters show either a Border or an Exact
estimation behavior.

6.2.3 Case 3 (618 buses, 500 transmission lines, 100 FTRs)

Finally we test the proposed estimation method in a large actual system
extracted from US Eastern Interconnection Grid. The Case input data and estimation
results are provided in appendix A-D. As discussed earlier, we only provide the
estimation results of PTDFs that their absolute value is larger than 0.1 and they are
associated to obligation FTRs and binding transmission lines. The results show the
successful estimation of all the true values for PTDF and line limits. We also see either

the Border or Exact estimation behaviors.
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Chapter 7: Discussions

In this chapter first we will discuss the introduction of Pseudo obligations to
address the special cases in estimation of PTDFs for Opt and FGR type FTRs. Then a
Brute-Force method for simultaneous estimation of multiple PTDFs will be introduced.
7.1 Pseudo obligations
7.1.1 Addressing the special cases of some Options and FGRs

As discussed in Chapter 6, there are some special cases in estimating the PTDFs
associated to some FTRs of type Opt and FGR. However, the method can successfully
estimate the PTDFs associated with obligation FTRs. This encourages us to introduce
additional obligation FTRs in the auction optimization problem for every FTR of type
Opt and FGR that is a special case. Therefore, for every special Opt or FGR type FTR, a
pseudo obligation FTR is designed for the same injection and withdrawal locations with
maximum bid quantity of 0.05 MW and bid price of 0.05 $/MW. Then the PTDF that
could not be estimated using Opt or FGR type FTRs would be estimated using the
Pseudo obligation FTR. We would name these FTRs as pseudo obligations since they
are not actual FTRs offered/bid by market participants and their impact on the solution
is small. Note that we would need to provide a MCP for Pseudo obligations in the
proposed estimation method. One way to obtain these MCPs, is replicating the auction
optimization using the published auction MCPs and quantities. To do so, for each actual
FTR we would use the cleared quantity as the max quantity and would change MCP by
a small number and use it as the offer/bid prices for replicating the auction. Then we

would use the new auction solution in estimating PTDFs. These additional FTRs should
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be designed such that the auction optimization solution after introduction of these FTRs
remains close to the original auction solution.
7.1.2 Revisiting Case 2

In Chapter 6, we used the proposed estimation method for estimating PTDFs of
Case 2 and provided the estimation results for Obl type FTRs. In this section, we
introduce pseudo obligations for PTDFs associated with Opt and FGR type FTRs. We
chose Case 2 rather than 1 and 3 for better illustration. Table 7.1 shows the original
FTRs, the pseudo FTRs denoted by # b, and the auction optimization solution
considering pseudo FTRs. Note that the offer/bids quantities are the cleared quantities
from Table 6.4 with zeros replaced by ones and the prices are MCPs of Table 6.4

disturbed by about 0.05.

Table 7.1: FTR input data and auction results

. . . Max . Auction Auctic_m
# | Type OBflfd Lnj' V\é'th' Quantity ( $F/>Ir\;|(i/ev) MCP Qlljam';y
er us us cleare
(MW) (3/MW) (MW)
1 Obl bid 2 8 519.0366 25.05 24.9079 | 519.0366
2 Obl bid 3 4 235.1622 -1.95 -2.1509 | 235.1622
3 Obl offer 9 12 1 0.549 0.549 0.02
4 Opt bid 9 5 120 0.259 0.1929 120
4-b | Obl bid 9 5 0.05 0.05 -4.6303 0.05
5 Opt bid 2 18 400 18.19 18.0734 400
5-b | Obl bid 2 18 0.05 0.05 18.0734 0
6 FGR bid 5 8 1 56.136 | 56.1356 0
6-b | Obl bid 5 8 0.05 0.05 31.5198 0
7 FGR bid 2 3 104.9485 3.05 3.05 104.9126
7-b | Obl bid 2 3 0.05 0.05 -0.7888 0.05
8 FGR bid 14 12 400 0.05 0 400
8-b | Obl bid 14 12 0.05 0.05 -0.266 0.05
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Finally, in Appendix E, we provide the estimation results of PTDFs that their
absolute value is larger than 0.05 and they are associated to obligation FTRs and
binding transmission lines.

7.2 Simultaneous estimation of multiple PTDFs
7.2.1 Brute-Force Method

So far we have used the proposed estimation method for estimation of one
PTDF at a time. This implies that the value of all other PTDFs are known but the value
of the single estimated PTDF. However, there might be cases that values of several
PTDFs are unknown or are disturbed from the original value. We can use the proposed
estimation method for simultaneous estimation of multiple uncertain PTDFs if all of
them have Exact estimation behavior (Refer to Section 6.2.1 for definition of Exact
behavior). To do so, we use a brute-force estimation approach. This method is the same
as the estimation method introduced in Section 5.3 for estimation of a single PTDF with
the difference that we would consider all possible combinations of values for multiple
PTDFs by sweeping through appropriate ranges for each PTDF and solve the core
optimization. The true value of parameters would be the set for which the optimization
is feasible. Finally, note that if the PTDF group that we desire to estimate includes both
Exact and Border PTDF types, then

- If the PTDF is of type Exact, the optimization will be feasible only at the true
value of PTDF.
- If the PTDF is of type Border, the optimization will be feasible for more than

one value for the PTDF including its true value.
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7.2.2 Revisiting Case 1

We provide the simultaneous estimation of a few sets of PTDFs estimated in

Case 1 and reported in Table 6.1. Note that we only provide simultaneous estimation

results of sets of two and three PTDFs as it is adequate to draw our conclusion. Table

7.2 summarizes the PTDFs estimated in Table 6.1 and their estimation behavior.

Table 7.2: Estimated PTDFs and their behavior

" Line From LineTo | From | ToInj. True value Estimation
Number Number | Inj. Bus Bus Behavior

1 1 4 1 5 0.5714 Border

2 2 4 1 5 0.1429 Border

3 6 5 1 5 0.2857 Border

4 1 4 6 2 -0.1429 Exact

5 2 4 6 2 -0.2857 Exact

6 6 5 6 2 0.4286 Exact

The brute-force method is used for simultaneous estimation of PTDF sets introduced in

Table 7.3. The PTDF numbers in Table 7.3 are the numbers assigned in Table 7.2.

Table 7.3: PTDF sets

Set# | PTDF numbers included Estimation Behaviors (B = Border, E = Exact)
1 1,2) (B,B)
2 (2,4) (B,E)
3 (2,6) (B,E)
4 (1,2,3) (B,B,B)
5 (1,2,4) (B,B,E)
6 (1,5,6) (B.EE)
7 (4,5,6) (E,E,E)

The simulation results of simultaneous estimation of above PTDF sets are provided in

Appendix F.

The results show the following patterns:
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- In simultaneous estimation of PTDFs, all PTDFs in a set can be
estimated exactly if all have Exact estimation behaviors.

- If there is at least one PTDF in the set with Border estimation behavior,
then estimation would results in some feasibility ranges which include
the true PTDF values. However still the true value of Exact PTDF types
can be uniquely determined. Identifying the true values of Border PTDFs

in a unique manner is not possible at this stage.

We revisit the Case 2 in the following to further examine the above patterns.

7.2.3 Revisiting Case 2

The PTDFs estimated in Case 2 and reported in Table 6.5 are summarized in

Table 7.4.

Table 7.4: Estimated PTDFs and their behavior

" Line From LineTo | From | Tolnj. True value Estimation
Number Number | Inj. Bus Bus Behavior

1 2 3 2 8 0.53 Exact

2 3 4 2 8 0.4237 Exact

3 5 8 2 8 0.3936 Exact

4 2 3 3 4 -0.1228 Exact

5 3 4 3 4 0.6333 Exact

6 3 4 9 12 -0.2151 Exact

The brute-force method is used for simultaneous estimation of PTDF sets introduced in

Table 7.5.

Table 7.5: PTDF sets

Set # | PTDF numbers included Estimation Behaviors (B = Border, E = Exact)
1 1,2) (E,E)
2 (1,4) (E,E)
3 (4.,5) (E.E)
4 (1,2,3) (EEE)
5 (1,4,6) (E,E,E)
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| 6 | (4,5,6) | (E.E.E)

The simulation results of simultaneous estimation of above PTDF sets are provided in
Appendix G. Since all the PTDFs have Exact estimation behaviors, their true values can

be uniquely estimated simultaneously.
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Chapter 8: Concluding Remarks

In this dissertation, a mathematical framework is provided for estimation of
unknown system parameters in an optimization problem without the need to know the
uncertain system inputs that are modeled as part of the optimization parameters. This is
accomplished by using the duality theory and by introducing additional optimization
constraints from system output data which altogether help shrink the optimization
feasible region and thus reveal the true value of the unknown parameters. Specifically
for the field of electricity markets and power systems, the application of this framework
would be extensive for gaining additional knowledge and conducting further research
on FTR auction and electricity market optimization problems. From the industrial
perspective, the contribution of our research work is to help regulators and auditors,
market participants, investors, and retail customers obtain more insights about the
market which would lead to a more transparent and efficient market. As elaborated in
Chapter 4, the framework is beneficial to regulators and auditors as it can be used by
them to identify market abuse due to generations withholding capacity. It is beneficial
to market participants and retail consumers as it can improve market transparency due
to making underlying system parameters known to all participants and thus lead to more
efficient pricing with the hope of reducing the rates for retail consumers. It is also
beneficial since it can be used by participants to construct FGR/FTR portfolios for
hedging congestion risk and update the portfolio weights more frequently. Moreover, it
can be used for post analysis of settlement charges to assure correct settlement
calculations. It is beneficial to investors as it can help recognize the competitive

injection locations in power grid for transmission congestion opportunities as well as for
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reducing the risk of congestion due to transactions involving a new unit by choosing an
appropriate unit location. Finally, the proposed method can be modified to be suitable
for any optimization problem with similar characteristics to FTR auction and DA
market.

There are still some questions that need to be answered in our future research. It
would be valuable to understand the impact of n — 1 contingency constraints on the
estimation framework. These constraints are used to model the impact of transmission
line outages on the flow of other transmission lines. According to (3.8) and (3.9), when
a contingency constraint is binding in auction solution, the estimated PTDF would
include the LODF and PTDF factors associated to the contingent transmission line.
Further analysis and modification to the framework is required to eliminate the impact
of contingent line LODF and PTDF factors from the target PTDF of non-contingent
transmission line.

More research steps are needed to fully tailor the framework for identifying
Day-ahead market power system parameters using market published results. This is
because, unlike FTR auction, the day-ahead market is an optimization problem that co-
optimizes energy and ancillary services simultaneously and the market outcomes are
cleared quantities and prices for the two interrelated commodities. Moreover, the
transmission system losses have to be considered in the day-ahead market estimation
problem which adds to the complexity of the problem due to dependency of loss
allocation factors and PTDFs on the choice of slack bus or distributed slack bus

weights.
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Although the general concepts of FTR auction and electricity markets are the
same for all US ISOs, the implementation and design details are rather different. This
requires us to modify the proposed framework for each US 1SO implementation. For
example, CAISO uses multi-point CRRs which are transmission rights defined between
multiple injection and withdrawal points. The injection points are prioritized by the
participant based on their estimated cost benefits to serve the withdrawal MW. The
allocation processes starts from the first injection point unless there is a constraint
violation. In this case, the injection point with the next priority will be used for
allocation. Further investigation is needed to quantify the impact of this process on our
framework. Another example is the differences in published auction results for various
ISOs. For example ERCOT publishes the binding flowgate limits whereas PJIM only
publishes the shadow prices. Thus, for PIM implementation, we would need to consider
the transmission line limits as part of the unknown variables in the core optimization
problem introduced in Section 5.3.

Further research is needed to understand the impact of special estimation cases
on system congestion and auction results. In our initial investigation, we found out that
in none of the special cases observed in option contract PTDF estimation did the FTR
contract have any business value or importance as it was used for an opposite direction
in regard to the congestion direction. However, we still need to carefully investigate this
on several test cases for various ISO implementations. To address these special cases,
we suggested the use of pseudo obligations which are additional obligation contracts
introduced to replace the special option contracts in PTDF estimation. One drawback of

this idea is the need to calculate the MCPs for pseudo obligations which requires
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replication of FTR auction from published outputs. Thus, further research is needed to
measure the reliability of replicating the auction for pseudo obligation MCPs and to
quantify the sensitivity of auction solution to these obligations. Finally, it is important
to characterize the impact of Exact and Border type PTDFs on congestion patterns and

their sensitivity to injection/withdrawal locations.
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Appendix A: Case 3-Transmission line input

Table A.1: Transmission Line Data

# From bus Number | To bus Number X (PU) Limit (MW)
1 335348 503304 0 20
2 336154 336153 0.01 600
3 336037 336080 0.08 115
4 337138 337139 0.02 136
5 337909 337910 0.02 945
6 337125 338400 0.07 195
7 338514 338502 0.36 36
8 338514 338501 0.36 36
9 338514 338503 0.36 36
10 335830 335831 0.01 1151
11 336820 336821 0.01 1650
12 336154 336153 0.01 600
13 337651 337653 0.01 910
14 336220 336221 0.03 270
15 338145 338146 0.01 910
16 337665 337666 0.1 50
17 337414 337419 0.14 110
18 337693 337694 0.65 12
19 337005 337007 0.09 193
20 337005 337006 0.09 193
21 337686 337690 0 598
22 337909 337911 0.01 1130
23 337692 337690 0.01 600
24 335825 335830 0 1194
25 337651 337652 0.01 910
26 337602 338514 0.07 114
27 336220 336222 0.02 465
28 337005 337008 0.07 223
29 337415 337449 0.13 84
30 337718 337720 0.23 34
31 335569 335571 0.08 215
32 335569 335570 0.08 215
33 337124 338400 0.12 115
34 335094 335102 0.11 38
35 337430 337427 0.08 215
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36 337429 337427 0.08 215
37 337428 337427 0.08 215
38 337710 337712 0.1 50

39 337710 337711 0.1 50

40 335610 335612 0.04 256
41 334458 334455 0.06 217
42 337718 337719 0.25 34

43 337414 337418 0.24 60

44 337414 337417 0.24 60

45 334433 334430 0.01 495
46 336462 336464 0.01 640
47 335569 335572 0.08 215
48 335576 335577 0.33 535
49 335576 335578 0.33 53.5
50 337765 337763 0.06 312
51 337764 337763 0.06 312
52 336175 336177 0.11 150
53 336175 336176 0.11 150
54 336190 336191 0.02 650
55 338515 338506 0.96 12

56 338515 338504 0.96 12

57 338515 338505 0.96 12

58 334070 334072 0.03 312
59 335781 335782 0.09 93

60 337646 337648 0.02 253
61 334431 334430 0.05 256
62 334432 334430 0.05 256
63 337581 337582 0.01 112
64 334029 334030 0.04 200
65 334029 334031 0.04 200
66 337921 337927 0.04 223
67 338170 505420 0.04 148
68 334441 334434 0.02 583
69 337647 337648 0.04 255
70 337935 338482 0.43 50

71 336880 336882 0.04 143
72 336444 336446 0.03 300
73 335610 335611 0.05 200
74 338152 338143 0.01 530
75 338151 338734 0.04 148
76 335200 335203 0.06 192
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7 335787 335788 0.09 20
78 337619 337647 0.05 239
79 334071 334072 0.03 330
80 334391 334392 0.08 210
81 334440 334434 0.02 680
82 335190 335206 0.01 706
83 338142 338143 0.01 530
84 335030 335031 0.01 39
85 335074 335075 0.07 225
86 335074 335076 0.07 225
87 337927 338424 0 223
88 337016 337019 0.06 120
89 337322 337326 0.24 52
90 337322 337323 0.24 52
91 337322 337325 0.24 52
92 337322 337324 0.24 52
93 337930 337931 0.03 283
94 338734 338879 0.06 148
95 334298 334326 0.15 1125
96 334299 334326 0.15 112.5
97 337645 337646 0.04 266
98 337718 337746 0.08 111
99 336918 336919 0.02 161
100 336080 336081 0.04 115
101 336945 336919 0.03 600
102 335135 335190 0 532
103 338201 345534 0.74 22
104 337425 337420 0.09 220
105 337423 337420 0.09 220
106 337421 337420 0.09 220
107 336220 336230 0.02 320
108 337426 337420 0.14 140
109 337424 337420 0.14 140
110 337422 337420 0.14 140
111 335190 335204 0.02 680
112 335644 335643 0.08 205
113 337320 337322 0.22 219
114 336871 336880 0.03 231
115 337432 337427 0.07 250
116 335136 335137 0.1 200
117 335136 335137 0.1 200
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118 337950 338016 0.03 239
119 334231 334233 0.1 120
120 334231 334232 0.1 120
121 337766 337763 0.06 390
122 334463 334467 0.1 107
123 337644 337645 0.02 266
124 336035 503305 0 120
125 335815 335782 0.06 200
126 334001 334002 0.09 33
127 334737 334741 0.01 72
128 335640 335639 0.13 112
129 335837 335771 0.01 1200
130 337005 337009 0 806
131 338200 344722 0.43 35
132 338813 505460 0.03 162
133 334412 334413 0.01 282
134 335569 335573 0 685
135 336220 336223 0.04 290
136 337740 337742 0.04 201
137 337949 338755 0.07 106
138 334000 334001 0.1 33
139 335573 335574 0 685
140 337331 337390 0.1 115
141 337137 337138 0.05 108
142 335135 335136 0 470
143 337162 360594 0 1172
144 336170 336166 0.04 490
145 336839 336880 0.03 560
146 337620 337644 0.01 239
147 303131 335336 0.03 19
148 338188 338388 0.02 1025
149 338229 338230 0.06 70
150 336280 336283 0.06 175
151 335574 335575 0 685
152 337815 337816 0.01 298
153 337449 337450 0.1 84
154 334413 334430 0.03 287
155 336938 336939 0 239
156 337420 337415 0.02 598
157 337665 337667 0.08 50
158 337686 337740 0 266
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159 336555 336559 0.07 231
160 337561 337539 0.04 448
161 337620 337626 0.01 194
162 337625 337626 0.01 194
163 335576 335579 0 685
164 337600 337602 0.1 106
165 336553 336554 0.04 199
166 336554 336555 0.02 199
167 335521 335522 0.06 50

168 336167 336166 0.07 272
169 336168 336166 0.07 272
170 336169 336166 0.07 272
171 336069 336154 0.02 641
172 337931 337932 0 283
173 303000 335827 0 478
174 335022 335023 0 42

175 337804 337815 0.01 319
176 335217 335250 0.1 39

177 338151 338173 0.01 335
178 337180 337150 0.02 392
179 335642 335643 0 243
180 336839 336840 0.03 560
181 336839 336840 0.03 560
182 335647 335646 0.12 143
183 337826 337840 0.03 159
184 337808 337799 0.04 448
185 336778 336870 0.02 159
186 337808 337804 0.04 448
187 337827 337930 0.05 239
188 337382 337414 0.09 228
189 337023 337054 0.07 70

190 336870 336871 0.02 231
191 337583 338642 0.01 176
192 303000 335536 0.03 524
193 334414 334430 0.02 287
194 335513 335514 0 72

195 335513 335508 0.1 72

196 336907 336938 0.01 320
197 337620 337962 0.08 106
198 335336 335337 0.13 56

199 338006 338016 0.01 266
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200 338151 338154 0.06 223
201 334026 334039 0.11 206
202 334026 334060 0.08 206
203 337392 337415 0 262
204 336882 336890 0.04 143
205 337162 337163 0.01 462
206 336917 336918 0.02 161
207 334084 334208 0.01 243
208 338044 338879 0.03 148
209 336033 336034 0.03 159
210 335610 335628 0.03 216
211 338172 338173 0 335
212 335713 335771 0.05 200
213 338004 338755 0.06 106
214 337818 337821 0.01 298
215 337929 337930 0.02 239
216 337009 337000 0.02 560
217 337650 337648 0.04 420
218 337650 337648 0.04 420
219 337650 337651 0 840
220 337020 337021 0.07 53
221 335642 335664 0 339
222 337414 337443 0.08 239
223 303325 337331 0.06 115
224 337150 337151 0.02 120
225 337962 338738 0.01 106
226 336230 336231 0.01 360
227 337420 337415 0.02 598
228 336800 336960 0.04 161
229 337742 337744 0.02 201
230 337162 337180 0 797
231 300115 338202 0.03 240
232 334228 334412 0.01 151
233 337922 337923 0.02 600
234 336558 336559 0.04 239
235 337918 337932 0.01 239
236 335713 335771 0.05 200
237 334396 334398 0.02 270
238 336906 336907 0.01 320
239 336939 336941 0.47 20
240 335750 335782 0.07 93
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241 334397 334430 0.01 282
242 334560 334561 0.04 22.7
243 334500 334501 0.01 121
244 336925 336926 0.01 231
245 336925 336940 0.01 231
246 336919 336939 0.01 260
247 337826 337827 0.02 255
248 336043 336037 0.03 336
249 336280 336284 0.03 229
250 336919 336940 0.01 260
251 338022 338044 0.09 148
252 335785 335786 0.06 37.6
253 338140 338016 0.03 600
254 338228 338229 0.14 70
255 337028 337032 0.05 108
256 335575 335576 0 685
257 335346 335347 0.12 51
258 303021 334325 0 1215
259 335825 335827 0.01 673
260 336939 336941 0.48 20
261 335258 335259 0.14 33
262 335259 335266 0.1 33
263 335217 335253 0.2 33
264 336842 336890 0.02 392
265 336223 336224 0.03 174
266 336961 336976 0.02 111
267 334396 334397 0.04 282
268 336777 336778 0.02 161
269 336212 336213 0 572
270 334398 334430 0.03 287
271 336830 336800 0.03 560
272 336130 336131 0.01 1200
273 338154 338155 0.04 223
274 335699 335724 0.05 72
275 337800 337801 0.02 159
276 337340 337343 0.15 111
277 335815 335825 0.01 593
278 337304 500170 0.02 382
279 336552 336553 0.04 199
280 337816 337817 0 298
281 335786 335787 0.04 37.6

84




282 337909 337922 0.01 1732
283 335525 335527 0.06 72
284 335527 335508 0.1 72
285 337918 338484 0.04 255
286 335455 500720 0.04 287
287 336804 336962 0.01 231
288 337747 338659 0.14 106
289 335599 335600 0 287
290 337937 337930 0.03 420
291 337964 338738 0.01 106
292 336967 336968 0.08 87
293 337923 337925 0.05 303
294 338033 338883 0.03 148
295 336557 336558 0.03 239
296 335211 335217 0.05 72
297 336526 336559 0.04 161
298 337343 337341 0.03 300
299 337161 337163 0.01 462
300 335815 335825 0.01 593
301 335713 335771 0.06 200
302 335677 335678 0.03 121
303 336840 336841 0.01 433
304 337665 338852 0.06 159
305 335663 335664 0 361
306 335720 335721 0.05 93
307 336154 336250 0.03 1038
308 335366 335375 0.03 225
309 334058 334060 0.02 206
310 334226 334228 0.03 151
311 335749 335750 0.03 93
312 336084 336280 0.08 174
313 336042 336154 0.03 535
314 337382 337383 0.02 228
315 334193 334319 0.04 239
316 335411 335412 0.08 39
317 337857 337858 0.04 266
318 334641 334642 0.01 69
319 336840 336856 0.01 519
320 338188 360021 0 2546
321 334334 334335 0.01 145
322 335771 336140 0.04 703
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323 336130 336562 0.02 1270
324 337685 337734 0.02 176
325 337928 338422 0.02 224
326 334333 334334 0.1 141
327 337674 337675 0.03 68
328 337804 337820 0 319
329 338200 344720 0.44 36
330 337733 337734 0.01 176
331 337858 337859 0.02 283
332 337516 337519 0.02 177
333 334204 334434 0.04 685
334 335829 503303 0 20
335 334588 334600 0.13 72
336 337581 337583 0.02 176
337 336800 336804 0.03 239
338 335836 388700 0.03 1800
339 335347 335348 0.06 51
340 334008 334020 0.2 50
341 338033 338155 0.04 223
342 338682 506932 0.02 210
343 334413 334414 0.01 287
344 337746 337747 0.01 118
345 335805 335815 0.02 300
346 337304 337341 0.03 319
347 338147 338148 0.01 246
348 334226 334227 0.06 151
349 335524 335525 0.02 72
350 335805 335815 0.02 300
351 334411 334412 0 241
352 337040 337042 0.03 392
353 338515 338744 0.01 223
354 338171 338172 0.06 363
355 336190 336210 0.01 1038
356 334039 334040 0.01 206
357 337304 500200 0.02 764
358 337116 337126 0.13 108
359 335742 335743 0.01 93
360 337032 337033 0.06 231
361 336556 336557 0.01 239
362 336007 336154 0.02 459
363 337064 337065 0.08 159
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364 336442 336444 0.02 320
365 338215 338216 0.25 50

366 336525 336526 0.03 161
367 335627 335628 0.01 265
368 335796 335805 0.1 100
369 335782 335805 0.1 100
370 336019 336042 0.03 300
371 338142 338151 0.03 416
372 336213 336214 0.01 572
373 334628 334640 0.01 121
374 337009 337000 0.02 615
375 335375 335376 0.03 225
376 337136 337137 0.03 108
377 338170 338171 0.03 335
378 336154 336155 0 797
379 337144 337150 0.02 217
380 336418 336420 0.01 217
381 337744 337745 0.04 201
382 337967 337972 0.06 106
383 335618 335568 0.02 672
384 338162 338161 0.03 450
385 337928 337929 0.04 239
386 338138 338142 0.04 310
387 337624 337625 0.01 194
388 338006 338756 0.02 266
389 337860 337859 0.04 447
390 338123 505460 0 223
391 335428 500490 0.02 39

392 335409 335428 0.1 39

393 337937 337930 0.03 420
394 337937 337930 0.03 420
395 337740 337741 0.02 239
396 337950 337951 0.02 194
397 337799 337825 0.05 266
398 337686 337718 0.05 239
399 338148 338149 0.03 223
400 335023 335024 0.01 42

401 337391 337415 0 320
402 334680 334396 0.12 75

403 336960 336961 0.04 176
404 337390 337391 0.06 298
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405 337050 337051 0.02 392
406 335125 335200 0.01 260
407 334316 334317 0.08 134
408 334072 334090 0.05 411
409 337821 337822 0.01 298
410 338202 338230 0.05 112
411 337662 338852 0.01 159
412 337964 338741 0.04 106
413 337664 337685 0.08 159
414 303321 337442 0 198
415 334152 334193 0.03 233
416 334501 334502 0.01 121
417 336081 336082 0.09 115
418 337051 337052 0.05 161
419 337817 337818 0.01 255
420 303321 337444 0.03 176
421 336554 336770 0.05 161
422 334093 334100 0.03 384
423 335600 335601 0.01 339
424 335376 335377 0 225
425 337824 337825 0.02 255
426 336015 336016 0.09 115
427 337415 338642 0.14 239
428 337685 337686 0.01 239
429 303005 335835 0 2048
430 335775 335776 0.03 203
431 335035 335045 0.01 121
432 337717 337718 0.02 159
433 336158 336166 0 917
434 336157 336166 0 917
435 334025 334026 0.06 206
436 334024 334025 0.03 206
437 337686 337695 0.01 201
438 336233 336234 0.03 239
439 334151 334152 0.04 233
440 336194 336196 0.01 524
441 335535 336015 0.05 121
442 334225 334227 0.06 151
443 334413 334628 0.1 100
444 334413 334627 0.1 100
445 337516 337518 0.06 159
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446 334413 334626 0.1 100
447 338104 338121 0.07 156
448 334072 334086 0.01 382
449 337697 337705 0.03 201
450 337695 337697 0.04 201
451 336855 336856 0 519
452 336084 336085 0.08 176
453 334639 334640 0.01 121
454 334330 334331 0.01 72
455 335776 335805 0.03 241
456 335699 335710 0.04 121
457 337705 338739 0.02 159
458 336010 336011 0.02 800
459 337361 507788 0.01 80
460 303325 337330 0.04 113
461 338151 338152 0.03 416
462 338151 338152 0.03 416
463 334752 334753 0.02 121
464 336269 336462 0.01 640
465 337731 337733 0.01 176
466 335094 335095 0.03 65
467 337909 337914 0.02 672
468 337912 337914 0 672
469 337741 337800 0.06 239
470 337930 338760 0.07 255
471 337011 337032 0.02 392
472 335030 335035 0.01 121
473 336034 336035 0.02 286
474 337000 337011 0 393
475 335836 335837 0 2598
476 336236 336406 0 221
477 334250 334251 0.05 29.3
478 337371 337372 0 120
479 337663 337664 0.06 159
480 335752 335796 0.09 93
481 337310 500070 0.05 93
482 337392 337393 0.05 320
483 337530 338823 0.02 146
484 336236 336237 0.01 286
485 338875 503912 0.08 157
486 337957 338162 0.02 1732
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487 336154 336190 0.03 580
488 338204 338706 0.02 247
489 337921 337923 0.01 558
490 337140 337139 0.02 392
491 334202 334203 0 749
492 337642 337745 0.08 201
493 334100 334234 0 750
494 334200 334234 0.02 750
495 336154 336190 0.03 580
496 336963 336965 0.02 151
497 337028 337031 0.12 108
498 337619 337621 0.01 219
499 338216 338217 0.02 42

500 335598 335599 0 287
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Appendix B: Case 3 - FTR input data and auction optimization results

Table B.1: FTR input data and auction results

Injection | Withdrawal Max Price Auction SS:rgit?tn
# | Type | Bid/Offer Jbus bus Q(L:\jw)ty ($/MW) ($'\/A'\;:\I;’V) clearedy
(MW)
1 obl bid 337692 336154 600 39.8098 39.8098 598.0
2 obl bid 334433 336154 600 44.8186 44.8186 495.0
3 obl bid 337765 336220 270 1.9843 33.4428 0.0
4 obl bid 337764 337686 598 45.2357 45.2357 312.0
5 obl offer 334070 336220 465 29.7798 29.7798 312.0
6 obl bid 334431 335610 256 0.3647 30.7148 0.0
7 obl bid 334432 336462 640 10.3174 29.1727 0.0
8 obl bid 334441 336190 650 25.0785 29.3367 0.0
9 obl offer 334071 337646 253 47.6629 25.9525 0.0
10 obl bid 334440 337647 255 48.0689 25.9315 255.0
11 obl bid 337930 336444 300 3.6687 33.6030 0.0
12 obl bid 336945 338152 530 48.3826 27.5739 530.0
13 obl bid 336220 335190 706 47.6442 28.7405 706.0
14 obl bid 337766 338142 530 21.6957 30.2145 0.0
15 obl offer 335569 337645 266 39.0154 24.8351 0.0
16 obl bid 336220 335135 532 2.8037 28.7354 0.0
17 obl bid 335573 335190 680 18.1969 27.5705 0.0
18 obl bid 335135 337644 266 45.3655 26.7281 266.0
19 obl bid 336170 334412 282 38.5714 38.3822 282.0
20 obl offer 336839 334413 287 47.7721 29.5164 0.0
21 obl bid 335574 336069 641 31.0657 28.3613 641.0
22 obl bid 337815 303000 478 -3.0359 35.2912 0.0
23 opt bid 337420 334414 287 41.7021 31.0578 287.0
24 opt bid 337686 336907 320 46.3696 41.5657 320.0
25 opt offer 337561 338006 266 32.3304 29.0782 0.0
26 opt bid 335576 337392 262 36.6757 29.0964 262.0
27 opt bid 336167 338172 335 35.8723 40.2490 0.0
28 opt bid 336168 334396 270 16.5725 39.4594 0.0
29 opt bid 336169 336906 320 31.0513 45.6228 0.0
30 obl bid 337931 334397 282 4.4153 33.2231 0.0
31 obl bid 337804 337826 255 33.8325 29.0959 255.0
32 obl offer 338151 334396 282 -3.2492 31.4734 282.0
33 obl bid 337180 334398 287 10.2308 11.4196 0.0
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34 obl bid 336839 335815 593 -2.4606 31.5680 0.0
35 obl bid 336839 335455 287 0.3422 30.5362 0.0
36 obl bid 337808 335599 287 40.2902 36.3462 287.0
37 obl bid 337808 337343 300 33.2156 33.2390 0.0
38 obl bid 303000 337161 462 12.4405 41.1815 0.0
39 opt bid 337162 335815 593 47.2622 33.8218 593.0
40 opt bid 337818 335663 361 -3.1055 35.1110 0.0
41 opt bid 337009 336042 535 19.1309 32.5449 0.0
42 opt offer 337650 337857 266 15.9857 29.6694 266.0
43 obl bid 337650 337858 283 37.1034 29.3628 283.0
44 obl bid 335642 334204 685 38.736 27.0203 685.0
45 obl bid 336230 334413 287 5.278 28.4867 0.0
46 obl bid 337420 335805 300 21.937 32.9747 0.0
47 obl offer 337162 335805 300 19.5072 12.7209 0.0
48 obl bid 337922 338171 363 30.5472 31.0458 0.0
49 obl bid 336919 337304 764 34.0151 34.0151 35.3
50 obl bid 336043 336007 459 36.5078 29.1737 459.0
51 obl bid 336919 336442 320 10.1814 34.6190 0.0
52 obl bid 338140 335627 265 32.3836 35.1515 0.0
53 obl bid 335575 336019 300 31.0304 28.4847 300.0
54 obl offer 335825 338170 335 3.9436 24.7715 335.0
55 obl bid 336842 336154 797 1.5449 29.6560 0.0
56 obl bid 336212 338138 310 22.41 22.4100 99.7
57 obl bid 336830 337391 320 47.7859 47.7859 314.9
58 obl bid 337304 337390 298 13.7212 40.9664 0.0
59 obl bid 337816 335125 260 27.1897 33.4593 0.0
60 obl bid 337918 334093 384 7.3097 32.9118 0.0
61 obl bid 337937 335600 339 36.3197 36.3197 188.3
62 opt bid 337923 337824 255 9.0302 29.1834 0.0
63 opt bid 336840 336855 519 22.8276 29.0729 0.0
64 opt bid 336840 338151 416 33.4492 29.4269 416.0
65 opt bid 335771 338151 416 43.9997 29.7415 416.0
66 obl bid 337804 336269 640 47.761 33.5767 640.0
67 obl bid 337304 337912 672 25.0969 25.0969 164.7
68 obl offer 337040 336236 286 2.6243 29.4295 286.0
69 obl bid 338142 337921 558 3.2112 27.6509 0.0
70 obl bid 336213 334202 749 9.163 25.1024 0.0
71 obl bid 337009 334100 750 41.2394 30.2814 750.0
72 obl bid 335618 335598 287 8.9855 29.8754 0.0
73 obl bid 336462 336464 640 39.7857 34.3583 640.0
74 obl bid 335825 335830 1194 8.3939 24.1947 0.0
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75 | FGR offer 337910 337909 945 46.1095 0.0000 0.0
76 | FGR bid 335831 335830 1151 14.2491 7.1683 1151.0
77 | FGR bid 336821 336820 1650 5.8127 2.8882 1650.0
78 | FGR bid 337653 337651 910 8.8096 4.4139 910.0
79 | FGR bid 338146 338145 910 28.8825 14.4572 910.0
80 | FGR bid 337911 337909 1130 21.0309 10.5967 1130.0
81 | FGR bid 335830 335825 1194 14.3413 4.8317 1194.0
82 | FGR bid 337652 337651 910 40.6956 20.2751 910.0
83 | FGR bid 335837 335771 1200 27.1895 0.0000 1200.0
84 | FGR bid 337005 337009 806 25.2348 25.2348 706.0
85 | FGR bid 360594 337162 1172 45.4457 45.4457 1155.6
86 | FGR bid 338388 338188 1025 10.7211 5.3833 1025.0
87 | FGR offer 337651 337650 840 36.646 0.0000 0.0
88 | FGR offer 303021 334325 1215 36.4551 0.0000 0.0
89 | FGR offer 336130 336131 1200 15.9245 0.0000 0.0
90 | FGR bid 337909 337922 1732 26.2302 0.0000 1732.0
91 | FGR bid 336154 336250 1038 -0.828 0.0000 0.0
92 | FGR bid 338188 360021 2546 -2.0327 0.0000 0.0
93 | FGR bid 336562 336130 1270 24.1939 0.0000 1270.0
94 | FGR bid 388700 335836 1800 37.8542 37.8542 1663.7
95 | FGR bid 336190 336210 1038 46.3706 4.1415 1038.0
9 | FGR bid 303005 335835 2048 2.1448 0.0000 2048.0
97 | FGR offer 336166 336158 917 26.2853 0.0000 0.0
98 | FGR bid 336166 336157 917 20.8165 20.8165 776.0
99 | FGR bid 335836 335837 2598 -4.3454 0.0000 0.0
100 | FGR bid 337957 338162 1732 13.5417 13.5417 1585.8
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Appendix C: Case 3 — PTDF estimation results

Table C.1: PTDF estimation results

Line LineTo | From | TolInj. | Estimated Feasibility flag
From . True value .
Number | Inj. Bus Bus value (feasible=1)
Number

337686 337690 337692 | 336154 -0.8 -1 -2
337686 337690 337692 | 336154 -0.82 -1 -2
337686 337690 337692 | 336154 -0.84 -1 -2
337686 337690 337692 | 336154 -0.86 -1 -2
337686 337690 337692 | 336154 -0.88 -1 -2
337686 337690 337692 | 336154 0.9 -1 -2
337686 337690 337692 | 336154 -0.92 -1 -2
337686 337690 337692 | 336154 -0.94 -1 -2
337686 337690 337692 | 336154 -0.96 -1 -2
337686 337690 337692 | 336154 -0.98 -1 -2
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337686 337690 337692 | 336154 -1 -1 1
337957 338162 337692 | 336154 | 0.098416 0.12302 -2
337957 338162 337692 | 336154 | 0.100876 0.12302 -2
337957 338162 337692 | 336154 | 0.103337 0.12302 -2
337957 338162 337692 | 336154 | 0.105797 0.12302 -2
337957 338162 337692 | 336154 | 0.108257 0.12302 -2
337957 338162 337692 | 336154 | 0.110718 0.12302 -2
337957 338162 337692 | 336154 | 0.113178 0.12302 -2
337957 338162 337692 | 336154 | 0.115639 0.12302 -2
337957 338162 337692 | 336154 | 0.118099 0.12302 -2
337957 338162 337692 | 336154 | 0.120559 0.12302 -2
337957 338162 337692 | 336154 0.12302 0.12302 1
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337957 338162 337692 336154 0.12548 0.12302 1
337957 338162 337692 336154 0.127941 0.12302 1
337957 338162 337692 336154 0.130401 0.12302 1
337957 338162 337692 336154 0.132861 0.12302 1
337957 338162 337692 336154 0.135322 0.12302 1
337957 338162 337692 336154 0.137782 0.12302 1
337957 338162 337692 336154 0.140243 0.12302 1
337957 338162 337692 336154 0.142703 0.12302 1
337957 338162 337692 336154 0.145163 0.12302 1
337957 338162 337692 336154 0.147624 0.12302 1
334433 334430 334433 336154 0.8 1 -2
334433 334430 334433 336154 0.82 1 -2
334433 334430 334433 336154 0.84 1 -2
334433 334430 334433 336154 0.86 1 -2
334433 334430 334433 336154 0.88 1 -2
334433 334430 334433 336154 0.9 1 -2
334433 334430 334433 336154 0.92 1 -2
334433 334430 334433 336154 0.94 1 -2
334433 334430 334433 336154 0.96 1 -2
334433 334430 334433 336154 0.98 1 -2
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
334433 334430 334433 336154 1 1 1
337957 338162 337765 336220 0.105076 0.131345 -2
337957 338162 337765 336220 0.107703 0.131345 -2
337957 338162 337765 336220 0.11033 0.131345 -2
337957 338162 337765 336220 0.112957 0.131345 -2
337957 338162 337765 336220 0.115584 0.131345 -2
337957 338162 337765 336220 0.118211 0.131345 -2
337957 338162 337765 336220 0.120838 0.131345 -2
337957 338162 337765 336220 0.123465 0.131345 -2
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337957 338162 337765 336220 0.126092 0.131345 -2
337957 338162 337765 336220 0.128718 0.131345 -2
337957 338162 337765 336220 0.131345 0.131345 1
337957 338162 337765 336220 0.133972 0.131345 -2
337957 338162 337765 336220 0.136599 0.131345 -2
337957 338162 337765 336220 0.139226 0.131345 -2
337957 338162 337765 336220 0.141853 0.131345 -2
337957 338162 337765 336220 0.14448 0.131345 -2
337957 338162 337765 336220 0.147107 0.131345 -2
337957 338162 337765 336220 0.149734 0.131345 -2
337957 338162 337765 336220 0.152361 0.131345 -2
337957 338162 337765 336220 0.154987 0.131345 -2
337957 338162 337765 336220 0.157614 0.131345 -2
337764 337763 337764 337686 0.8 1 -2
337764 337763 337764 337686 0.82 1 -2
337764 337763 337764 337686 0.84 1 -2
337764 337763 337764 337686 0.86 1 -2
337764 337763 337764 337686 0.88 1 -2
337764 337763 337764 337686 0.9 1 -2
337764 337763 337764 337686 0.92 1 -2
337764 337763 337764 337686 0.94 1 -2
337764 337763 337764 337686 0.96 1 -2
337764 337763 337764 337686 0.98 1 -2
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
337764 337763 337764 337686 1 1 1
336190 336210 334432 336462 0.114817 0.143521 -2
336190 336210 334432 336462 0.117687 0.143521 -2
336190 336210 334432 336462 0.120558 0.143521 -2
336190 336210 334432 336462 0.123428 0.143521 -2
336190 336210 334432 336462 0.126299 0.143521 -2
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336190 336210 334432 336462 0.129169 0.143521 -2
336190 336210 334432 336462 0.132039 0.143521 -2
336190 336210 334432 336462 0.13491 0.143521 -2
336190 336210 334432 336462 0.13778 0.143521 -2
336190 336210 334432 336462 0.140651 0.143521 -2
336190 336210 334432 336462 0.143521 0.143521 1
336190 336210 334432 336462 0.146391 0.143521 -2
336190 336210 334432 336462 0.149262 0.143521 -2
336190 336210 334432 336462 0.152132 0.143521 -2
336190 336210 334432 336462 0.155003 0.143521 -2
336190 336210 334432 336462 0.157873 0.143521 -2
336190 336210 334432 336462 0.160744 0.143521 -2
336190 336210 334432 336462 0.163614 0.143521 -2
336190 336210 334432 336462 0.166484 0.143521 -2
336190 336210 334432 336462 0.169355 0.143521 -2
336190 336210 334432 336462 0.172225 0.143521 -2
336190 336210 337930 336444 0.112491 0.140614 -2
336190 336210 337930 336444 0.115304 0.140614 -2
336190 336210 337930 336444 0.118116 0.140614 -2
336190 336210 337930 336444 0.120928 0.140614 -2
336190 336210 337930 336444 0.12374 0.140614 -2
336190 336210 337930 336444 0.126553 0.140614 -2
336190 336210 337930 336444 0.129365 0.140614 -2
336190 336210 337930 336444 0.132177 0.140614 -2
336190 336210 337930 336444 0.13499 0.140614 -2
336190 336210 337930 336444 0.137802 0.140614 -2
336190 336210 337930 336444 0.140614 0.140614 1
336190 336210 337930 336444 0.143426 0.140614 -2
336190 336210 337930 336444 0.146239 0.140614 -2
336190 336210 337930 336444 0.149051 0.140614 -2
336190 336210 337930 336444 0.151863 0.140614 -2
336190 336210 337930 336444 0.154676 0.140614 -2
336190 336210 337930 336444 0.157488 0.140614 -2
336190 336210 337930 336444 0.1603 0.140614 -2
336190 336210 337930 336444 0.163112 0.140614 -2
336190 336210 337930 336444 0.165925 0.140614 -2
336190 336210 337930 336444 0.168737 0.140614 -2
337957 338162 337930 336444 0.108578 0.135723 -2
337957 338162 337930 336444 0.111293 0.135723 -2
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337957 338162 337930 336444 0.114007 0.135723 -2
337957 338162 337930 336444 0.116722 0.135723 -2
337957 338162 337930 336444 0.119436 0.135723 -2
337957 338162 337930 336444 0.122151 0.135723 -2
337957 338162 337930 336444 0.124865 0.135723 -2
337957 338162 337930 336444 0.12758 0.135723 -2
337957 338162 337930 336444 0.130294 0.135723 -2
337957 338162 337930 336444 0.133008 0.135723 -2
337957 338162 337930 336444 0.135723 0.135723 1
337957 338162 337930 336444 0.138437 0.135723 -2
337957 338162 337930 336444 0.141152 0.135723 -2
337957 338162 337930 336444 0.143866 0.135723 -2
337957 338162 337930 336444 0.146581 0.135723 -2
337957 338162 337930 336444 0.149295 0.135723 -2
337957 338162 337930 336444 0.15201 0.135723 -2
337957 338162 337930 336444 0.154724 0.135723 -2
337957 338162 337930 336444 0.157439 0.135723 -2
337957 338162 337930 336444 0.160153 0.135723 -2
337957 338162 337930 336444 0.162867 0.135723 -2
337957 338162 337766 338142 0.127558 0.159447 -2
337957 338162 337766 338142 0.130747 0.159447 -2
337957 338162 337766 338142 0.133936 0.159447 -2
337957 338162 337766 338142 0.137125 0.159447 -2
337957 338162 337766 338142 0.140314 0.159447 -2
337957 338162 337766 338142 0.143503 0.159447 -2
337957 338162 337766 338142 0.146692 0.159447 -2
337957 338162 337766 338142 0.149881 0.159447 -2
337957 338162 337766 338142 0.15307 0.159447 -2
337957 338162 337766 338142 0.156258 0.159447 -2
337957 338162 337766 338142 0.159447 0.159447 1
337957 338162 337766 338142 0.162636 0.159447 -2
337957 338162 337766 338142 0.165825 0.159447 -2
337957 338162 337766 338142 0.169014 0.159447 -2
337957 338162 337766 338142 0.172203 0.159447 -2
337957 338162 337766 338142 0.175392 0.159447 -2
337957 338162 337766 338142 0.178581 0.159447 -2
337957 338162 337766 338142 0.18177 0.159447 -2
337957 338162 337766 338142 0.184959 0.159447 -2
337957 338162 337766 338142 0.188148 0.159447 -2
337957 338162 337766 338142 0.191337 0.159447 -2
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336157 336166 336170 334412 -0.4 -0.5 -2
336157 336166 336170 334412 -0.41 -0.5 -2
336157 336166 336170 334412 -0.42 -0.5 -2
336157 336166 336170 334412 -0.43 -0.5 -2
336157 336166 336170 334412 -0.44 -0.5 -2
336157 336166 336170 334412 -0.45 -0.5 -2
336157 336166 336170 334412 -0.46 -0.5 -2
336157 336166 336170 334412 -0.47 -0.5 -2
336157 336166 336170 334412 -0.48 -0.5 -2
336157 336166 336170 334412 -0.49 -0.5 -2
336157 336166 336170 334412 -0.5 -0.5 1
336157 336166 336170 334412 -0.51 -0.5 -2
336157 336166 336170 334412 -0.52 -0.5 -2
336157 336166 336170 334412 -0.53 -0.5 -2
336157 336166 336170 334412 -0.54 -0.5 -2
336157 336166 336170 334412 -0.55 -0.5 -2
336157 336166 336170 334412 -0.56 -0.5 -2
336157 336166 336170 334412 -0.57 -0.5 -2
336157 336166 336170 334412 -0.58 -0.5 -2
336157 336166 336170 334412 -0.59 -0.5 -2
336157 336166 336170 334412 -0.6 -0.5 -2
337957 338162 337815 303000 0.107359 0.134199 -2
337957 338162 337815 303000 0.110043 0.134199 -2
337957 338162 337815 303000 0.112727 0.134199 -2
337957 338162 337815 303000 0.115411 0.134199 -2
337957 338162 337815 303000 0.118095 0.134199 -2
337957 338162 337815 303000 0.120779 0.134199 -2
337957 338162 337815 303000 0.123463 0.134199 -2
337957 338162 337815 303000 0.126147 0.134199 -2
337957 338162 337815 303000 0.128831 0.134199 -2
337957 338162 337815 303000 0.131515 0.134199 -2
337957 338162 337815 303000 0.134199 0.134199 1
337957 338162 337815 303000 0.136883 0.134199 -2
337957 338162 337815 303000 0.139567 0.134199 -2
337957 338162 337815 303000 0.142251 0.134199 -2
337957 338162 337815 303000 0.144935 0.134199 -2
337957 338162 337815 303000 0.147619 0.134199 -2
337957 338162 337815 303000 0.150303 0.134199 -2
337957 338162 337815 303000 0.152987 0.134199 -2
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337957 338162 337815 303000 0.155671 0.134199 -2
337957 338162 337815 303000 0.158355 0.134199 -2
337957 338162 337815 303000 0.161039 0.134199 -2
337162 360594 337180 334398 0.296977 0.371221 -2
337162 360594 337180 334398 0.304401 0.371221 -2
337162 360594 337180 334398 0.311826 0.371221 -2
337162 360594 337180 334398 0.31925 0.371221 -2
337162 360594 337180 334398 0.326675 0.371221 -2
337162 360594 337180 334398 0.334099 0.371221 -2
337162 360594 337180 334398 0.341523 0.371221 -2
337162 360594 337180 334398 0.348948 0.371221 -2
337162 360594 337180 334398 0.356372 0.371221 -2
337162 360594 337180 334398 0.363797 0.371221 -2
337162 360594 337180 334398 0.371221 0.371221 1
337162 360594 337180 334398 0.378645 0.371221 -2
337162 360594 337180 334398 0.38607 0.371221 -2
337162 360594 337180 334398 0.393494 0.371221 -2
337162 360594 337180 334398 0.400919 0.371221 -2
337162 360594 337180 334398 0.408343 0.371221 -2
337162 360594 337180 334398 0.415768 0.371221 -2
337162 360594 337180 334398 0.423192 0.371221 -2
337162 360594 337180 334398 0.430616 0.371221 -2
337162 360594 337180 334398 0.438041 0.371221 -2
337162 360594 337180 334398 0.445465 0.371221 -2
337957 338162 337180 334398 -0.23605 -0.29506 -2
337957 338162 337180 334398 -0.24195 -0.29506 -2
337957 338162 337180 334398 -0.24785 -0.29506 -2
337957 338162 337180 334398 -0.25375 -0.29506 -2
337957 338162 337180 334398 -0.25966 -0.29506 -2
337957 338162 337180 334398 -0.26556 -0.29506 -2
337957 338162 337180 334398 -0.27146 -0.29506 -2
337957 338162 337180 334398 -0.27736 -0.29506 -2
337957 338162 337180 334398 -0.28326 -0.29506 -2
337957 338162 337180 334398 -0.28916 -0.29506 -2
337957 338162 337180 334398 -0.29506 -0.29506 1
337957 338162 337180 334398 -0.30096 -0.29506 -2
337957 338162 337180 334398 -0.30687 -0.29506 -2
337957 338162 337180 334398 -0.31277 -0.29506 -2
337957 338162 337180 334398 -0.31867 -0.29506 -2
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337957 338162 337180 334398 -0.32457 -0.29506 -2
337957 338162 337180 334398 -0.33047 -0.29506 -2
337957 338162 337180 334398 -0.33637 -0.29506 -2
337957 338162 337180 334398 -0.34227 -0.29506 -2
337957 338162 337180 334398 -0.34817 -0.29506 -2
337957 338162 337180 334398 -0.35408 -0.29506 -2
335600 335601 337808 335599 -0.57004 -0.71255 -2
335600 335601 337808 335599 -0.58429 -0.71255 -2
335600 335601 337808 335599 -0.59854 -0.71255 -2
335600 335601 337808 335599 -0.6128 -0.71255 -2
335600 335601 337808 335599 -0.62705 -0.71255 -2
335600 335601 337808 335599 -0.6413 -0.71255 -2
335600 335601 337808 335599 -0.65555 -0.71255 -2
335600 335601 337808 335599 -0.6698 -0.71255 -2
335600 335601 337808 335599 -0.68405 -0.71255 -2
335600 335601 337808 335599 -0.6983 -0.71255 -2
335600 335601 337808 335599 -0.71255 -0.71255 1
335600 335601 337808 335599 -0.7268 -0.71255 -2
335600 335601 337808 335599 -0.74105 -0.71255 -2
335600 335601 337808 335599 -0.75531 -0.71255 -2
335600 335601 337808 335599 -0.76956 -0.71255 -2
335600 335601 337808 335599 -0.78381 -0.71255 -2
335600 335601 337808 335599 -0.79806 -0.71255 -2
335600 335601 337808 335599 -0.81231 -0.71255 -2
335600 335601 337808 335599 -0.82656 -0.71255 -2
335600 335601 337808 335599 -0.84081 -0.71255 -2
335600 335601 337808 335599 -0.85506 -0.71255 -2
337957 338162 337808 335599 0.11667 0.145837 -2
337957 338162 337808 335599 0.119587 0.145837 -2
337957 338162 337808 335599 0.122503 0.145837 -2
337957 338162 337808 335599 0.12542 0.145837 -2
337957 338162 337808 335599 0.128337 0.145837 -2
337957 338162 337808 335599 0.131253 0.145837 -2
337957 338162 337808 335599 0.13417 0.145837 -2
337957 338162 337808 335599 0.137087 0.145837 -2
337957 338162 337808 335599 0.140004 0.145837 -2
337957 338162 337808 335599 0.14292 0.145837 -2
337957 338162 337808 335599 0.145837 0.145837 1
337957 338162 337808 335599 0.148754 0.145837 -2
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337957 338162 337808 335599 0.151671 0.145837 -2
337957 338162 337808 335599 0.154587 0.145837 -2
337957 338162 337808 335599 0.157504 0.145837 -2
337957 338162 337808 335599 0.160421 0.145837 -2
337957 338162 337808 335599 0.163338 0.145837 -2
337957 338162 337808 335599 0.166254 0.145837 -2
337957 338162 337808 335599 0.169171 0.145837 -2
337957 338162 337808 335599 0.172088 0.145837 -2
337957 338162 337808 335599 0.175005 0.145837 -2
337957 338162 337808 337343 0.081812 0.102265 -2
337957 338162 337808 337343 0.083857 0.102265 -2
337957 338162 337808 337343 0.085903 0.102265 -2
337957 338162 337808 337343 0.087948 0.102265 -2
337957 338162 337808 337343 0.089993 0.102265 -2
337957 338162 337808 337343 0.092039 0.102265 -2
337957 338162 337808 337343 0.094084 0.102265 -2
337957 338162 337808 337343 0.096129 0.102265 -2
337957 338162 337808 337343 0.098175 0.102265 -2
337957 338162 337808 337343 0.10022 0.102265 -2
337957 338162 337808 337343 0.102265 0.102265 1
337957 338162 337808 337343 0.10431 0.102265 -2
337957 338162 337808 337343 0.106356 0.102265 -2
337957 338162 337808 337343 0.108401 0.102265 -2
337957 338162 337808 337343 0.110446 0.102265 -2
337957 338162 337808 337343 0.112492 0.102265 -2
337957 338162 337808 337343 0.114537 0.102265 -2
337957 338162 337808 337343 0.116582 0.102265 -2
337957 338162 337808 337343 0.118628 0.102265 -2
337957 338162 337808 337343 0.120673 0.102265 -2
337957 338162 337808 337343 0.122718 0.102265 -2
337162 360594 303000 337161 -0.24349 -0.30436 -2
337162 360594 303000 337161 -0.24958 -0.30436 -2
337162 360594 303000 337161 -0.25567 -0.30436 -2
337162 360594 303000 337161 -0.26175 -0.30436 -2
337162 360594 303000 337161 -0.26784 -0.30436 -2
337162 360594 303000 337161 -0.27393 -0.30436 -2
337162 360594 303000 337161 -0.28002 -0.30436 -2
337162 360594 303000 337161 -0.2861 -0.30436 -2
337162 360594 303000 337161 -0.29219 -0.30436 -2
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337162 360594 303000 337161 -0.29828 -0.30436 -2
337162 360594 303000 337161 -0.30436 -0.30436 1
337162 360594 303000 337161 -0.31045 -0.30436 -2
337162 360594 303000 337161 -0.31654 -0.30436 -2
337162 360594 303000 337161 -0.32263 -0.30436 -2
337162 360594 303000 337161 -0.32871 -0.30436 -2
337162 360594 303000 337161 -0.3348 -0.30436 -2
337162 360594 303000 337161 -0.34089 -0.30436 -2
337162 360594 303000 337161 -0.34698 -0.30436 -2
337162 360594 303000 337161 -0.35306 -0.30436 -2
337162 360594 303000 337161 -0.35915 -0.30436 -2
337162 360594 303000 337161 -0.36524 -0.30436 -2
335836 388700 303000 337161 0.090462 0.113077 -2
335836 388700 303000 337161 0.092723 0.113077 -2
335836 388700 303000 337161 0.094985 0.113077 -2
335836 388700 303000 337161 0.097246 0.113077 -2
335836 388700 303000 337161 0.099508 0.113077 -2
335836 388700 303000 337161 0.101769 0.113077 -2
335836 388700 303000 337161 0.104031 0.113077 -2
335836 388700 303000 337161 0.106292 0.113077 -2
335836 388700 303000 337161 0.108554 0.113077 -2
335836 388700 303000 337161 0.110815 0.113077 -2
335836 388700 303000 337161 0.113077 0.113077 1
335836 388700 303000 337161 0.115339 0.113077 -2
335836 388700 303000 337161 0.1176 0.113077 -2
335836 388700 303000 337161 0.119862 0.113077 -2
335836 388700 303000 337161 0.122123 0.113077 -2
335836 388700 303000 337161 0.124385 0.113077 -2
335836 388700 303000 337161 0.126646 0.113077 -2
335836 388700 303000 337161 0.128908 0.113077 -2
335836 388700 303000 337161 0.131169 0.113077 -2
335836 388700 303000 337161 0.133431 0.113077 -2
335836 388700 303000 337161 0.135692 0.113077 -2
337957 338162 303000 337161 0.176006 0.220007 -2
337957 338162 303000 337161 0.180406 0.220007 -2
337957 338162 303000 337161 0.184806 0.220007 -2
337957 338162 303000 337161 0.189206 0.220007 -2
337957 338162 303000 337161 0.193606 0.220007 -2
337957 338162 303000 337161 0.198007 0.220007 -2
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337957 338162 303000 337161 0.202407 0.220007 -2
337957 338162 303000 337161 0.206807 0.220007 -2
337957 338162 303000 337161 0.211207 0.220007 -2
337957 338162 303000 337161 0.215607 0.220007 -2
337957 338162 303000 337161 0.220007 0.220007 1
337957 338162 303000 337161 0.224407 0.220007 -2
337957 338162 303000 337161 0.228808 0.220007 -2
337957 338162 303000 337161 0.233208 0.220007 -2
337957 338162 303000 337161 0.237608 0.220007 -2
337957 338162 303000 337161 0.242008 0.220007 -2
337957 338162 303000 337161 0.246408 0.220007 -2
337957 338162 303000 337161 0.250808 0.220007 -2
337957 338162 303000 337161 0.255208 0.220007 -2
337957 338162 303000 337161 0.259609 0.220007 -2
337957 338162 303000 337161 0.264009 0.220007 -2
337162 360594 337162 335805 0.306853 0.383566 -2
337162 360594 337162 335805 0.314525 0.383566 -2
337162 360594 337162 335805 0.322196 0.383566 -2
337162 360594 337162 335805 0.329867 0.383566 -2
337162 360594 337162 335805 0.337538 0.383566 -2
337162 360594 337162 335805 0.34521 0.383566 -2
337162 360594 337162 335805 0.352881 0.383566 -2
337162 360594 337162 335805 0.360552 0.383566 -2
337162 360594 337162 335805 0.368224 0.383566 -2
337162 360594 337162 335805 0.375895 0.383566 -2
337162 360594 337162 335805 0.383566 0.383566 1
337162 360594 337162 335805 0.391238 0.383566 -2
337162 360594 337162 335805 0.398909 0.383566 -2
337162 360594 337162 335805 0.40658 0.383566 -2
337162 360594 337162 335805 0.414252 0.383566 -2
337162 360594 337162 335805 0.421923 0.383566 -2
337162 360594 337162 335805 0.429594 0.383566 -2
337162 360594 337162 335805 0.437266 0.383566 -2
337162 360594 337162 335805 0.444937 0.383566 -2
337162 360594 337162 335805 0.452608 0.383566 -2
337162 360594 337162 335805 0.46028 0.383566 -2
335836 388700 337162 335805 -0.09195 -0.11494 -2
335836 388700 337162 335805 -0.09425 -0.11494 -2
335836 388700 337162 335805 -0.09655 -0.11494 -2
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335836 388700 337162 335805 -0.09885 -0.11494 -2
335836 388700 337162 335805 -0.10115 -0.11494 -2
335836 388700 337162 335805 -0.10345 -0.11494 -2
335836 388700 337162 335805 -0.10575 -0.11494 -2
335836 388700 337162 335805 -0.10805 -0.11494 -2
335836 388700 337162 335805 -0.11034 -0.11494 -2
335836 388700 337162 335805 -0.11264 -0.11494 -2
335836 388700 337162 335805 -0.11494 -0.11494 1
335836 388700 337162 335805 -0.11724 -0.11494 -2
335836 388700 337162 335805 -0.11954 -0.11494 -2
335836 388700 337162 335805 -0.12184 -0.11494 -2
335836 388700 337162 335805 -0.12414 -0.11494 -2
335836 388700 337162 335805 -0.12644 -0.11494 -2
335836 388700 337162 335805 -0.12874 -0.11494 -2
335836 388700 337162 335805 -0.13103 -0.11494 -2
335836 388700 337162 335805 -0.13333 -0.11494 -2
335836 388700 337162 335805 -0.13563 -0.11494 -2
335836 388700 337162 335805 -0.13793 -0.11494 -2
337957 338162 337162 335805 -0.2122 -0.26525 -2
337957 338162 337162 335805 -0.21751 -0.26525 -2
337957 338162 337162 335805 -0.22281 -0.26525 -2
337957 338162 337162 335805 -0.22812 -0.26525 -2
337957 338162 337162 335805 -0.23342 -0.26525 -2
337957 338162 337162 335805 -0.23873 -0.26525 -2
337957 338162 337162 335805 -0.24403 -0.26525 -2
337957 338162 337162 335805 -0.24934 -0.26525 -2
337957 338162 337162 335805 -0.25464 -0.26525 -2
337957 338162 337162 335805 -0.25995 -0.26525 -2
337957 338162 337162 335805 -0.26525 -0.26525 1
337957 338162 337162 335805 -0.27056 -0.26525 -2
337957 338162 337162 335805 -0.27586 -0.26525 -2
337957 338162 337162 335805 -0.28117 -0.26525 -2
337957 338162 337162 335805 -0.28647 -0.26525 -2
337957 338162 337162 335805 -0.29178 -0.26525 -2
337957 338162 337162 335805 -0.29708 -0.26525 -2
337957 338162 337162 335805 -0.30239 -0.26525 -2
337957 338162 337162 335805 -0.30769 -0.26525 -2
337957 338162 337162 335805 -0.313 -0.26525 -2
337957 338162 337162 335805 -0.3183 -0.26525 -2
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337957 338162 337922 338171 0.168326 0.210407 -2
337957 338162 337922 338171 0.172534 0.210407 -2
337957 338162 337922 338171 0.176742 0.210407 -2
337957 338162 337922 338171 0.18095 0.210407 -2
337957 338162 337922 338171 0.185158 0.210407 -2
337957 338162 337922 338171 0.189366 0.210407 -2
337957 338162 337922 338171 0.193574 0.210407 -2
337957 338162 337922 338171 0.197783 0.210407 -2
337957 338162 337922 338171 0.201991 0.210407 -2
337957 338162 337922 338171 0.206199 0.210407 -2
337957 338162 337922 338171 0.210407 0.210407 1
337957 338162 337922 338171 0.214615 0.210407 -2
337957 338162 337922 338171 0.218823 0.210407 -2
337957 338162 337922 338171 0.223031 0.210407 -2
337957 338162 337922 338171 0.22724 0.210407 -2
337957 338162 337922 338171 0.231448 0.210407 -2
337957 338162 337922 338171 0.235656 0.210407 -2
337957 338162 337922 338171 0.239864 0.210407 -2
337957 338162 337922 338171 0.244072 0.210407 -2
337957 338162 337922 338171 0.24828 0.210407 -2
337957 338162 337922 338171 0.252488 0.210407 -2
336938 336939 336919 337304 -0.21043 -0.26304 -2
336938 336939 336919 337304 -0.21569 -0.26304 -2
336938 336939 336919 337304 -0.22095 -0.26304 -2
336938 336939 336919 337304 -0.22621 -0.26304 -2
336938 336939 336919 337304 -0.23147 -0.26304 -2
336938 336939 336919 337304 -0.23673 -0.26304 -2
336938 336939 336919 337304 -0.24199 -0.26304 -2
336938 336939 336919 337304 -0.24726 -0.26304 -2
336938 336939 336919 337304 -0.25252 -0.26304 -2
336938 336939 336919 337304 -0.25778 -0.26304 -2
336938 336939 336919 337304 -0.26304 -0.26304 1
336938 336939 336919 337304 -0.2683 -0.26304 -2
336938 336939 336919 337304 -0.27356 -0.26304 -2
336938 336939 336919 337304 -0.27882 -0.26304 -2
336938 336939 336919 337304 -0.28408 -0.26304 -2
336938 336939 336919 337304 -0.28934 -0.26304 -2
336938 336939 336919 337304 -0.2946 -0.26304 -2
336938 336939 336919 337304 -0.29986 -0.26304 -2
336938 336939 336919 337304 -0.30512 -0.26304 -2
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336938 336939 336919 337304 -0.31038 -0.26304 -2
336938 336939 336919 337304 -0.31564 -0.26304 -2
336938 336939 336919 336442 -0.21513 -0.26891 -2
336938 336939 336919 336442 -0.2205 -0.26891 -2
336938 336939 336919 336442 -0.22588 -0.26891 -2
336938 336939 336919 336442 -0.23126 -0.26891 -2
336938 336939 336919 336442 -0.23664 -0.26891 -2
336938 336939 336919 336442 -0.24202 -0.26891 -2
336938 336939 336919 336442 -0.24739 -0.26891 -2
336938 336939 336919 336442 -0.25277 -0.26891 -2
336938 336939 336919 336442 -0.25815 -0.26891 -2
336938 336939 336919 336442 -0.26353 -0.26891 -2
336938 336939 336919 336442 -0.26891 -0.26891 1
336938 336939 336919 336442 -0.27429 -0.26891 -2
336938 336939 336919 336442 -0.27966 -0.26891 -2
336938 336939 336919 336442 -0.28504 -0.26891 -2
336938 336939 336919 336442 -0.29042 -0.26891 -2
336938 336939 336919 336442 -0.2958 -0.26891 -2
336938 336939 336919 336442 -0.30118 -0.26891 -2
336938 336939 336919 336442 -0.30655 -0.26891 -2
336938 336939 336919 336442 -0.31193 -0.26891 -2
336938 336939 336919 336442 -0.31731 -0.26891 -2
336938 336939 336919 336442 -0.32269 -0.26891 -2
336190 336210 336919 336442 0.111629 0.139536 -2
336190 336210 336919 336442 0.114419 0.139536 -2
336190 336210 336919 336442 0.11721 0.139536 -2
336190 336210 336919 336442 0.120001 0.139536 -2
336190 336210 336919 336442 0.122792 0.139536 -2
336190 336210 336919 336442 0.125582 0.139536 -2
336190 336210 336919 336442 0.128373 0.139536 -2
336190 336210 336919 336442 0.131164 0.139536 -2
336190 336210 336919 336442 0.133954 0.139536 -2
336190 336210 336919 336442 0.136745 0.139536 -2
336190 336210 336919 336442 0.139536 0.139536 1
336190 336210 336919 336442 0.142327 0.139536 -2
336190 336210 336919 336442 0.145117 0.139536 -2
336190 336210 336919 336442 0.147908 0.139536 -2
336190 336210 336919 336442 0.150699 0.139536 -2
336190 336210 336919 336442 0.153489 0.139536 -2
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336190 336210 336919 336442 0.15628 0.139536 -2
336190 336210 336919 336442 0.159071 0.139536 -2
336190 336210 336919 336442 0.161862 0.139536 -2
336190 336210 336919 336442 0.164652 0.139536 -2
336190 336210 336919 336442 0.167443 0.139536 -2
337957 338162 338140 335627 0.101336 0.12667 -2
337957 338162 338140 335627 0.103869 0.12667 -2
337957 338162 338140 335627 0.106402 0.12667 -2
337957 338162 338140 335627 0.108936 0.12667 -2
337957 338162 338140 335627 0.111469 0.12667 -2
337957 338162 338140 335627 0.114003 0.12667 -2
337957 338162 338140 335627 0.116536 0.12667 -2
337957 338162 338140 335627 0.119069 0.12667 -2
337957 338162 338140 335627 0.121603 0.12667 -2
337957 338162 338140 335627 0.124136 0.12667 -2
337957 338162 338140 335627 0.12667 0.12667 1
337957 338162 338140 335627 0.129203 0.12667 -2
337957 338162 338140 335627 0.131736 0.12667 -2
337957 338162 338140 335627 0.13427 0.12667 -2
337957 338162 338140 335627 0.136803 0.12667 -2
337957 338162 338140 335627 0.139336 0.12667 -2
337957 338162 338140 335627 0.14187 0.12667 -2
337957 338162 338140 335627 0.144403 0.12667 -2
337957 338162 338140 335627 0.146937 0.12667 -2
337957 338162 338140 335627 0.14947 0.12667 -2
337957 338162 338140 335627 0.152003 0.12667 -2
335836 388700 335825 338170 0.092414 0.115518 -2
335836 388700 335825 338170 0.094725 0.115518 -2
335836 388700 335825 338170 0.097035 0.115518 -2
335836 388700 335825 338170 0.099346 0.115518 -2
335836 388700 335825 338170 0.101656 0.115518 -2
335836 388700 335825 338170 0.103966 0.115518 -2
335836 388700 335825 338170 0.106277 0.115518 -2
335836 388700 335825 338170 0.108587 0.115518 -2
335836 388700 335825 338170 0.110897 0.115518 -2
335836 388700 335825 338170 0.113208 0.115518 -2
335836 388700 335825 338170 0.115518 0.115518 1
335836 388700 335825 338170 0.117828 0.115518 -2
335836 388700 335825 338170 0.120139 0.115518 -2
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335836 388700 335825 338170 0.122449 0.115518 -2
335836 388700 335825 338170 0.12476 0.115518 -2
335836 388700 335825 338170 0.12707 0.115518 -2
335836 388700 335825 338170 0.12938 0.115518 -2
335836 388700 335825 338170 0.131691 0.115518 -2
335836 388700 335825 338170 0.134001 0.115518 -2
335836 388700 335825 338170 0.136311 0.115518 -2
335836 388700 335825 338170 0.138622 0.115518 -2
336190 336210 336212 338138 -0.63307 -0.79133 -2
336190 336210 336212 338138 -0.64889 -0.79133 -2
336190 336210 336212 338138 -0.66472 -0.79133 -2
336190 336210 336212 338138 -0.68055 -0.79133 -2
336190 336210 336212 338138 -0.69637 -0.79133 -2
336190 336210 336212 338138 -0.7122 -0.79133 -2
336190 336210 336212 338138 -0.72803 -0.79133 -2
336190 336210 336212 338138 -0.74385 -0.79133 -2
336190 336210 336212 338138 -0.75968 -0.79133 -2
336190 336210 336212 338138 -0.77551 -0.79133 -2
336190 336210 336212 338138 -0.79133 -0.79133 1
336190 336210 336212 338138 -0.80716 -0.79133 -2
336190 336210 336212 338138 -0.82299 -0.79133 -2
336190 336210 336212 338138 -0.83881 -0.79133 -2
336190 336210 336212 338138 -0.85464 -0.79133 -2
336190 336210 336212 338138 -0.87047 -0.79133 -2
336190 336210 336212 338138 -0.88629 -0.79133 -2
336190 336210 336212 338138 -0.90212 -0.79133 -2
336190 336210 336212 338138 -0.91795 -0.79133 -2
336190 336210 336212 338138 -0.93377 -0.79133 -2
336190 336210 336212 338138 -0.9496 -0.79133 -2
337391 337415 336830 337391 -0.76549 -0.95687 -2
337391 337415 336830 337391 -0.78463 -0.95687 -2
337391 337415 336830 337391 -0.80377 -0.95687 -2
337391 337415 336830 337391 -0.82291 -0.95687 -2
337391 337415 336830 337391 -0.84204 -0.95687 -2
337391 337415 336830 337391 -0.86118 -0.95687 -2
337391 337415 336830 337391 -0.88032 -0.95687 -2
337391 337415 336830 337391 -0.89946 -0.95687 -2
337391 337415 336830 337391 -0.91859 -0.95687 -2
337391 337415 336830 337391 -0.93773 -0.95687 -2
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337391 337415 336830 337391 -0.95687 -0.95687 1
337391 337415 336830 337391 -0.976 -0.95687 1
337391 337415 336830 337391 -0.99514 -0.95687 1
337391 337415 336830 337391 -1 -0.95687 1
337391 337415 336830 337391 -1 -0.95687 1
337391 337415 336830 337391 -1 -0.95687 1
337391 337415 336830 337391 -1 -0.95687 1
337391 337415 336830 337391 -1 -0.95687 1
337391 337415 336830 337391 -1 -0.95687 1
337391 337415 336830 337391 -1 -0.95687 1
337391 337415 336830 337391 -1 -0.95687 1
337391 337415 337304 337390 -0.49581 -0.61976 -2
337391 337415 337304 337390 -0.50821 -0.61976 -2
337391 337415 337304 337390 -0.5206 -0.61976 -2
337391 337415 337304 337390 -0.533 -0.61976 -2
337391 337415 337304 337390 -0.54539 -0.61976 -2
337391 337415 337304 337390 -0.55779 -0.61976 -2
337391 337415 337304 337390 -0.57018 -0.61976 -2
337391 337415 337304 337390 -0.58258 -0.61976 -2
337391 337415 337304 337390 -0.59497 -0.61976 -2
337391 337415 337304 337390 -0.60737 -0.61976 -2
337391 337415 337304 337390 -0.61976 -0.61976 1
337391 337415 337304 337390 -0.63216 -0.61976 -2
337391 337415 337304 337390 -0.64456 -0.61976 -2
337391 337415 337304 337390 -0.65695 -0.61976 -2
337391 337415 337304 337390 -0.66935 -0.61976 -2
337391 337415 337304 337390 -0.68174 -0.61976 -2
337391 337415 337304 337390 -0.69414 -0.61976 -2
337391 337415 337304 337390 -0.70653 -0.61976 -2
337391 337415 337304 337390 -0.71893 -0.61976 -2
337391 337415 337304 337390 -0.73132 -0.61976 -2
337391 337415 337304 337390 -0.74372 -0.61976 -2
337957 338162 337816 335125 0.082843 0.103554 -2
337957 338162 337816 335125 0.084914 0.103554 -2
337957 338162 337816 335125 0.086985 0.103554 -2
337957 338162 337816 335125 0.089056 0.103554 -2
337957 338162 337816 335125 0.091127 0.103554 -2
337957 338162 337816 335125 0.093198 0.103554 -2
337957 338162 337816 335125 0.09527 0.103554 -2

110




337957 338162 337816 335125 0.097341 0.103554 -2
337957 338162 337816 335125 0.099412 0.103554 -2
337957 338162 337816 335125 0.101483 0.103554 -2
337957 338162 337816 335125 0.103554 0.103554 1
337957 338162 337816 335125 0.105625 0.103554 -2
337957 338162 337816 335125 0.107696 0.103554 -2
337957 338162 337816 335125 0.109767 0.103554 -2
337957 338162 337816 335125 0.111838 0.103554 -2
337957 338162 337816 335125 0.113909 0.103554 -2
337957 338162 337816 335125 0.11598 0.103554 -2
337957 338162 337816 335125 0.118051 0.103554 -2
337957 338162 337816 335125 0.120122 0.103554 -2
337957 338162 337816 335125 0.122193 0.103554 -2
337957 338162 337816 335125 0.124265 0.103554 -2
335600 335601 337937 335600 -0.62736 -0.7842 -2
335600 335601 337937 335600 -0.64304 -0.7842 -2
335600 335601 337937 335600 -0.65873 -0.7842 -2
335600 335601 337937 335600 -0.67441 -0.7842 -2
335600 335601 337937 335600 -0.6901 -0.7842 -2
335600 335601 337937 335600 -0.70578 -0.7842 -2
335600 335601 337937 335600 -0.72146 -0.7842 -2
335600 335601 337937 335600 -0.73715 -0.7842 -2
335600 335601 337937 335600 -0.75283 -0.7842 -2
335600 335601 337937 335600 -0.76852 -0.7842 -2
335600 335601 337937 335600 -0.7842 -0.7842 1
335600 335601 337937 335600 -0.79988 -0.7842 1
335600 335601 337937 335600 -0.81557 -0.7842 1
335600 335601 337937 335600 -0.83125 -0.7842 1
335600 335601 337937 335600 -0.84694 -0.7842 1
335600 335601 337937 335600 -0.86262 -0.7842 1
335600 335601 337937 335600 -0.8783 -0.7842 1
335600 335601 337937 335600 -0.89399 -0.7842 1
335600 335601 337937 335600 -0.90967 -0.7842 1
335600 335601 337937 335600 -0.92536 -0.7842 1
335600 335601 337937 335600 -0.94104 -0.7842 1
337957 338162 337937 335600 0.107612 0.134515 -2
337957 338162 337937 335600 0.110303 0.134515 -2
337957 338162 337937 335600 0.112993 0.134515 -2
337957 338162 337937 335600 0.115683 0.134515 -2
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337957 338162 337937 335600 0.118373 0.134515 -2
337957 338162 337937 335600 0.121064 0.134515 -2
337957 338162 337937 335600 0.123754 0.134515 -2
337957 338162 337937 335600 0.126444 0.134515 -2
337957 338162 337937 335600 0.129135 0.134515 -2
337957 338162 337937 335600 0.131825 0.134515 -2
337957 338162 337937 335600 0.134515 0.134515 1
337957 338162 337937 335600 0.137206 0.134515 1
337957 338162 337937 335600 0.139896 0.134515 1
337957 338162 337937 335600 0.142586 0.134515 1
337957 338162 337937 335600 0.145276 0.134515 1
337957 338162 337937 335600 0.147967 0.134515 1
337957 338162 337937 335600 0.150657 0.134515 1
337957 338162 337937 335600 0.153347 0.134515 1
337957 338162 337937 335600 0.156038 0.134515 1
337957 338162 337937 335600 0.158728 0.134515 1
337957 338162 337937 335600 0.161418 0.134515 1
336190 336210 337804 336269 0.114007 0.142508 -2
336190 336210 337804 336269 0.116857 0.142508 -2
336190 336210 337804 336269 0.119707 0.142508 -2
336190 336210 337804 336269 0.122557 0.142508 -2
336190 336210 337804 336269 0.125407 0.142508 -2
336190 336210 337804 336269 0.128258 0.142508 -2
336190 336210 337804 336269 0.131108 0.142508 -2
336190 336210 337804 336269 0.133958 0.142508 -2
336190 336210 337804 336269 0.136808 0.142508 -2
336190 336210 337804 336269 0.139658 0.142508 -2
336190 336210 337804 336269 0.142508 0.142508 1
336190 336210 337804 336269 0.145359 0.142508 -2
336190 336210 337804 336269 0.148209 0.142508 -2
336190 336210 337804 336269 0.151059 0.142508 -2
336190 336210 337804 336269 0.153909 0.142508 -2
336190 336210 337804 336269 0.156759 0.142508 -2
336190 336210 337804 336269 0.159609 0.142508 -2
336190 336210 337804 336269 0.16246 0.142508 -2
336190 336210 337804 336269 0.16531 0.142508 -2
336190 336210 337804 336269 0.16816 0.142508 -2
336190 336210 337804 336269 0.17101 0.142508 -2
337957 338162 337804 336269 0.113532 0.141915 -2
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337957 338162 337804 336269 0.11637 0.141915 -2
337957 338162 337804 336269 0.119209 0.141915 -2
337957 338162 337804 336269 0.122047 0.141915 -2
337957 338162 337804 336269 0.124885 0.141915 -2
337957 338162 337804 336269 0.127724 0.141915 -2
337957 338162 337804 336269 0.130562 0.141915 -2
337957 338162 337804 336269 0.1334 0.141915 -2
337957 338162 337804 336269 0.136239 0.141915 -2
337957 338162 337804 336269 0.139077 0.141915 -2
337957 338162 337804 336269 0.141915 0.141915 1
337957 338162 337804 336269 0.144753 0.141915 -2
337957 338162 337804 336269 0.147592 0.141915 -2
337957 338162 337804 336269 0.15043 0.141915 -2
337957 338162 337804 336269 0.153268 0.141915 -2
337957 338162 337804 336269 0.156107 0.141915 -2
337957 338162 337804 336269 0.158945 0.141915 -2
337957 338162 337804 336269 0.161783 0.141915 -2
337957 338162 337804 336269 0.164622 0.141915 -2
337957 338162 337804 336269 0.16746 0.141915 -2
337957 338162 337804 336269 0.170298 0.141915 -2
336190 336210 337040 336236 0.094207 0.117759 -2
336190 336210 337040 336236 0.096562 0.117759 -2
336190 336210 337040 336236 0.098917 0.117759 -2
336190 336210 337040 336236 0.101273 0.117759 -2
336190 336210 337040 336236 0.103628 0.117759 -2
336190 336210 337040 336236 0.105983 0.117759 -2
336190 336210 337040 336236 0.108338 0.117759 -2
336190 336210 337040 336236 0.110693 0.117759 -2
336190 336210 337040 336236 0.113048 0.117759 -2
336190 336210 337040 336236 0.115404 0.117759 -2
336190 336210 337040 336236 0.117759 0.117759 1
336190 336210 337040 336236 0.120114 0.117759 -2
336190 336210 337040 336236 0.122469 0.117759 -2
336190 336210 337040 336236 0.124824 0.117759 -2
336190 336210 337040 336236 0.12718 0.117759 -2
336190 336210 337040 336236 0.129535 0.117759 -2
336190 336210 337040 336236 0.13189 0.117759 -2
336190 336210 337040 336236 0.134245 0.117759 -2
336190 336210 337040 336236 0.1366 0.117759 -2
336190 336210 337040 336236 0.138955 0.117759 -2
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336190 336210 337040 336236 0.141311 0.117759 -2
337957 338162 338142 337921 -0.11542 -0.14428 -2
337957 338162 338142 337921 -0.11831 -0.14428 -2
337957 338162 338142 337921 -0.12119 -0.14428 -2
337957 338162 338142 337921 -0.12408 -0.14428 -2
337957 338162 338142 337921 -0.12696 -0.14428 -2
337957 338162 338142 337921 -0.12985 -0.14428 -2
337957 338162 338142 337921 -0.13274 -0.14428 -2
337957 338162 338142 337921 -0.13562 -0.14428 -2
337957 338162 338142 337921 -0.13851 -0.14428 -2
337957 338162 338142 337921 -0.14139 -0.14428 -2
337957 338162 338142 337921 -0.14428 -0.14428 1
337957 338162 338142 337921 -0.14716 -0.14428 -2
337957 338162 338142 337921 -0.15005 -0.14428 -2
337957 338162 338142 337921 -0.15293 -0.14428 -2
337957 338162 338142 337921 -0.15582 -0.14428 -2
337957 338162 338142 337921 -0.15871 -0.14428 -2
337957 338162 338142 337921 -0.16159 -0.14428 -2
337957 338162 338142 337921 -0.16448 -0.14428 -2
337957 338162 338142 337921 -0.16736 -0.14428 -2
337957 338162 338142 337921 -0.17025 -0.14428 -2
337957 338162 338142 337921 -0.17313 -0.14428 -2
336190 336210 336213 334202 -0.6287 -0.78588 -2
336190 336210 336213 334202 -0.64442 -0.78588 -2
336190 336210 336213 334202 -0.66014 -0.78588 -2
336190 336210 336213 334202 -0.67586 -0.78588 -2
336190 336210 336213 334202 -0.69157 -0.78588 -2
336190 336210 336213 334202 -0.70729 -0.78588 -2
336190 336210 336213 334202 -0.72301 -0.78588 -2
336190 336210 336213 334202 -0.73873 -0.78588 -2
336190 336210 336213 334202 -0.75444 -0.78588 -2
336190 336210 336213 334202 -0.77016 -0.78588 -2
336190 336210 336213 334202 -0.78588 -0.78588 1
336190 336210 336213 334202 -0.8016 -0.78588 -2
336190 336210 336213 334202 -0.81731 -0.78588 -2
336190 336210 336213 334202 -0.83303 -0.78588 -2
336190 336210 336213 334202 -0.84875 -0.78588 -2
336190 336210 336213 334202 -0.86447 -0.78588 -2
336190 336210 336213 334202 -0.88018 -0.78588 -2
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336190 336210 336213 334202 -0.8959 -0.78588 -2
336190 336210 336213 334202 -0.91162 -0.78588 -2
336190 336210 336213 334202 -0.92734 -0.78588 -2
336190 336210 336213 334202 -0.94305 -0.78588 -2
335600 335601 335618 335598 -0.53495 -0.66868 -2
335600 335601 335618 335598 -0.54832 -0.66868 -2
335600 335601 335618 335598 -0.56169 -0.66868 -2
335600 335601 335618 335598 -0.57507 -0.66868 -2
335600 335601 335618 335598 -0.58844 -0.66868 -2
335600 335601 335618 335598 -0.60182 -0.66868 -2
335600 335601 335618 335598 -0.61519 -0.66868 -2
335600 335601 335618 335598 -0.62856 -0.66868 -2
335600 335601 335618 335598 -0.64194 -0.66868 -2
335600 335601 335618 335598 -0.65531 -0.66868 -2
335600 335601 335618 335598 -0.66868 -0.66868 1
335600 335601 335618 335598 -0.68206 -0.66868 -2
335600 335601 335618 335598 -0.69543 -0.66868 -2
335600 335601 335618 335598 -0.7088 -0.66868 -2
335600 335601 335618 335598 -0.72218 -0.66868 -2
335600 335601 335618 335598 -0.73555 -0.66868 -2
335600 335601 335618 335598 -0.74893 -0.66868 -2
335600 335601 335618 335598 -0.7623 -0.66868 -2
335600 335601 335618 335598 -0.77567 -0.66868 -2
335600 335601 335618 335598 -0.78905 -0.66868 -2
335600 335601 335618 335598 -0.80242 -0.66868 -2
336462 336464 336462 336464 0.8 1 -2
336462 336464 336462 336464 0.82 1 -2
336462 336464 336462 336464 0.84 1 -2
336462 336464 336462 336464 0.86 1 -2
336462 336464 336462 336464 0.88 1 -2
336462 336464 336462 336464 0.9 1 -2
336462 336464 336462 336464 0.92 1 -2
336462 336464 336462 336464 0.94 1 -2
336462 336464 336462 336464 0.96 1 -2
336462 336464 336462 336464 0.98 1 -2
336462 336464 336462 336464 1 1 1
336462 336464 336462 336464 1 1 1
336462 336464 336462 336464 1 1 1
336462 336464 336462 336464 1 1 1
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336462 336464 336462 336464 1 1 1
336462 336464 336462 336464 1 1 1
336462 336464 336462 336464 1 1 1
336462 336464 336462 336464 1 1 1
336462 336464 336462 336464 1 1 1
336462 336464 336462 336464 1 1 1
336462 336464 336462 336464 1 1 1
335825 335830 335825 335830 0.8 1 -2
335825 335830 335825 335830 0.82 1 -2
335825 335830 335825 335830 0.84 1 -2
335825 335830 335825 335830 0.86 1 -2
335825 335830 335825 335830 0.88 1 -2
335825 335830 335825 335830 0.9 1 -2
335825 335830 335825 335830 0.92 1 -2
335825 335830 335825 335830 0.94 1 -2
335825 335830 335825 335830 0.96 1 -2
335825 335830 335825 335830 0.98 1 -2
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
335825 335830 335825 335830 1 1 1
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Appendix D: Case 3 — Line limit estimation results

Table D.1: Line limit estimation results

Line From Line To Estimated value True value | Feasibility flag
Number Number (MW) (MW) (feasible=1)
335830 335831 920.8 1151 1
335830 335831 943.82 1151 1
335830 335831 966.84 1151 1
335830 335831 989.86 1151 1
335830 335831 1012.88 1151 1
335830 335831 1035.9 1151 1
335830 335831 1058.92 1151 1
335830 335831 1081.94 1151 1
335830 335831 1104.96 1151 1
335830 335831 1127.98 1151 1
335830 335831 1151 1151 1
335830 335831 1174.02 1151 -2
335830 335831 1197.04 1151 -2
335830 335831 1220.06 1151 -2
335830 335831 1243.08 1151 -2
335830 335831 1266.1 1151 -2
335830 335831 1289.12 1151 -2
335830 335831 1312.14 1151 -2
335830 335831 1335.16 1151 -2
335830 335831 1358.18 1151 -2
335830 335831 1381.2 1151 -2
336820 336821 1320 1650 1
336820 336821 1353 1650 1
336820 336821 1386 1650 1
336820 336821 1419 1650 1
336820 336821 1452 1650 1
336820 336821 1485 1650 1
336820 336821 1518 1650 1
336820 336821 1551 1650 1
336820 336821 1584 1650 1
336820 336821 1617 1650 1
336820 336821 1650 1650 1
336820 336821 1683 1650 -2
336820 336821 1716 1650 -2
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336820 336821 1749 1650 -2
336820 336821 1782 1650 -2
336820 336821 1815 1650 -2
336820 336821 1848 1650 -2
336820 336821 1881 1650 -2
336820 336821 1914 1650 -2
336820 336821 1947 1650 -2
336820 336821 1980 1650 -2
337651 337653 728 910 1
337651 337653 746.2 910 1
337651 337653 764.4 910 1
337651 337653 782.6 910 1
337651 337653 800.8 910 1
337651 337653 819 910 1
337651 337653 837.2 910 1
337651 337653 855.4 910 1
337651 337653 873.6 910 1
337651 337653 891.8 910 1
337651 337653 910 910 1
337651 337653 928.2 910 -2
337651 337653 946.4 910 -2
337651 337653 964.6 910 -2
337651 337653 982.8 910 -2
337651 337653 1001 910 -2
337651 337653 1019.2 910 -2
337651 337653 1037.4 910 -2
337651 337653 1055.6 910 -2
337651 337653 1073.8 910 -2
337651 337653 1092 910 -2
338145 338146 728 910 1
338145 338146 746.2 910 1
338145 338146 764.4 910 1
338145 338146 782.6 910 1
338145 338146 800.8 910 1
338145 338146 819 910 1
338145 338146 837.2 910 1
338145 338146 855.4 910 1
338145 338146 873.6 910 1
338145 338146 891.8 910 1
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338145 338146 910 910 1
338145 338146 928.2 910 -2
338145 338146 946.4 910 -2
338145 338146 964.6 910 -2
338145 338146 982.8 910 -2
338145 338146 1001 910 -2
338145 338146 1019.2 910 -2
338145 338146 1037.4 910 -2
338145 338146 1055.6 910 -2
338145 338146 1073.8 910 -2
338145 338146 1092 910 -2
337686 337690 478.4 598 1
337686 337690 490.36 598 1
337686 337690 502.32 598 1
337686 337690 514.28 598 1
337686 337690 526.24 598 1
337686 337690 538.2 598 1
337686 337690 550.16 598 1
337686 337690 562.12 598 1
337686 337690 574.08 598 1
337686 337690 586.04 598 1
337686 337690 598 598 1
337686 337690 609.96 598 -2
337686 337690 621.92 598 -2
337686 337690 633.88 598 -2
337686 337690 645.84 598 -2
337686 337690 657.8 598 -2
337686 337690 669.76 598 -2
337686 337690 681.72 598 -2
337686 337690 693.68 598 -2
337686 337690 705.64 598 -2
337686 337690 717.6 598 -2
337909 337911 904 1130 1
337909 337911 926.6 1130 1
337909 337911 949.2 1130 1
337909 337911 971.8 1130 1
337909 337911 994.4 1130 1
337909 337911 1017 1130 1
337909 337911 1039.6 1130 1

119




337909 337911 1062.2 1130 1
337909 337911 1084.8 1130 1
337909 337911 1107.4 1130 1
337909 337911 1130 1130 1
337909 337911 1152.6 1130 -2
337909 337911 1175.2 1130 -2
337909 337911 1197.8 1130 -2
337909 337911 1220.4 1130 -2
337909 337911 1243 1130 -2
337909 337911 1265.6 1130 -2
337909 337911 1288.2 1130 -2
337909 337911 1310.8 1130 -2
337909 337911 1333.4 1130 -2
337909 337911 1356 1130 -2
335825 335830 955.2 1194 1
335825 335830 979.08 1194 1
335825 335830 1002.96 1194 1
335825 335830 1026.84 1194 1
335825 335830 1050.72 1194 1
335825 335830 1074.6 1194 1
335825 335830 1098.48 1194 1
335825 335830 1122.36 1194 1
335825 335830 1146.24 1194 1
335825 335830 1170.12 1194 1
335825 335830 1194 1194 1
335825 335830 1217.88 1194 -2
335825 335830 1241.76 1194 -2
335825 335830 1265.64 1194 -2
335825 335830 1289.52 1194 -2
335825 335830 1313.4 1194 -2
335825 335830 1337.28 1194 -2
335825 335830 1361.16 1194 -2
335825 335830 1385.04 1194 -2
335825 335830 1408.92 1194 -2
335825 335830 1432.8 1194 -2
337651 337652 728 910 1
337651 337652 746.2 910 1
337651 337652 764.4 910 1
337651 337652 782.6 910 1
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337651 337652 800.8 910 1
337651 337652 819 910 1
337651 337652 837.2 910 1
337651 337652 855.4 910 1
337651 337652 873.6 910 1
337651 337652 891.8 910 1
337651 337652 910 910 1
337651 337652 928.2 910 -2
337651 337652 946.4 910 -2
337651 337652 964.6 910 -2
337651 337652 982.8 910 -2
337651 337652 1001 910 -2
337651 337652 1019.2 910 -2
337651 337652 1037.4 910 -2
337651 337652 1055.6 910 -2
337651 337652 1073.8 910 -2
337651 337652 1092 910 -2
334433 334430 396 495 1
334433 334430 405.9 495 1
334433 334430 415.8 495 1
334433 334430 425.7 495 1
334433 334430 435.6 495 1
334433 334430 445.5 495 1
334433 334430 455.4 495 1
334433 334430 465.3 495 1
334433 334430 475.2 495 1
334433 334430 485.1 495 1
334433 334430 495 495 1
334433 334430 504.9 495 -2
334433 334430 514.8 495 -2
334433 334430 524.7 495 -2
334433 334430 534.6 495 -2
334433 334430 5445 495 -2
334433 334430 554.4 495 -2
334433 334430 564.3 495 -2
334433 334430 574.2 495 -2
334433 334430 584.1 495 -2
334433 334430 594 495 -2
336462 336464 512 640 1
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336462 336464 524.8 640 1
336462 336464 537.6 640 1
336462 336464 550.4 640 1
336462 336464 563.2 640 1
336462 336464 576 640 1
336462 336464 588.8 640 1
336462 336464 601.6 640 1
336462 336464 614.4 640 1
336462 336464 627.2 640 1
336462 336464 640 640 1
336462 336464 652.8 640 -2
336462 336464 665.6 640 -2
336462 336464 678.4 640 -2
336462 336464 691.2 640 -2
336462 336464 704 640 -2
336462 336464 716.8 640 -2
336462 336464 729.6 640 -2
336462 336464 742.4 640 -2
336462 336464 755.2 640 -2
336462 336464 768 640 -2
337764 337763 249.6 312 1
337764 337763 255.84 312 1
337764 337763 262.08 312 1
337764 337763 268.32 312 1
337764 337763 274.56 312 1
337764 337763 280.8 312 1
337764 337763 287.04 312 1
337764 337763 293.28 312 1
337764 337763 299.52 312 1
337764 337763 305.76 312 1
337764 337763 312 312 1
337764 337763 318.24 312 -2
337764 337763 324.48 312 -2
337764 337763 330.72 312 -2
337764 337763 336.96 312 -2
337764 337763 343.2 312 -2
337764 337763 349.44 312 -2
337764 337763 355.68 312 -2
337764 337763 361.92 312 -2
337764 337763 368.16 312 -2
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337764 337763 374.4 312 -2
337005 337009 644.8 806 1
337005 337009 660.92 806 1
337005 337009 677.04 806 1
337005 337009 693.16 806 1
337005 337009 709.28 806 1
337005 337009 725.4 806 1
337005 337009 741.52 806 1
337005 337009 757.64 806 1
337005 337009 773.76 806 1
337005 337009 789.88 806 1
337005 337009 806 806 1
337005 337009 822.12 806 -2
337005 337009 838.24 806 -2
337005 337009 854.36 806 -2
337005 337009 870.48 806 -2
337005 337009 886.6 806 -2
337005 337009 902.72 806 -2
337005 337009 918.84 806 -2
337005 337009 934.96 806 -2
337005 337009 951.08 806 -2
337005 337009 967.2 806 -2
337162 360594 937.6 1172 1
337162 360594 961.04 1172 1
337162 360594 984.48 1172 1
337162 360594 1007.92 1172 1
337162 360594 1031.36 1172 1
337162 360594 1054.8 1172 1
337162 360594 1078.24 1172 1
337162 360594 1101.68 1172 1
337162 360594 1125.12 1172 1
337162 360594 1148.56 1172 1
337162 360594 1172 1172 1
337162 360594 1195.44 1172 -2
337162 360594 1218.88 1172 -2
337162 360594 1242.32 1172 -2
337162 360594 1265.76 1172 -2
337162 360594 1289.2 1172 -2
337162 360594 1312.64 1172 -2
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337162 360594 1336.08 1172 -2
337162 360594 1359.52 1172 -2
337162 360594 1382.96 1172 -2
337162 360594 1406.4 1172 -2
338188 338388 820 1025 1
338188 338388 840.5 1025 1
338188 338388 861 1025 1
338188 338388 881.5 1025 1
338188 338388 902 1025 1
338188 338388 922.5 1025 1
338188 338388 943 1025 1
338188 338388 963.5 1025 1
338188 338388 984 1025 1
338188 338388 1004.5 1025 1
338188 338388 1025 1025 1
338188 338388 1045.5 1025 -2
338188 338388 1066 1025 -2
338188 338388 1086.5 1025 -2
338188 338388 1107 1025 -2
338188 338388 1127.5 1025 -2
338188 338388 1148 1025 -2
338188 338388 1168.5 1025 -2
338188 338388 1189 1025 -2
338188 338388 1209.5 1025 -2
338188 338388 1230 1025 -2
336938 336939 191.2 239 1
336938 336939 195.98 239 1
336938 336939 200.76 239 1
336938 336939 205.54 239 1
336938 336939 210.32 239 1
336938 336939 215.1 239 1
336938 336939 219.88 239 1
336938 336939 224.66 239 1
336938 336939 229.44 239 1
336938 336939 234.22 239 1
336938 336939 239 239 1
336938 336939 243.78 239 -2
336938 336939 248.56 239 -2
336938 336939 253.34 239 -2
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336938 336939 258.12 239 -2
336938 336939 262.9 239 -2
336938 336939 267.68 239 -2
336938 336939 272.46 239 -2
336938 336939 277.24 239 -2
336938 336939 282.02 239 -2
336938 336939 286.8 239 -2
335836 388700 1440 1800 1
335836 388700 1476 1800 1
335836 388700 1512 1800 1
335836 388700 1548 1800 1
335836 388700 1584 1800 1
335836 388700 1620 1800 1
335836 388700 1656 1800 1
335836 388700 1692 1800 1
335836 388700 1728 1800 1
335836 388700 1764 1800 1
335836 388700 1800 1800 1
335836 388700 1836 1800 -2
335836 388700 1872 1800 -2
335836 388700 1908 1800 -2
335836 388700 1944 1800 -2
335836 388700 1980 1800 -2
335836 388700 2016 1800 -2
335836 388700 2052 1800 -2
335836 388700 2088 1800 -2
335836 388700 2124 1800 -2
335836 388700 2160 1800 -2
336190 336210 830.4 1038 1
336190 336210 851.16 1038 1
336190 336210 871.92 1038 1
336190 336210 892.68 1038 1
336190 336210 913.44 1038 1
336190 336210 934.2 1038 1
336190 336210 954.96 1038 1
336190 336210 975.72 1038 1
336190 336210 996.48 1038 1
336190 336210 1017.24 1038 1
336190 336210 1038 1038 1
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336190 336210 1058.76 1038 -2
336190 336210 1079.52 1038 -2
336190 336210 1100.28 1038 -2
336190 336210 1121.04 1038 -2
336190 336210 1141.8 1038 -2
336190 336210 1162.56 1038 -2
336190 336210 1183.32 1038 -2
336190 336210 1204.08 1038 -2
336190 336210 1224.84 1038 -2
336190 336210 1245.6 1038 -2
335782 335805 80 100 1
335782 335805 82 100 1
335782 335805 84 100 1
335782 335805 86 100 1
335782 335805 88 100 1
335782 335805 90 100 1
335782 335805 92 100 1
335782 335805 94 100 1
335782 335805 96 100 1
335782 335805 98 100 1
335782 335805 100 100 1
335782 335805 102 100 -2
335782 335805 104 100 -2
335782 335805 106 100 -2
335782 335805 108 100 -2
335782 335805 110 100 -2
335782 335805 112 100 -2
335782 335805 114 100 -2
335782 335805 116 100 -2
335782 335805 118 100 -2
335782 335805 120 100 -2
337391 337415 256 320 1
337391 337415 262.4 320 1
337391 337415 268.8 320 1
337391 337415 275.2 320 1
337391 337415 281.6 320 1
337391 337415 288 320 1
337391 337415 294.4 320 1
337391 337415 300.8 320 1
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337391 337415 307.2 320 1
337391 337415 313.6 320 1
337391 337415 320 320 1
337391 337415 326.4 320 -2
337391 337415 332.8 320 -2
337391 337415 339.2 320 -2
337391 337415 345.6 320 -2
337391 337415 352 320 -2
337391 337415 358.4 320 -2
337391 337415 364.8 320 -2
337391 337415 371.2 320 -2
337391 337415 377.6 320 -2
337391 337415 384 320 -2
335600 335601 271.2 339 1
335600 335601 277.98 339 1
335600 335601 284.76 339 1
335600 335601 291.54 339 1
335600 335601 298.32 339 1
335600 335601 305.1 339 1
335600 335601 311.88 339 1
335600 335601 318.66 339 1
335600 335601 325.44 339 1
335600 335601 332.22 339 1
335600 335601 339 339 1
335600 335601 345.78 339 -2
335600 335601 352.56 339 -2
335600 335601 359.34 339 -2
335600 335601 366.12 339 -2
335600 335601 372.9 339 -2
335600 335601 379.68 339 -2
335600 335601 386.46 339 -2
335600 335601 393.24 339 -2
335600 335601 400.02 339 -2
335600 335601 406.8 339 -2
336157 336166 733.6 917 1
336157 336166 751.94 917 1
336157 336166 770.28 917 1
336157 336166 788.62 917 1
336157 336166 806.96 917 1
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336157 336166 825.3 917 1
336157 336166 843.64 917 1
336157 336166 861.98 917 1
336157 336166 880.32 917 1
336157 336166 898.66 917 1
336157 336166 917 917 1
336157 336166 935.34 917 -2
336157 336166 953.68 917 -2
336157 336166 972.02 917 -2
336157 336166 990.36 917 -2
336157 336166 1008.7 917 -2
336157 336166 1027.04 917 -2
336157 336166 1045.38 917 -2
336157 336166 1063.72 917 -2
336157 336166 1082.06 917 -2
336157 336166 1100.4 917 -2
337957 338162 1385.6 1732 1
337957 338162 1420.24 1732 1
337957 338162 1454.88 1732 1
337957 338162 1489.52 1732 1
337957 338162 1524.16 1732 1
337957 338162 1558.8 1732 1
337957 338162 1593.44 1732 1
337957 338162 1628.08 1732 1
337957 338162 1662.72 1732 1
337957 338162 1697.36 1732 1
337957 338162 1732 1732 1
337957 338162 1766.64 1732 -2
337957 338162 1801.28 1732 -2
337957 338162 1835.92 1732 -2
337957 338162 1870.56 1732 -2
337957 338162 1905.2 1732 -2
337957 338162 1939.84 1732 -2
337957 338162 1974.48 1732 -2
337957 338162 2009.12 1732 -2
337957 338162 2043.76 1732 -2
337957 338162 2078.4 1732 -2
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Appendix E: Modified Case 2 with Pseudo obligations

Table E.1: PTDF estimation results

Line LineTo| From | TolInj. | Estimated Feasibility flag
From : True value .
Number | Inj. Bus Bus value (feasible=1)
Number
2 3 2 8 0.424 0.53 -2
2 3 2 8 0.4346 0.53 -2
2 3 2 8 0.4452 0.53 -2
2 3 2 8 0.4558 0.53 -2
2 3 2 8 0.4664 0.53 -2
2 3 2 8 0.477 0.53 -2
2 3 2 8 0.4876 0.53 -2
2 3 2 8 0.4982 0.53 -2
2 3 2 8 0.5088 0.53 -2
2 3 2 8 0.5194 0.53 -2
2 3 2 8 0.53 0.53 1
2 3 2 8 0.5406 0.53 -2
2 3 2 8 0.5512 0.53 -2
2 3 2 8 0.5618 0.53 -2
2 3 2 8 0.5724 0.53 -2
2 3 2 8 0.583 0.53 -2
2 3 2 8 0.5936 0.53 -2
2 3 2 8 0.6042 0.53 -2
2 3 2 8 0.6148 0.53 -2
2 3 2 8 0.6254 0.53 -2
2 3 2 8 0.636 0.53 -2
3 4 2 8 0.33896 0.4237 -2
3 4 2 8 0.347434 0.4237 -2
3 4 2 8 0.355908 0.4237 -2
3 4 2 8 0.364382 0.4237 -2
3 4 2 8 0.372856 0.4237 -2
3 4 2 8 0.38133 0.4237 -2
3 4 2 8 0.389804 0.4237 -2
3 4 2 8 0.398278 0.4237 -2
3 4 2 8 0.406752 0.4237 -2
3 4 2 8 0.415226 0.4237 -2
3 4 2 8 0.4237 0.4237 1
3 4 2 8 0.432174 0.4237 -2

129




3 4 2 8 0.440648 0.4237 -2
3 4 2 8 0.449122 0.4237 -2
3 4 2 8 0.457596 0.4237 -2
3 4 2 8 0.46607 0.4237 -2
3 4 2 8 0.474544 0.4237 -2
3 4 2 8 0.483018 0.4237 -2
3 4 2 8 0.491492 0.4237 -2
3 4 2 8 0.499966 0.4237 -2
3 4 2 8 0.50844 0.4237 -2
5 8 2 8 0.31488 0.3936 -2
5 8 2 8 0.322752 0.3936 -2
5 8 2 8 0.330624 0.3936 -2
5 8 2 8 0.338496 0.3936 -2
5 8 2 8 0.346368 0.3936 -2
5 8 2 8 0.35424 0.3936 -2
5 8 2 8 0.362112 0.3936 -2
5 8 2 8 0.369984 0.3936 -2
5 8 2 8 0.377856 0.3936 -2
5 8 2 8 0.385728 0.3936 -2
5 8 2 8 0.3936 0.3936 1
5 8 2 8 0.401472 0.3936 -2
5 8 2 8 0.409344 0.3936 -2
5 8 2 8 0.417216 0.3936 -2
5 8 2 8 0.425088 0.3936 -2
5 8 2 8 0.43296 0.3936 -2
5 8 2 8 0.440832 0.3936 -2
5 8 2 8 0.448704 0.3936 -2
5 8 2 8 0.456576 0.3936 -2
5 8 2 8 0.464448 0.3936 -2
5 8 2 8 0.47232 0.3936 -2
2 3 3 4 -0.09824 -0.1228 -2
2 3 3 4 -0.1007 -0.1228 -2
2 3 3 4 -0.10315 -0.1228 -2
2 3 3 4 -0.10561 -0.1228 -2
2 3 3 4 -0.10806 -0.1228 -2
2 3 3 4 -0.11052 -0.1228 -2
2 3 3 4 -0.11298 -0.1228 -2
2 3 3 4 -0.11543 -0.1228 -2
2 3 3 4 -0.11789 -0.1228 -2
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2 3 3 4 -0.12034 -0.1228 -2
2 3 3 4 -0.1228 -0.1228 1
2 3 3 4 -0.12526 -0.1228 -2
2 3 3 4 -0.12771 -0.1228 -2
2 3 3 4 -0.13017 -0.1228 -2
2 3 3 4 -0.13262 -0.1228 -2
2 3 3 4 -0.13508 -0.1228 -2
2 3 3 4 -0.13754 -0.1228 -2
2 3 3 4 -0.13999 -0.1228 -2
2 3 3 4 -0.14245 -0.1228 -2
2 3 3 4 -0.1449 -0.1228 -2
2 3 3 4 -0.14736 -0.1228 -2
3 4 3 4 0.50664 0.6333 -2
3 4 3 4 0.519306 0.6333 -2
3 4 3 4 0.531972 0.6333 -2
3 4 3 4 0.544638 0.6333 -2
3 4 3 4 0.557304 0.6333 -2
3 4 3 4 0.56997 0.6333 -2
3 4 3 4 0.582636 0.6333 -2
3 4 3 4 0.595302 0.6333 -2
3 4 3 4 0.607968 0.6333 -2
3 4 3 4 0.620634 0.6333 -2
3 4 3 4 0.6333 0.6333 1
3 4 3 4 0.645966 0.6333 -2
3 4 3 4 0.658632 0.6333 -2
3 4 3 4 0.671298 0.6333 -2
3 4 3 4 0.683964 0.6333 -2
3 4 3 4 0.69663 0.6333 -2
3 4 3 4 0.709296 0.6333 -2
3 4 3 4 0.721962 0.6333 -2
3 4 3 4 0.734628 0.6333 -2
3 4 3 4 0.747294 0.6333 -2
3 4 3 4 0.75996 0.6333 -2
5 8 3 4 -0.0508 -0.0635 -2
5 8 3 4 -0.05207 -0.0635 -2
5 8 3 4 -0.05334 -0.0635 -2
5 8 3 4 -0.05461 -0.0635 -2
5 8 3 4 -0.05588 -0.0635 -2
5 8 3 4 -0.05715 -0.0635 -2
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5 8 3 4 -0.05842 -0.0635 -2
5 8 3 4 -0.05969 -0.0635 -2
5 8 3 4 -0.06096 -0.0635 -2
5 8 3 4 -0.06223 -0.0635 -2
5 8 3 4 -0.0635 -0.0635 1
5 8 3 4 -0.06477 -0.0635 -2
5 8 3 4 -0.06604 -0.0635 -2
5 8 3 4 -0.06731 -0.0635 -2
5 8 3 4 -0.06858 -0.0635 -2
5 8 3 4 -0.06985 -0.0635 -2
5 8 3 4 -0.07112 -0.0635 -2
5 8 3 4 -0.07239 -0.0635 -2
5 8 3 4 -0.07366 -0.0635 -2
5 8 3 4 -0.07493 -0.0635 -2
5 8 3 4 -0.0762 -0.0635 -2
3 4 9 12 -0.17208 -0.2151 -2
3 4 9 12 -0.17638 -0.2151 -2
3 4 9 12 -0.18068 -0.2151 -2
3 4 9 12 -0.18499 -0.2151 -2
3 4 9 12 -0.18929 -0.2151 -2
3 4 9 12 -0.19359 -0.2151 -2
3 4 9 12 -0.19789 -0.2151 -2
3 4 9 12 -0.20219 -0.2151 -2
3 4 9 12 -0.2065 -0.2151 -2
3 4 9 12 -0.2108 -0.2151 -2
3 4 9 12 -0.2151 -0.2151 1
3 4 9 12 -0.2194 -0.2151 -2
3 4 9 12 -0.2237 -0.2151 -2
3 4 9 12 -0.22801 -0.2151 -2
3 4 9 12 -0.23231 -0.2151 -2
3 4 9 12 -0.23661 -0.2151 -2
3 4 9 12 -0.24091 -0.2151 -2
3 4 9 12 -0.24521 -0.2151 -2
3 4 9 12 -0.24952 -0.2151 -2
3 4 9 12 -0.25382 -0.2151 -2
3 4 9 12 -0.25812 -0.2151 -2
3 4 9 0.05464 0.0683 -2
3 4 9 0.056006 0.0683 -2

4 9 0.057372 0.0683 -2
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3 4 9 5 0.058738 0.0683 -2
3 4 9 5 0.060104 0.0683 -2
3 4 9 5 0.06147 0.0683 -2
3 4 9 5 0.062836 0.0683 -2
3 4 9 5 0.064202 0.0683 -2
3 4 9 5 0.065568 0.0683 -2
3 4 9 5 0.066934 0.0683 -2
3 4 9 5 0.0683 0.0683 1
3 4 9 5 0.069666 0.0683 -2
3 4 9 5 0.071032 0.0683 -2
3 4 9 5 0.072398 0.0683 -2
3 4 9 5 0.073764 0.0683 -2
3 4 9 5 0.07513 0.0683 -2
3 4 9 5 0.076496 0.0683 -2
3 4 9 5 0.077862 0.0683 -2
3 4 9 5 0.079228 0.0683 -2
3 4 9 5 0.080594 0.0683 -2
3 4 9 5 0.08196 0.0683 -2
5 8 9 5 -0.06744 -0.0843 -2
5 8 9 5 -0.06913 -0.0843 -2
5 8 9 5 -0.07081 -0.0843 -2
5 8 9 5 -0.0725 -0.0843 -2
5 8 9 5 -0.07418 -0.0843 -2
5 8 9 5 -0.07587 -0.0843 -2
5 8 9 5 -0.07756 -0.0843 -2
5 8 9 5 -0.07924 -0.0843 -2
5 8 9 5 -0.08093 -0.0843 -2
5 8 9 5 -0.08261 -0.0843 -2
5 8 9 5 -0.0843 -0.0843 1
5 8 9 5 -0.08599 -0.0843 -2
5 8 9 5 -0.08767 -0.0843 -2
5 8 9 5 -0.08936 -0.0843 -2
5 8 9 5 -0.09104 -0.0843 -2
5 8 9 5 -0.09273 -0.0843 -2
5 8 9 5 -0.09442 -0.0843 -2
5 8 9 5 -0.0961 -0.0843 -2
5 8 9 5 -0.09779 -0.0843 -2
5 8 9 5 -0.09947 -0.0843 -2
5 8 9 5 -0.10116 -0.0843 -2
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2 3 2 18 0.30768 0.3846 -2
2 3 2 18 0.315372 0.3846 -2
2 3 2 18 0.323064 0.3846 -2
2 3 2 18 0.330756 0.3846 -2
2 3 2 18 0.338448 0.3846 -2
2 3 2 18 0.34614 0.3846 -2
2 3 2 18 0.353832 0.3846 -2
2 3 2 18 0.361524 0.3846 -2
2 3 2 18 0.369216 0.3846 -2
2 3 2 18 0.376908 0.3846 -2
2 3 2 18 0.3846 0.3846 1
2 3 2 18 0.392292 0.3846 -2
2 3 2 18 0.399984 0.3846 -2
2 3 2 18 0.407676 0.3846 -2
2 3 2 18 0.415368 0.3846 -2
2 3 2 18 0.42306 0.3846 -2
2 3 2 18 0.430752 0.3846 -2
2 3 2 18 0.438444 0.3846 -2
2 3 2 18 0.446136 0.3846 -2
2 3 2 18 0.453828 0.3846 -2
2 3 2 18 0.46152 0.3846 -2
3 4 2 18 0.24592 0.3074 -2
3 4 2 18 0.252068 0.3074 -2
3 4 2 18 0.258216 0.3074 -2
3 4 2 18 0.264364 0.3074 -2
3 4 2 18 0.270512 0.3074 -2
3 4 2 18 0.27666 0.3074 -2
3 4 2 18 0.282808 0.3074 -2
3 4 2 18 0.288956 0.3074 -2
3 4 2 18 0.295104 0.3074 -2
3 4 2 18 0.301252 0.3074 -2
3 4 2 18 0.3074 0.3074 1
3 4 2 18 0.313548 0.3074 -2
3 4 2 18 0.319696 0.3074 -2
3 4 2 18 0.325844 0.3074 -2
3 4 2 18 0.331992 0.3074 -2
3 4 2 18 0.33814 0.3074 -2
3 4 2 18 0.344288 0.3074 -2
3 4 2 18 0.350436 0.3074 -2
3 4 2 18 0.356584 0.3074 -2
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3 4 2 18 0.362732 0.3074 -2
3 4 2 18 0.36888 0.3074 -2
5 8 2 18 0.22848 0.2856 -2
5 8 2 18 0.234192 0.2856 -2
5 8 2 18 0.239904 0.2856 -2
5 8 2 18 0.245616 0.2856 -2
5 8 2 18 0.251328 0.2856 -2
5 8 2 18 0.25704 0.2856 -2
5 8 2 18 0.262752 0.2856 -2
5 8 2 18 0.268464 0.2856 -2
5 8 2 18 0.274176 0.2856 -2
5 8 2 18 0.279888 0.2856 -2
5 8 2 18 0.2856 0.2856 1
5 8 2 18 0.291312 0.2856 -2
5 8 2 18 0.297024 0.2856 -2
5 8 2 18 0.302736 0.2856 -2
5 8 2 18 0.308448 0.2856 -2
5 8 2 18 0.31416 0.2856 -2
5 8 2 18 0.319872 0.2856 -2
5 8 2 18 0.325584 0.2856 -2
5 8 2 18 0.331296 0.2856 -2
5 8 2 18 0.337008 0.2856 -2
5 8 2 18 0.34272 0.2856 -2
5 8 5 8 0.45216 0.5652 -2
5 8 5 8 0.463464 0.5652 -2
5 8 5 8 0.474768 0.5652 -2
5 8 5 8 0.486072 0.5652 -2
5 8 5 8 0.497376 0.5652 -2
5 8 5 8 0.50868 0.5652 -2
5 8 5 8 0.519984 0.5652 -2
5 8 5 8 0.531288 0.5652 -2
5 8 5 8 0.542592 0.5652 -2
5 8 5 8 0.553896 0.5652 -2
5 8 5 8 0.5652 0.5652 1
5 8 5 8 0.576504 0.5652 -2
5 8 5 8 0.587808 0.5652 -2
5 8 5 8 0.599112 0.5652 -2
5 8 5 8 0.610416 0.5652 -2
5 8 5 8 0.62172 0.5652 -2
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5 8 5 8 0.633024 0.5652 -2
5 8 5 8 0.644328 0.5652 -2
5 8 5 8 0.655632 0.5652 -2
5 8 5 8 0.666936 0.5652 -2
5 8 5 8 0.67824 0.5652 -2
2 3 2 3 0.59816 0.7477 -2
2 3 2 3 0.613114 0.7477 -2
2 3 2 3 0.628068 0.7477 -2
2 3 2 3 0.643022 0.7477 -2
2 3 2 3 0.657976 0.7477 -2
2 3 2 3 0.67293 0.7477 -2
2 3 2 3 0.687884 0.7477 -2
2 3 2 3 0.702838 0.7477 -2
2 3 2 3 0.717792 0.7477 -2
2 3 2 3 0.732746 0.7477 -2
2 3 2 3 0.7477 0.7477 1
2 3 2 3 0.762654 0.7477 -2
2 3 2 3 0.777608 0.7477 -2
2 3 2 3 0.792562 0.7477 -2
2 3 2 3 0.807516 0.7477 -2
2 3 2 3 0.82247 0.7477 -2
2 3 2 3 0.837424 0.7477 -2
2 3 2 3 0.852378 0.7477 -2
2 3 2 3 0.867332 0.7477 -2
2 3 2 3 0.882286 0.7477 -2
2 3 2 3 0.89724 0.7477 -2
3 4 2 3 -0.0696 -0.087 -2
3 4 2 3 -0.07134 -0.087 -2
3 4 2 3 -0.07308 -0.087 -2
3 4 2 3 -0.07482 -0.087 -2
3 4 2 3 -0.07656 -0.087 -2
3 4 2 3 -0.0783 -0.087 -2
3 4 2 3 -0.08004 -0.087 -2
3 4 2 3 -0.08178 -0.087 -2
3 4 2 3 -0.08352 -0.087 -2
3 4 2 3 -0.08526 -0.087 -2
3 4 2 3 -0.087 -0.087 1
3 4 2 3 -0.08874 -0.087 -2
3 4 2 3 -0.09048 -0.087 -2
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3 4 2 3 -0.09222 -0.087 -2
3 4 2 3 -0.09396 -0.087 -2
3 4 2 3 -0.0957 -0.087 -2
3 4 2 3 -0.09744 -0.087 -2
3 4 2 3 -0.09918 -0.087 -2
3 4 2 3 -0.10092 -0.087 -2
3 4 2 3 -0.10266 -0.087 -2
3 4 2 3 -0.1044 -0.087 -2
5 8 2 3 -0.04024 -0.0503 -2
5 8 2 3 -0.04125 -0.0503 -2
5 8 2 3 -0.04225 -0.0503 -2
5 8 2 3 -0.04326 -0.0503 -2
5 8 2 3 -0.04426 -0.0503 -2
5 8 2 3 -0.04527 -0.0503 -2
5 8 2 3 -0.04628 -0.0503 -2
5 8 2 3 -0.04728 -0.0503 -2
5 8 2 3 -0.04829 -0.0503 -2
5 8 2 3 -0.04929 -0.0503 -2
5 8 2 3 -0.0503 -0.0503 1
5 8 2 3 -0.05131 -0.0503 -2
5 8 2 3 -0.05231 -0.0503 -2
5 8 2 3 -0.05332 -0.0503 -2
5 8 2 3 -0.05432 -0.0503 -2
5 8 2 3 -0.05533 -0.0503 -2
5 8 2 3 -0.05634 -0.0503 -2
5 8 2 3 -0.05734 -0.0503 -2
5 8 2 3 -0.05835 -0.0503 -2
5 8 2 3 -0.05935 -0.0503 -2
5 8 2 3 -0.06036 -0.0503 -2
3 4 14 12 -0.07536 -0.0942 -2
3 4 14 12 -0.07724 -0.0942 -2
3 4 14 12 -0.07913 -0.0942 -2
3 4 14 12 -0.08101 -0.0942 -2
3 4 14 12 -0.0829 -0.0942 -2
3 4 14 12 -0.08478 -0.0942 -2
3 4 14 12 -0.08666 -0.0942 -2
3 4 14 12 -0.08855 -0.0942 -2
3 4 14 12 -0.09043 -0.0942 -2
3 4 14 12 -0.09232 -0.0942 -2
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3 4 14 12 -0.0942 -0.0942 1
3 4 14 12 -0.09608 -0.0942 -2
3 4 14 12 -0.09797 -0.0942 -2
3 4 14 12 -0.09985 -0.0942 -2
3 4 14 12 -0.10174 -0.0942 -2
3 4 14 12 -0.10362 -0.0942 -2
3 4 14 12 -0.1055 -0.0942 -2
3 4 14 12 -0.10739 -0.0942 -2
3 4 14 12 -0.10927 -0.0942 -2
3 4 14 12 -0.11116 -0.0942 -2
3 4 14 12 -0.11304 -0.0942 -2

138




Appendix F: Simultaneous PTDF estimation for Case 1

Table F.1: Simultaneous estimation of PTDF set # 1

1st PTDF 2nd PTDF Feasibility flag 1st PTDF true | 2nd PTDF true
estimated value | estimated value (feasible=1) value value
0.45712 0.11432 -2 0.5714 0.1429
0.51426 0.11432 -2 0.5714 0.1429
0.5714 0.11432 -2 0.5714 0.1429
0.62854 0.11432 -2 0.5714 0.1429
0.68568 0.11432 -2 0.5714 0.1429
0.45712 0.12861 -2 0.5714 0.1429
0.51426 0.12861 -2 0.5714 0.1429
0.5714 0.12861 -2 0.5714 0.1429
0.62854 0.12861 -2 0.5714 0.1429
0.68568 0.12861 -2 0.5714 0.1429
0.45712 0.1429 -2 0.5714 0.1429
0.51426 0.1429 -2 0.5714 0.1429
0.5714 0.1429 1 0.5714 0.1429
0.62854 0.1429 1 0.5714 0.1429
0.68568 0.1429 1 0.5714 0.1429
0.45712 0.15719 1 0.5714 0.1429
0.51426 0.15719 1 0.5714 0.1429
0.5714 0.15719 1 0.5714 0.1429
0.62854 0.15719 1 0.5714 0.1429
0.68568 0.15719 1 0.5714 0.1429
0.45712 0.17148 1 0.5714 0.1429
0.51426 0.17148 1 0.5714 0.1429
0.5714 0.17148 1 0.5714 0.1429
0.62854 0.17148 1 0.5714 0.1429
0.68568 0.17148 1 0.5714 0.1429

Note that Table F.1 cannot be used to single out the true values however it

provides a range of values including the true values of PTDFs.

Table F.2: Simultaneous estimation of PTDF set # 2

1st PTDF 2nd PTDF Feasibility flag 1st PTDF true | 2nd PTDF true
estimated value | estimated value (feasible=1) value value
0.11432 -0.11432 -2 0.1429 -0.1429
0.12861 -0.11432 -2 0.1429 -0.1429
0.1429 -0.11432 -2 0.1429 -0.1429




0.15719 -0.11432 -2 0.1429 -0.1429
0.17148 -0.11432 -2 0.1429 -0.1429
0.11432 -0.12861 -2 0.1429 -0.1429
0.12861 -0.12861 -2 0.1429 -0.1429

0.1429 -0.12861 -2 0.1429 -0.1429
0.15719 -0.12861 -2 0.1429 -0.1429
0.17148 -0.12861 -2 0.1429 -0.1429
0.11432 -0.1429 -2 0.1429 -0.1429
0.12861 -0.1429 -2 0.1429 -0.1429

0.1429 -0.1429 1 0.1429 -0.1429
0.15719 -0.1429 1 0.1429 -0.1429
0.17148 -0.1429 1 0.1429 -0.1429
0.11432 -0.15719 -2 0.1429 -0.1429
0.12861 -0.15719 -2 0.1429 -0.1429

0.1429 -0.15719 -2 0.1429 -0.1429
0.15719 -0.15719 -2 0.1429 -0.1429
0.17148 -0.15719 -2 0.1429 -0.1429
0.11432 -0.17148 -2 0.1429 -0.1429
0.12861 -0.17148 -2 0.1429 -0.1429

0.1429 -0.17148 -2 0.1429 -0.1429
0.15719 -0.17148 -2 0.1429 -0.1429
0.17148 -0.17148 -2 0.1429 -0.1429

Table F.3: Simultaneous estimation of PTDF set # 3

1st PTDF 2nd PTDF Feasibility flag 1st PTDF true | 2nd PTDF true
estimated value | estimated value (feasible=1) value value
-0.11432 -0.22856 -2 -0.1429 -0.2857
-0.12861 -0.22856 -2 -0.1429 -0.2857
-0.1429 -0.22856 -2 -0.1429 -0.2857
-0.15719 -0.22856 -2 -0.1429 -0.2857
-0.17148 -0.22856 -2 -0.1429 -0.2857
-0.11432 -0.25713 -2 -0.1429 -0.2857
-0.12861 -0.25713 -2 -0.1429 -0.2857
-0.1429 -0.25713 -2 -0.1429 -0.2857
-0.15719 -0.25713 -2 -0.1429 -0.2857
-0.17148 -0.25713 -2 -0.1429 -0.2857
-0.11432 -0.2857 -2 -0.1429 -0.2857
-0.12861 -0.2857 -2 -0.1429 -0.2857
-0.1429 -0.2857 1 -0.1429 -0.2857
-0.15719 -0.2857 -2 -0.1429 -0.2857
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-0.17148 -0.2857 -2 -0.1429 -0.2857
-0.11432 -0.31427 -2 -0.1429 -0.2857
-0.12861 -0.31427 -2 -0.1429 -0.2857
-0.1429 -0.31427 -2 -0.1429 -0.2857
-0.15719 -0.31427 -2 -0.1429 -0.2857
-0.17148 -0.31427 -2 -0.1429 -0.2857
-0.11432 -0.34284 -2 -0.1429 -0.2857
-0.12861 -0.34284 -2 -0.1429 -0.2857
-0.1429 -0.34284 -2 -0.1429 -0.2857
-0.15719 -0.34284 -2 -0.1429 -0.2857
-0.17148 -0.34284 -2 -0.1429 -0.2857
Table F.4: Simultaneous estimation of PTDF set # 4
1st_PTDF 2nd_ PTDF 3rd_ PTDF | Feasibility 1t PTDE | 2nd PTDE | 3rd PTDE
estimated | estimated | estimated flag
. true value | true value | true value
value value value (feasible=1)
0.45712 0.11432 0.22856 -2 0.5714 0.1429 0.2857
0.51426 0.11432 0.22856 -2 0.5714 0.1429 0.2857
0.5714 0.11432 0.22856 -2 0.5714 0.1429 0.2857
0.62854 0.11432 0.22856 -2 0.5714 0.1429 0.2857
0.68568 0.11432 0.22856 -2 0.5714 0.1429 0.2857
0.45712 0.11432 0.25713 -2 0.5714 0.1429 0.2857
0.51426 0.11432 0.25713 -2 0.5714 0.1429 0.2857
0.5714 0.11432 0.25713 -2 0.5714 0.1429 0.2857
0.62854 0.11432 0.25713 -2 0.5714 0.1429 0.2857
0.68568 0.11432 0.25713 -2 0.5714 0.1429 0.2857
0.45712 0.11432 0.2857 -2 0.5714 0.1429 0.2857
0.51426 0.11432 0.2857 -2 0.5714 0.1429 0.2857
0.5714 0.11432 0.2857 -2 0.5714 0.1429 0.2857
0.62854 0.11432 0.2857 -2 0.5714 0.1429 0.2857
0.68568 0.11432 0.2857 -2 0.5714 0.1429 0.2857
0.45712 0.11432 0.31427 -2 0.5714 0.1429 0.2857
0.51426 0.11432 0.31427 1 0.5714 0.1429 0.2857
0.5714 0.11432 0.31427 1 0.5714 0.1429 0.2857
0.62854 0.11432 0.31427 1 0.5714 0.1429 0.2857
0.68568 0.11432 0.31427 1 0.5714 0.1429 0.2857
0.45712 0.11432 0.34284 1 0.5714 0.1429 0.2857
0.51426 0.11432 0.34284 1 0.5714 0.1429 0.2857
0.5714 0.11432 0.34284 1 0.5714 0.1429 0.2857
0.62854 0.11432 0.34284 1 0.5714 0.1429 0.2857
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0.68568 0.11432 0.34284 1 0.5714 0.1429 0.2857
0.45712 0.12861 0.22856 -2 0.5714 0.1429 0.2857
0.51426 0.12861 0.22856 -2 0.5714 0.1429 0.2857
0.5714 0.12861 0.22856 -2 0.5714 0.1429 0.2857
0.62854 0.12861 0.22856 -2 0.5714 0.1429 0.2857
0.68568 0.12861 0.22856 -2 0.5714 0.1429 0.2857
0.45712 0.12861 0.25713 -2 0.5714 0.1429 0.2857
0.51426 0.12861 0.25713 -2 0.5714 0.1429 0.2857
0.5714 0.12861 0.25713 -2 0.5714 0.1429 0.2857
0.62854 0.12861 0.25713 -2 0.5714 0.1429 0.2857
0.68568 0.12861 0.25713 -2 0.5714 0.1429 0.2857
0.45712 0.12861 0.2857 -2 0.5714 0.1429 0.2857
0.51426 0.12861 0.2857 -2 0.5714 0.1429 0.2857
0.5714 0.12861 0.2857 -2 0.5714 0.1429 0.2857
0.62854 0.12861 0.2857 -2 0.5714 0.1429 0.2857
0.68568 0.12861 0.2857 -2 0.5714 0.1429 0.2857
0.45712 0.12861 0.31427 1 0.5714 0.1429 0.2857
0.51426 0.12861 0.31427 1 0.5714 0.1429 0.2857
0.5714 0.12861 0.31427 1 0.5714 0.1429 0.2857
0.62854 0.12861 0.31427 1 0.5714 0.1429 0.2857
0.68568 0.12861 0.31427 -3 0.5714 0.1429 0.2857
0.45712 0.12861 0.34284 1 0.5714 0.1429 0.2857
0.51426 0.12861 0.34284 1 0.5714 0.1429 0.2857
0.5714 0.12861 0.34284 1 0.5714 0.1429 0.2857
0.62854 0.12861 0.34284 1 0.5714 0.1429 0.2857
0.68568 0.12861 0.34284 1 0.5714 0.1429 0.2857
0.45712 0.1429 0.22856 -2 0.5714 0.1429 0.2857
0.51426 0.1429 0.22856 -2 0.5714 0.1429 0.2857
0.5714 0.1429 0.22856 -2 0.5714 0.1429 0.2857
0.62854 0.1429 0.22856 -2 0.5714 0.1429 0.2857
0.68568 0.1429 0.22856 -2 0.5714 0.1429 0.2857
0.45712 0.1429 0.25713 -2 0.5714 0.1429 0.2857
0.51426 0.1429 0.25713 -2 0.5714 0.1429 0.2857
0.5714 0.1429 0.25713 -2 0.5714 0.1429 0.2857
0.62854 0.1429 0.25713 -2 0.5714 0.1429 0.2857
0.68568 0.1429 0.25713 -2 0.5714 0.1429 0.2857
0.45712 0.1429 0.2857 -2 0.5714 0.1429 0.2857
0.51426 0.1429 0.2857 -2 0.5714 0.1429 0.2857
0.5714 0.1429 0.2857 1 0.5714 0.1429 0.2857
0.62854 0.1429 0.2857 1 0.5714 0.1429 0.2857
0.68568 0.1429 0.2857 1 0.5714 0.1429 0.2857
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0.45712 0.1429 0.31427 1 0.5714 0.1429 0.2857
0.51426 0.1429 0.31427 1 0.5714 0.1429 0.2857
0.5714 0.1429 0.31427 1 0.5714 0.1429 0.2857
0.62854 0.1429 0.31427 1 0.5714 0.1429 0.2857
0.68568 0.1429 0.31427 1 0.5714 0.1429 0.2857
0.45712 0.1429 0.34284 1 0.5714 0.1429 0.2857
0.51426 0.1429 0.34284 1 0.5714 0.1429 0.2857
0.5714 0.1429 0.34284 1 0.5714 0.1429 0.2857
0.62854 0.1429 0.34284 1 0.5714 0.1429 0.2857
0.68568 0.1429 0.34284 1 0.5714 0.1429 0.2857
0.45712 0.15719 0.22856 -2 0.5714 0.1429 0.2857
0.51426 0.15719 0.22856 -2 0.5714 0.1429 0.2857
0.5714 0.15719 0.22856 -2 0.5714 0.1429 0.2857
0.62854 0.15719 0.22856 -2 0.5714 0.1429 0.2857
0.68568 0.15719 0.22856 -2 0.5714 0.1429 0.2857
0.45712 0.15719 0.25713 -2 0.5714 0.1429 0.2857
0.51426 0.15719 0.25713 -2 0.5714 0.1429 0.2857
0.5714 0.15719 0.25713 -2 0.5714 0.1429 0.2857
0.62854 0.15719 0.25713 -2 0.5714 0.1429 0.2857
0.68568 0.15719 0.25713 -2 0.5714 0.1429 0.2857
0.45712 0.15719 0.2857 1 0.5714 0.1429 0.2857
0.51426 0.15719 0.2857 1 0.5714 0.1429 0.2857
0.5714 0.15719 0.2857 1 0.5714 0.1429 0.2857
0.62854 0.15719 0.2857 1 0.5714 0.1429 0.2857
0.68568 0.15719 0.2857 1 0.5714 0.1429 0.2857
0.45712 0.15719 0.31427 1 0.5714 0.1429 0.2857
0.51426 0.15719 0.31427 1 0.5714 0.1429 0.2857
0.5714 0.15719 0.31427 1 0.5714 0.1429 0.2857
0.62854 0.15719 0.31427 1 0.5714 0.1429 0.2857
0.68568 0.15719 0.31427 1 0.5714 0.1429 0.2857
0.45712 0.15719 0.34284 1 0.5714 0.1429 0.2857
0.51426 0.15719 0.34284 1 0.5714 0.1429 0.2857
0.5714 0.15719 0.34284 1 0.5714 0.1429 0.2857
0.62854 0.15719 0.34284 1 0.5714 0.1429 0.2857
0.68568 0.15719 0.34284 1 0.5714 0.1429 0.2857
0.45712 0.17148 0.22856 -2 0.5714 0.1429 0.2857
0.51426 0.17148 0.22856 -2 0.5714 0.1429 0.2857
0.5714 0.17148 0.22856 -2 0.5714 0.1429 0.2857
0.62854 0.17148 0.22856 -2 0.5714 0.1429 0.2857
0.68568 0.17148 0.22856 -2 0.5714 0.1429 0.2857
0.45712 0.17148 0.25713 -2 0.5714 0.1429 0.2857




0.51426 0.17148 0.25713 -2 0.5714 0.1429 0.2857
0.5714 0.17148 0.25713 -2 0.5714 0.1429 0.2857
0.62854 0.17148 0.25713 -2 0.5714 0.1429 0.2857
0.68568 0.17148 0.25713 1 0.5714 0.1429 0.2857
0.45712 0.17148 0.2857 1 0.5714 0.1429 0.2857
0.51426 0.17148 0.2857 1 0.5714 0.1429 0.2857
0.5714 0.17148 0.2857 1 0.5714 0.1429 0.2857
0.62854 0.17148 0.2857 1 0.5714 0.1429 0.2857
0.68568 0.17148 0.2857 1 0.5714 0.1429 0.2857
0.45712 0.17148 0.31427 1 0.5714 0.1429 0.2857
0.51426 0.17148 0.31427 1 0.5714 0.1429 0.2857
0.5714 0.17148 0.31427 1 0.5714 0.1429 0.2857
0.62854 0.17148 0.31427 1 0.5714 0.1429 0.2857
0.68568 0.17148 0.31427 1 0.5714 0.1429 0.2857
0.45712 0.17148 0.34284 -2 0.5714 0.1429 0.2857
0.51426 0.17148 0.34284 -2 0.5714 0.1429 0.2857
0.5714 0.17148 0.34284 -2 0.5714 0.1429 0.2857
0.62854 0.17148 0.34284 -2 0.5714 0.1429 0.2857
0.68568 0.17148 0.34284 -2 0.5714 0.1429 0.2857
Table F.5: Simultaneous estimation of PTDF set # 5
1st.PTDF an_ PTDF 3rd. PTDF | Feasibility 1t PTDE | 2nd PTDE | 3rd PTDE
estimated | estimated | estimated flag
. true value | true value | true value

value value value (feasible=1)

0.45712 0.11432 -0.11432 -2 0.5714 0.1429 -0.1429
0.51426 0.11432 -0.11432 -2 0.5714 0.1429 -0.1429
0.5714 0.11432 -0.11432 -2 0.5714 0.1429 -0.1429
0.62854 0.11432 -0.11432 -2 0.5714 0.1429 -0.1429
0.68568 0.11432 -0.11432 -2 0.5714 0.1429 -0.1429
0.45712 0.11432 -0.12861 -2 0.5714 0.1429 -0.1429
0.51426 0.11432 -0.12861 -2 0.5714 0.1429 -0.1429
0.5714 0.11432 -0.12861 -2 0.5714 0.1429 -0.1429
0.62854 0.11432 -0.12861 -2 0.5714 0.1429 -0.1429
0.68568 0.11432 -0.12861 -2 0.5714 0.1429 -0.1429
0.45712 0.11432 -0.1429 -2 0.5714 0.1429 -0.1429
0.51426 0.11432 -0.1429 -2 0.5714 0.1429 -0.1429
0.5714 0.11432 -0.1429 -2 0.5714 0.1429 -0.1429
0.62854 0.11432 -0.1429 -2 0.5714 0.1429 -0.1429
0.68568 0.11432 -0.1429 -2 0.5714 0.1429 -0.1429
0.45712 0.11432 -0.15719 -2 0.5714 0.1429 -0.1429




0.51426 0.11432 -0.15719 -2 0.5714 0.1429 -0.1429
0.5714 0.11432 -0.15719 -2 0.5714 0.1429 -0.1429
0.62854 0.11432 -0.15719 -2 0.5714 0.1429 -0.1429
0.68568 0.11432 -0.15719 -2 0.5714 0.1429 -0.1429
0.45712 0.11432 -0.17148 -2 0.5714 0.1429 -0.1429
0.51426 0.11432 -0.17148 -2 0.5714 0.1429 -0.1429
0.5714 0.11432 -0.17148 -2 0.5714 0.1429 -0.1429
0.62854 0.11432 -0.17148 -2 0.5714 0.1429 -0.1429
0.68568 0.11432 -0.17148 -2 0.5714 0.1429 -0.1429
0.45712 0.12861 -0.11432 -2 0.5714 0.1429 -0.1429
0.51426 0.12861 -0.11432 -2 0.5714 0.1429 -0.1429
0.5714 0.12861 -0.11432 -2 0.5714 0.1429 -0.1429
0.62854 0.12861 -0.11432 -2 0.5714 0.1429 -0.1429
0.68568 0.12861 -0.11432 -2 0.5714 0.1429 -0.1429
0.45712 0.12861 -0.12861 -2 0.5714 0.1429 -0.1429
0.51426 0.12861 -0.12861 -2 0.5714 0.1429 -0.1429
0.5714 0.12861 -0.12861 -2 0.5714 0.1429 -0.1429
0.62854 0.12861 -0.12861 -2 0.5714 0.1429 -0.1429
0.68568 0.12861 -0.12861 -2 0.5714 0.1429 -0.1429
0.45712 0.12861 -0.1429 -2 0.5714 0.1429 -0.1429
0.51426 0.12861 -0.1429 -2 0.5714 0.1429 -0.1429
0.5714 0.12861 -0.1429 -2 0.5714 0.1429 -0.1429
0.62854 0.12861 -0.1429 -2 0.5714 0.1429 -0.1429
0.68568 0.12861 -0.1429 -2 0.5714 0.1429 -0.1429
0.45712 0.12861 -0.15719 -2 0.5714 0.1429 -0.1429
0.51426 0.12861 -0.15719 -2 0.5714 0.1429 -0.1429
0.5714 0.12861 -0.15719 -2 0.5714 0.1429 -0.1429
0.62854 0.12861 -0.15719 -2 0.5714 0.1429 -0.1429
0.68568 0.12861 -0.15719 -2 0.5714 0.1429 -0.1429
0.45712 0.12861 -0.17148 -2 0.5714 0.1429 -0.1429
0.51426 0.12861 -0.17148 -2 0.5714 0.1429 -0.1429
0.5714 0.12861 -0.17148 -2 0.5714 0.1429 -0.1429
0.62854 0.12861 -0.17148 -2 0.5714 0.1429 -0.1429
0.68568 0.12861 -0.17148 -2 0.5714 0.1429 -0.1429
0.45712 0.1429 -0.11432 -2 0.5714 0.1429 -0.1429
0.51426 0.1429 -0.11432 -2 0.5714 0.1429 -0.1429
0.5714 0.1429 -0.11432 -2 0.5714 0.1429 -0.1429
0.62854 0.1429 -0.11432 -2 0.5714 0.1429 -0.1429
0.68568 0.1429 -0.11432 -2 0.5714 0.1429 -0.1429
0.45712 0.1429 -0.12861 -2 0.5714 0.1429 -0.1429
0.51426 0.1429 -0.12861 -2 0.5714 0.1429 -0.1429




0.5714 0.1429 -0.12861 -2 0.5714 0.1429 -0.1429
0.62854 0.1429 -0.12861 -2 0.5714 0.1429 -0.1429
0.68568 0.1429 -0.12861 -2 0.5714 0.1429 -0.1429
0.45712 0.1429 -0.1429 -2 0.5714 0.1429 -0.1429
0.51426 0.1429 -0.1429 -2 0.5714 0.1429 -0.1429
0.5714 0.1429 -0.1429 1 0.5714 0.1429 -0.1429
0.62854 0.1429 -0.1429 1 0.5714 0.1429 -0.1429
0.68568 0.1429 -0.1429 1 0.5714 0.1429 -0.1429
0.45712 0.1429 -0.15719 -2 0.5714 0.1429 -0.1429
0.51426 0.1429 -0.15719 -2 0.5714 0.1429 -0.1429
0.5714 0.1429 -0.15719 -2 0.5714 0.1429 -0.1429
0.62854 0.1429 -0.15719 -2 0.5714 0.1429 -0.1429
0.68568 0.1429 -0.15719 -2 0.5714 0.1429 -0.1429
0.45712 0.1429 -0.17148 -2 0.5714 0.1429 -0.1429
0.51426 0.1429 -0.17148 -2 0.5714 0.1429 -0.1429
0.5714 0.1429 -0.17148 -2 0.5714 0.1429 -0.1429
0.62854 0.1429 -0.17148 -2 0.5714 0.1429 -0.1429
0.68568 0.1429 -0.17148 -2 0.5714 0.1429 -0.1429
0.45712 0.15719 -0.11432 -2 0.5714 0.1429 -0.1429
0.51426 0.15719 -0.11432 -2 0.5714 0.1429 -0.1429
0.5714 0.15719 -0.11432 -2 0.5714 0.1429 -0.1429
0.62854 0.15719 -0.11432 -2 0.5714 0.1429 -0.1429
0.68568 0.15719 -0.11432 -2 0.5714 0.1429 -0.1429
0.45712 0.15719 -0.12861 -2 0.5714 0.1429 -0.1429
0.51426 0.15719 -0.12861 -2 0.5714 0.1429 -0.1429
0.5714 0.15719 -0.12861 -2 0.5714 0.1429 -0.1429
0.62854 0.15719 -0.12861 -2 0.5714 0.1429 -0.1429
0.68568 0.15719 -0.12861 -2 0.5714 0.1429 -0.1429
0.45712 0.15719 -0.1429 1 0.5714 0.1429 -0.1429
0.51426 0.15719 -0.1429 1 0.5714 0.1429 -0.1429
0.5714 0.15719 -0.1429 1 0.5714 0.1429 -0.1429
0.62854 0.15719 -0.1429 1 0.5714 0.1429 -0.1429
0.68568 0.15719 -0.1429 1 0.5714 0.1429 -0.1429
0.45712 0.15719 -0.15719 -2 0.5714 0.1429 -0.1429
0.51426 0.15719 -0.15719 -2 0.5714 0.1429 -0.1429
0.5714 0.15719 -0.15719 -2 0.5714 0.1429 -0.1429
0.62854 0.15719 -0.15719 -2 0.5714 0.1429 -0.1429
0.68568 0.15719 -0.15719 -2 0.5714 0.1429 -0.1429
0.45712 0.15719 -0.17148 -2 0.5714 0.1429 -0.1429
0.51426 0.15719 -0.17148 -2 0.5714 0.1429 -0.1429
0.5714 0.15719 -0.17148 -2 0.5714 0.1429 -0.1429




0.62854 0.15719 -0.17148 -2 0.5714 0.1429 -0.1429
0.68568 0.15719 -0.17148 -2 0.5714 0.1429 -0.1429
0.45712 0.17148 -0.11432 -2 0.5714 0.1429 -0.1429
0.51426 0.17148 -0.11432 -2 0.5714 0.1429 -0.1429
0.5714 0.17148 -0.11432 -2 0.5714 0.1429 -0.1429
0.62854 0.17148 -0.11432 -2 0.5714 0.1429 -0.1429
0.68568 0.17148 -0.11432 -2 0.5714 0.1429 -0.1429
0.45712 0.17148 -0.12861 -2 0.5714 0.1429 -0.1429
0.51426 0.17148 -0.12861 -2 0.5714 0.1429 -0.1429
0.5714 0.17148 -0.12861 -2 0.5714 0.1429 -0.1429
0.62854 0.17148 -0.12861 -2 0.5714 0.1429 -0.1429
0.68568 0.17148 -0.12861 -2 0.5714 0.1429 -0.1429
0.45712 0.17148 -0.1429 1 0.5714 0.1429 -0.1429
0.51426 0.17148 -0.1429 1 0.5714 0.1429 -0.1429
0.5714 0.17148 -0.1429 1 0.5714 0.1429 -0.1429
0.62854 0.17148 -0.1429 1 0.5714 0.1429 -0.1429
0.68568 0.17148 -0.1429 1 0.5714 0.1429 -0.1429
0.45712 0.17148 -0.15719 -2 0.5714 0.1429 -0.1429
0.51426 0.17148 -0.15719 -2 0.5714 0.1429 -0.1429
0.5714 0.17148 -0.15719 -2 0.5714 0.1429 -0.1429
0.62854 0.17148 -0.15719 -2 0.5714 0.1429 -0.1429
0.68568 0.17148 -0.15719 -2 0.5714 0.1429 -0.1429
0.45712 0.17148 -0.17148 -2 0.5714 0.1429 -0.1429
0.51426 0.17148 -0.17148 -2 0.5714 0.1429 -0.1429
0.5714 0.17148 -0.17148 -2 0.5714 0.1429 -0.1429
0.62854 0.17148 -0.17148 -2 0.5714 0.1429 -0.1429
0.68568 0.17148 -0.17148 -2 0.5714 0.1429 -0.1429
Table F.6: Simultaneous estimation of PTDF set # 6
1st_PTDF 2nd_ PTDF 3rd_ PTDF | Feasibility 1t PTDE | 2nd PTDE | 3rd PTDF
estimated | estimated | estimated flag
. true value | true value | true value

value value value (feasible=1)

0.45712 -0.22856 0.34288 -2 0.5714 -0.2857 0.4286
0.51426 -0.22856 0.34288 -2 0.5714 -0.2857 0.4286
0.5714 -0.22856 0.34288 -2 0.5714 -0.2857 0.4286
0.62854 -0.22856 0.34288 -2 0.5714 -0.2857 0.4286
0.68568 -0.22856 0.34288 -2 0.5714 -0.2857 0.4286
0.45712 -0.22856 0.38574 -2 0.5714 -0.2857 0.4286
0.51426 -0.22856 0.38574 -2 0.5714 -0.2857 0.4286
0.5714 -0.22856 0.38574 -2 0.5714 -0.2857 0.4286




0.62854 -0.22856 0.38574 -2 0.5714 -0.2857 0.4286
0.68568 -0.22856 0.38574 -2 0.5714 -0.2857 0.4286
0.45712 -0.22856 0.4286 -2 0.5714 -0.2857 0.4286
0.51426 -0.22856 0.4286 -2 0.5714 -0.2857 0.4286
0.5714 -0.22856 0.4286 -2 0.5714 -0.2857 0.4286
0.62854 -0.22856 0.4286 -2 0.5714 -0.2857 0.4286
0.68568 -0.22856 0.4286 -2 0.5714 -0.2857 0.4286
0.45712 -0.22856 0.47146 -2 0.5714 -0.2857 0.4286
0.51426 -0.22856 0.47146 -2 0.5714 -0.2857 0.4286
0.5714 -0.22856 0.47146 -2 0.5714 -0.2857 0.4286
0.62854 -0.22856 0.47146 -2 0.5714 -0.2857 0.4286
0.68568 -0.22856 0.47146 -2 0.5714 -0.2857 0.4286
0.45712 -0.22856 0.51432 -2 0.5714 -0.2857 0.4286
0.51426 -0.22856 0.51432 -2 0.5714 -0.2857 0.4286
0.5714 -0.22856 0.51432 -2 0.5714 -0.2857 0.4286
0.62854 -0.22856 0.51432 -2 0.5714 -0.2857 0.4286
0.68568 -0.22856 0.51432 -2 0.5714 -0.2857 0.4286
0.45712 -0.25713 0.34288 -2 0.5714 -0.2857 0.4286
0.51426 -0.25713 0.34288 -2 0.5714 -0.2857 0.4286
0.5714 -0.25713 0.34288 -2 0.5714 -0.2857 0.4286
0.62854 -0.25713 0.34288 -2 0.5714 -0.2857 0.4286
0.68568 -0.25713 0.34288 -2 0.5714 -0.2857 0.4286
0.45712 -0.25713 0.38574 -2 0.5714 -0.2857 0.4286
0.51426 -0.25713 0.38574 -2 0.5714 -0.2857 0.4286
0.5714 -0.25713 0.38574 -2 0.5714 -0.2857 0.4286
0.62854 -0.25713 0.38574 -2 0.5714 -0.2857 0.4286
0.68568 -0.25713 0.38574 -2 0.5714 -0.2857 0.4286
0.45712 -0.25713 0.4286 -2 0.5714 -0.2857 0.4286
0.51426 -0.25713 0.4286 -2 0.5714 -0.2857 0.4286
0.5714 -0.25713 0.4286 -2 0.5714 -0.2857 0.4286
0.62854 -0.25713 0.4286 -2 0.5714 -0.2857 0.4286
0.68568 -0.25713 0.4286 -2 0.5714 -0.2857 0.4286
0.45712 -0.25713 0.47146 -2 0.5714 -0.2857 0.4286
0.51426 -0.25713 0.47146 -2 0.5714 -0.2857 0.4286
0.5714 -0.25713 0.47146 -2 0.5714 -0.2857 0.4286
0.62854 -0.25713 0.47146 -2 0.5714 -0.2857 0.4286
0.68568 -0.25713 0.47146 -2 0.5714 -0.2857 0.4286
0.45712 -0.25713 0.51432 -2 0.5714 -0.2857 0.4286
0.51426 -0.25713 0.51432 -2 0.5714 -0.2857 0.4286
0.5714 -0.25713 0.51432 -2 0.5714 -0.2857 0.4286
0.62854 -0.25713 0.51432 -2 0.5714 -0.2857 0.4286




0.68568 -0.25713 0.51432 -2 0.5714 -0.2857 0.4286
0.45712 -0.2857 0.34288 -2 0.5714 -0.2857 0.4286
0.51426 -0.2857 0.34288 -2 0.5714 -0.2857 0.4286
0.5714 -0.2857 0.34288 -2 0.5714 -0.2857 0.4286
0.62854 -0.2857 0.34288 -2 0.5714 -0.2857 0.4286
0.68568 -0.2857 0.34288 -2 0.5714 -0.2857 0.4286
0.45712 -0.2857 0.38574 -2 0.5714 -0.2857 0.4286
0.51426 -0.2857 0.38574 -2 0.5714 -0.2857 0.4286
0.5714 -0.2857 0.38574 -2 0.5714 -0.2857 0.4286
0.62854 -0.2857 0.38574 -2 0.5714 -0.2857 0.4286
0.68568 -0.2857 0.38574 -2 0.5714 -0.2857 0.4286
0.45712 -0.2857 0.4286 -2 0.5714 -0.2857 0.4286
0.51426 -0.2857 0.4286 -2 0.5714 -0.2857 0.4286
0.5714 -0.2857 0.4286 1 0.5714 -0.2857 0.4286
0.62854 -0.2857 0.4286 1 0.5714 -0.2857 0.4286
0.68568 -0.2857 0.4286 1 0.5714 -0.2857 0.4286
0.45712 -0.2857 0.47146 -2 0.5714 -0.2857 0.4286
0.51426 -0.2857 0.47146 -2 0.5714 -0.2857 0.4286
0.5714 -0.2857 0.47146 -2 0.5714 -0.2857 0.4286
0.62854 -0.2857 0.47146 -2 0.5714 -0.2857 0.4286
0.68568 -0.2857 0.47146 -2 0.5714 -0.2857 0.4286
0.45712 -0.2857 0.51432 -2 0.5714 -0.2857 0.4286
0.51426 -0.2857 0.51432 -2 0.5714 -0.2857 0.4286
0.5714 -0.2857 0.51432 -2 0.5714 -0.2857 0.4286
0.62854 -0.2857 0.51432 -2 0.5714 -0.2857 0.4286
0.68568 -0.2857 0.51432 -2 0.5714 -0.2857 0.4286
0.45712 -0.31427 0.34288 -2 0.5714 -0.2857 0.4286
0.51426 -0.31427 0.34288 -2 0.5714 -0.2857 0.4286
0.5714 -0.31427 0.34288 -2 0.5714 -0.2857 0.4286
0.62854 -0.31427 0.34288 -2 0.5714 -0.2857 0.4286
0.68568 -0.31427 0.34288 -2 0.5714 -0.2857 0.4286
0.45712 -0.31427 0.38574 -2 0.5714 -0.2857 0.4286
0.51426 -0.31427 0.38574 -2 0.5714 -0.2857 0.4286
0.5714 -0.31427 0.38574 -2 0.5714 -0.2857 0.4286
0.62854 -0.31427 0.38574 -2 0.5714 -0.2857 0.4286
0.68568 -0.31427 0.38574 -2 0.5714 -0.2857 0.4286
0.45712 -0.31427 0.4286 -2 0.5714 -0.2857 0.4286
0.51426 -0.31427 0.4286 -2 0.5714 -0.2857 0.4286
0.5714 -0.31427 0.4286 -2 0.5714 -0.2857 0.4286
0.62854 -0.31427 0.4286 -2 0.5714 -0.2857 0.4286
0.68568 -0.31427 0.4286 -2 0.5714 -0.2857 0.4286




0.45712 -0.31427 0.47146 -2 0.5714 -0.2857 0.4286
0.51426 -0.31427 0.47146 -2 0.5714 -0.2857 0.4286
0.5714 -0.31427 0.47146 -2 0.5714 -0.2857 0.4286
0.62854 -0.31427 0.47146 -2 0.5714 -0.2857 0.4286
0.68568 -0.31427 0.47146 -2 0.5714 -0.2857 0.4286
0.45712 -0.31427 0.51432 -2 0.5714 -0.2857 0.4286
0.51426 -0.31427 0.51432 -2 0.5714 -0.2857 0.4286
0.5714 -0.31427 0.51432 -2 0.5714 -0.2857 0.4286
0.62854 -0.31427 0.51432 -2 0.5714 -0.2857 0.4286
0.68568 -0.31427 0.51432 -2 0.5714 -0.2857 0.4286
0.45712 -0.34284 0.34288 -2 0.5714 -0.2857 0.4286
0.51426 -0.34284 0.34288 -2 0.5714 -0.2857 0.4286
0.5714 -0.34284 0.34288 -2 0.5714 -0.2857 0.4286
0.62854 -0.34284 0.34288 -2 0.5714 -0.2857 0.4286
0.68568 -0.34284 0.34288 -2 0.5714 -0.2857 0.4286
0.45712 -0.34284 0.38574 -2 0.5714 -0.2857 0.4286
0.51426 -0.34284 0.38574 -2 0.5714 -0.2857 0.4286
0.5714 -0.34284 0.38574 -2 0.5714 -0.2857 0.4286
0.62854 -0.34284 0.38574 -2 0.5714 -0.2857 0.4286
0.68568 -0.34284 0.38574 -2 0.5714 -0.2857 0.4286
0.45712 -0.34284 0.4286 -2 0.5714 -0.2857 0.4286
0.51426 -0.34284 0.4286 -2 0.5714 -0.2857 0.4286
0.5714 -0.34284 0.4286 -2 0.5714 -0.2857 0.4286
0.62854 -0.34284 0.4286 -2 0.5714 -0.2857 0.4286
0.68568 -0.34284 0.4286 -2 0.5714 -0.2857 0.4286
0.45712 -0.34284 0.47146 -2 0.5714 -0.2857 0.4286
0.51426 -0.34284 0.47146 -2 0.5714 -0.2857 0.4286
0.5714 -0.34284 0.47146 -2 0.5714 -0.2857 0.4286
0.62854 -0.34284 0.47146 -2 0.5714 -0.2857 0.4286
0.68568 -0.34284 0.47146 -2 0.5714 -0.2857 0.4286
0.45712 -0.34284 0.51432 -2 0.5714 -0.2857 0.4286
0.51426 -0.34284 0.51432 -2 0.5714 -0.2857 0.4286
0.5714 -0.34284 0.51432 -2 0.5714 -0.2857 0.4286
0.62854 -0.34284 0.51432 -2 0.5714 -0.2857 0.4286
0.68568 -0.34284 0.51432 -2 0.5714 -0.2857 0.4286
Table F.7: Simultaneous estimation of PTDF set # 7
1st PTDF | 2nd PTDF | 3rd PTDF | Feasibility | 1stPTDF | 2nd PTDF | 3rd PTDF
estimated | estimated | estimated flag true value | true value | true value

150




value value value (feasible=1)
-0.11432 -0.22856 0.34288 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.22856 0.34288 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.22856 0.34288 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.22856 0.34288 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.22856 0.34288 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.22856 0.38574 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.22856 0.38574 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.22856 0.38574 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.22856 0.38574 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.22856 0.38574 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.22856 0.4286 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.22856 0.4286 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.22856 0.4286 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.22856 0.4286 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.22856 0.4286 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.22856 0.47146 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.22856 0.47146 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.22856 0.47146 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.22856 0.47146 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.22856 0.47146 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.22856 0.51432 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.22856 0.51432 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.22856 0.51432 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.22856 0.51432 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.22856 0.51432 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.25713 0.34288 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.25713 0.34288 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.25713 0.34288 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.25713 0.34288 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.25713 0.34288 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.25713 0.38574 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.25713 0.38574 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.25713 0.38574 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.25713 0.38574 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.25713 0.38574 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.25713 0.4286 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.25713 0.4286 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.25713 0.4286 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.25713 0.4286 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.25713 0.4286 -2 -0.1429 -0.2857 0.4286




-0.11432 -0.25713 0.47146 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.25713 0.47146 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.25713 0.47146 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.25713 0.47146 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.25713 0.47146 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.25713 0.51432 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.25713 0.51432 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.25713 0.51432 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.25713 0.51432 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.25713 0.51432 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.2857 0.34288 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.2857 0.34288 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.2857 0.34288 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.2857 0.34288 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.2857 0.34288 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.2857 0.38574 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.2857 0.38574 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.2857 0.38574 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.2857 0.38574 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.2857 0.38574 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.2857 0.4286 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.2857 0.4286 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.2857 0.4286 1 -0.1429 -0.2857 0.4286
-0.15719 -0.2857 0.4286 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.2857 0.4286 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.2857 0.47146 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.2857 0.47146 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.2857 0.47146 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.2857 0.47146 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.2857 0.47146 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.2857 0.51432 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.2857 0.51432 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.2857 0.51432 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.2857 0.51432 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.2857 0.51432 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.31427 0.34288 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.31427 0.34288 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.31427 0.34288 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.31427 0.34288 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.31427 0.34288 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.31427 0.38574 -2 -0.1429 -0.2857 0.4286




-0.12861 -0.31427 0.38574 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.31427 0.38574 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.31427 0.38574 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.31427 0.38574 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.31427 0.4286 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.31427 0.4286 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.31427 0.4286 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.31427 0.4286 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.31427 0.4286 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.31427 0.47146 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.31427 0.47146 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.31427 0.47146 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.31427 0.47146 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.31427 0.47146 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.31427 0.51432 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.31427 0.51432 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.31427 0.51432 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.31427 0.51432 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.31427 0.51432 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.34284 0.34288 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.34284 0.34288 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.34284 0.34288 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.34284 0.34288 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.34284 0.34288 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.34284 0.38574 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.34284 0.38574 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.34284 0.38574 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.34284 0.38574 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.34284 0.38574 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.34284 0.4286 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.34284 0.4286 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.34284 0.4286 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.34284 0.4286 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.34284 0.4286 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.34284 0.47146 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.34284 0.47146 -2 -0.1429 -0.2857 0.4286
-0.1429 -0.34284 0.47146 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.34284 0.47146 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.34284 0.47146 -2 -0.1429 -0.2857 0.4286
-0.11432 -0.34284 0.51432 -2 -0.1429 -0.2857 0.4286
-0.12861 -0.34284 0.51432 -2 -0.1429 -0.2857 0.4286




-0.1429 -0.34284 0.51432 -2 -0.1429 -0.2857 0.4286
-0.15719 -0.34284 0.51432 -2 -0.1429 -0.2857 0.4286
-0.17148 -0.34284 0.51432 -2 -0.1429 -0.2857 0.4286
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Appendix G: Simultaneous PTDF estimation for Case 2

Table G.1: Simultaneous estimation of PTDF set # 1

1st PTDF 2nd PTDF Feasibility flag 1st PTDF true | 2nd PTDF true
estimated value | estimated value (feasible=1) value value
0.424 0.33896 -2 0.53 0.4237
0.477 0.33896 -2 0.53 0.4237
0.53 0.33896 -2 0.53 0.4237
0.583 0.33896 -2 0.53 0.4237
0.636 0.33896 -2 0.53 0.4237
0.424 0.38133 -2 0.53 0.4237
0.477 0.38133 -2 0.53 0.4237
0.53 0.38133 -2 0.53 0.4237
0.583 0.38133 -2 0.53 0.4237
0.636 0.38133 -2 0.53 0.4237
0.424 0.4237 -2 0.53 0.4237
0.477 0.4237 -2 0.53 0.4237
0.53 0.4237 1 0.53 0.4237
0.583 0.4237 -2 0.53 0.4237
0.636 0.4237 -2 0.53 0.4237
0.424 0.46607 -2 0.53 0.4237
0.477 0.46607 -2 0.53 0.4237
0.53 0.46607 -2 0.53 0.4237
0.583 0.46607 -2 0.53 0.4237
0.636 0.46607 -2 0.53 0.4237
0.424 0.50844 -2 0.53 0.4237
0.477 0.50844 -2 0.53 0.4237
0.53 0.50844 -2 0.53 0.4237
0.583 0.50844 -2 0.53 0.4237
0.636 0.50844 -2 0.53 0.4237

Table G.2: Simultaneous estimation of PTDF set # 2

1st PTDF 2nd PTDF Feasibility flag 1st PTDF true | 2nd PTDF true
estimated value | estimated value (feasible=1) value value
0.424 -0.09824 -2 0.53 -0.1228
0.477 -0.09824 -2 0.53 -0.1228
0.53 -0.09824 -2 0.53 -0.1228
0.583 -0.09824 -2 0.53 -0.1228




0.636 -0.09824 -2 0.53 -0.1228
0.424 -0.11052 -2 0.53 -0.1228
0.477 -0.11052 -2 0.53 -0.1228
0.53 -0.11052 -2 0.53 -0.1228
0.583 -0.11052 -2 0.53 -0.1228
0.636 -0.11052 -2 0.53 -0.1228
0.424 -0.1228 -2 0.53 -0.1228
0.477 -0.1228 -2 0.53 -0.1228
0.53 -0.1228 1 0.53 -0.1228
0.583 -0.1228 -2 0.53 -0.1228
0.636 -0.1228 -2 0.53 -0.1228
0.424 -0.13508 -2 0.53 -0.1228
0.477 -0.13508 -2 0.53 -0.1228
0.53 -0.13508 -2 0.53 -0.1228
0.583 -0.13508 -2 0.53 -0.1228
0.636 -0.13508 -2 0.53 -0.1228
0.424 -0.14736 -2 0.53 -0.1228
0.477 -0.14736 -2 0.53 -0.1228
0.53 -0.14736 -2 0.53 -0.1228
0.583 -0.14736 -2 0.53 -0.1228
0.636 -0.14736 -2 0.53 -0.1228
Table G.3: Simultaneous estimation of PTDF set # 3
1st PTDF 2nd PTDF Feasibility flag 1st PTDF true | 2nd PTDF true

estimated value | estimated value (feasible=1) value value
-0.09824 0.50664 -2 -0.1228 0.6333
-0.11052 0.50664 -2 -0.1228 0.6333
-0.1228 0.50664 -2 -0.1228 0.6333
-0.13508 0.50664 -2 -0.1228 0.6333
-0.14736 0.50664 -2 -0.1228 0.6333
-0.09824 0.56997 -2 -0.1228 0.6333
-0.11052 0.56997 -2 -0.1228 0.6333
-0.1228 0.56997 -2 -0.1228 0.6333
-0.13508 0.56997 -2 -0.1228 0.6333
-0.14736 0.56997 -2 -0.1228 0.6333
-0.09824 0.6333 -2 -0.1228 0.6333
-0.11052 0.6333 -2 -0.1228 0.6333
-0.1228 0.6333 1 -0.1228 0.6333
-0.13508 0.6333 -2 -0.1228 0.6333
-0.14736 0.6333 -2 -0.1228 0.6333




-0.09824 0.69663 -2 -0.1228 0.6333
-0.11052 0.69663 -2 -0.1228 0.6333
-0.1228 0.69663 -2 -0.1228 0.6333
-0.13508 0.69663 -2 -0.1228 0.6333
-0.14736 0.69663 -2 -0.1228 0.6333
-0.09824 0.75996 -2 -0.1228 0.6333
-0.11052 0.75996 -2 -0.1228 0.6333
-0.1228 0.75996 -2 -0.1228 0.6333
-0.13508 0.75996 -2 -0.1228 0.6333
-0.14736 0.75996 -2 -0.1228 0.6333
Table G.4: Simultaneous estimation of PTDF set # 4
1st.PTDF an_ PTDF 3rd. PTDF | Feasibility 1t PTDE | 2nd PTDE | 3rd PTDE
estimated | estimated | estimated flag
. true value | true value | true value
value value value (feasible=1)
0.424 0.33896 0.31488 -2 0.53 0.4237 0.3936
0.477 0.33896 0.31488 -2 0.53 0.4237 0.3936
0.53 0.33896 0.31488 -2 0.53 0.4237 0.3936
0.583 0.33896 0.31488 -2 0.53 0.4237 0.3936
0.636 0.33896 0.31488 -2 0.53 0.4237 0.3936
0.424 0.33896 0.35424 -2 0.53 0.4237 0.3936
0.477 0.33896 0.35424 -2 0.53 0.4237 0.3936
0.53 0.33896 0.35424 -2 0.53 0.4237 0.3936
0.583 0.33896 0.35424 -2 0.53 0.4237 0.3936
0.636 0.33896 0.35424 -2 0.53 0.4237 0.3936
0.424 0.33896 0.3936 -2 0.53 0.4237 0.3936
0.477 0.33896 0.3936 -2 0.53 0.4237 0.3936
0.53 0.33896 0.3936 -2 0.53 0.4237 0.3936
0.583 0.33896 0.3936 -2 0.53 0.4237 0.3936
0.636 0.33896 0.3936 -2 0.53 0.4237 0.3936
0.424 0.33896 0.43296 -2 0.53 0.4237 0.3936
0.477 0.33896 0.43296 -2 0.53 0.4237 0.3936
0.53 0.33896 0.43296 -2 0.53 0.4237 0.3936
0.583 0.33896 0.43296 -2 0.53 0.4237 0.3936
0.636 0.33896 0.43296 -2 0.53 0.4237 0.3936
0.424 0.33896 0.47232 -2 0.53 0.4237 0.3936
0.477 0.33896 0.47232 -2 0.53 0.4237 0.3936
0.53 0.33896 0.47232 -2 0.53 0.4237 0.3936
0.583 0.33896 0.47232 -2 0.53 0.4237 0.3936




0.636 0.33896 0.47232 -2 0.53 0.4237 0.3936
0.424 0.38133 0.31488 -2 0.53 0.4237 0.3936
0.477 0.38133 0.31488 -2 0.53 0.4237 0.3936
0.53 0.38133 0.31488 -2 0.53 0.4237 0.3936
0.583 0.38133 0.31488 -2 0.53 0.4237 0.3936
0.636 0.38133 0.31488 -2 0.53 0.4237 0.3936
0.424 0.38133 0.35424 -2 0.53 0.4237 0.3936
0.477 0.38133 0.35424 -2 0.53 0.4237 0.3936
0.53 0.38133 0.35424 -2 0.53 0.4237 0.3936
0.583 0.38133 0.35424 -2 0.53 0.4237 0.3936
0.636 0.38133 0.35424 -2 0.53 0.4237 0.3936
0.424 0.38133 0.3936 -2 0.53 0.4237 0.3936
0.477 0.38133 0.3936 -2 0.53 0.4237 0.3936
0.53 0.38133 0.3936 -2 0.53 0.4237 0.3936
0.583 0.38133 0.3936 -2 0.53 0.4237 0.3936
0.636 0.38133 0.3936 -2 0.53 0.4237 0.3936
0.424 0.38133 0.43296 -2 0.53 0.4237 0.3936
0.477 0.38133 0.43296 -2 0.53 0.4237 0.3936
0.53 0.38133 0.43296 -2 0.53 0.4237 0.3936
0.583 0.38133 0.43296 -2 0.53 0.4237 0.3936
0.636 0.38133 0.43296 -2 0.53 0.4237 0.3936
0.424 0.38133 0.47232 -2 0.53 0.4237 0.3936
0.477 0.38133 0.47232 -2 0.53 0.4237 0.3936
0.53 0.38133 0.47232 -2 0.53 0.4237 0.3936
0.583 0.38133 0.47232 -2 0.53 0.4237 0.3936
0.636 0.38133 0.47232 -2 0.53 0.4237 0.3936
0.424 0.4237 0.31488 -2 0.53 0.4237 0.3936
0.477 0.4237 0.31488 -2 0.53 0.4237 0.3936
0.53 0.4237 0.31488 -2 0.53 0.4237 0.3936
0.583 0.4237 0.31488 -2 0.53 0.4237 0.3936
0.636 0.4237 0.31488 -2 0.53 0.4237 0.3936
0.424 0.4237 0.35424 -2 0.53 0.4237 0.3936
0.477 0.4237 0.35424 -2 0.53 0.4237 0.3936
0.53 0.4237 0.35424 -2 0.53 0.4237 0.3936
0.583 0.4237 0.35424 -2 0.53 0.4237 0.3936
0.636 0.4237 0.35424 -2 0.53 0.4237 0.3936
0.424 0.4237 0.3936 -2 0.53 0.4237 0.3936
0.477 0.4237 0.3936 -2 0.53 0.4237 0.3936
0.53 0.4237 0.3936 1 0.53 0.4237 0.3936
0.583 0.4237 0.3936 -2 0.53 0.4237 0.3936
0.636 0.4237 0.3936 -2 0.53 0.4237 0.3936




0.424 0.4237 0.43296 -2 0.53 0.4237 0.3936
0.477 0.4237 0.43296 -2 0.53 0.4237 0.3936
0.53 0.4237 0.43296 -2 0.53 0.4237 0.3936
0.583 0.4237 0.43296 -2 0.53 0.4237 0.3936
0.636 0.4237 0.43296 -2 0.53 0.4237 0.3936
0.424 0.4237 0.47232 -2 0.53 0.4237 0.3936
0.477 0.4237 0.47232 -2 0.53 0.4237 0.3936
0.53 0.4237 0.47232 -2 0.53 0.4237 0.3936
0.583 0.4237 0.47232 -2 0.53 0.4237 0.3936
0.636 0.4237 0.47232 -2 0.53 0.4237 0.3936
0.424 0.46607 0.31488 -2 0.53 0.4237 0.3936
0.477 0.46607 0.31488 -2 0.53 0.4237 0.3936
0.53 0.46607 0.31488 -2 0.53 0.4237 0.3936
0.583 0.46607 0.31488 -2 0.53 0.4237 0.3936
0.636 0.46607 0.31488 -2 0.53 0.4237 0.3936
0.424 0.46607 0.35424 -2 0.53 0.4237 0.3936
0.477 0.46607 0.35424 -2 0.53 0.4237 0.3936
0.53 0.46607 0.35424 -2 0.53 0.4237 0.3936
0.583 0.46607 0.35424 -2 0.53 0.4237 0.3936
0.636 0.46607 0.35424 -2 0.53 0.4237 0.3936
0.424 0.46607 0.3936 -2 0.53 0.4237 0.3936
0.477 0.46607 0.3936 -2 0.53 0.4237 0.3936
0.53 0.46607 0.3936 -2 0.53 0.4237 0.3936
0.583 0.46607 0.3936 -2 0.53 0.4237 0.3936
0.636 0.46607 0.3936 -2 0.53 0.4237 0.3936
0.424 0.46607 0.43296 -2 0.53 0.4237 0.3936
0.477 0.46607 0.43296 -2 0.53 0.4237 0.3936
0.53 0.46607 0.43296 -2 0.53 0.4237 0.3936
0.583 0.46607 0.43296 -2 0.53 0.4237 0.3936
0.636 0.46607 0.43296 -2 0.53 0.4237 0.3936
0.424 0.46607 0.47232 -2 0.53 0.4237 0.3936
0.477 0.46607 0.47232 -2 0.53 0.4237 0.3936
0.53 0.46607 0.47232 -2 0.53 0.4237 0.3936
0.583 0.46607 0.47232 -2 0.53 0.4237 0.3936
0.636 0.46607 0.47232 -2 0.53 0.4237 0.3936
0.424 0.50844 0.31488 -2 0.53 0.4237 0.3936
0.477 0.50844 0.31488 -2 0.53 0.4237 0.3936
0.53 0.50844 0.31488 -2 0.53 0.4237 0.3936
0.583 0.50844 0.31488 -2 0.53 0.4237 0.3936
0.636 0.50844 0.31488 -2 0.53 0.4237 0.3936
0.424 0.50844 0.35424 -2 0.53 0.4237 0.3936




0.477 0.50844 0.35424 -2 0.53 0.4237 0.3936
0.53 0.50844 0.35424 -2 0.53 0.4237 0.3936
0.583 0.50844 0.35424 -2 0.53 0.4237 0.3936
0.636 0.50844 0.35424 -2 0.53 0.4237 0.3936
0.424 0.50844 0.3936 -2 0.53 0.4237 0.3936
0.477 0.50844 0.3936 -2 0.53 0.4237 0.3936
0.53 0.50844 0.3936 -2 0.53 0.4237 0.3936
0.583 0.50844 0.3936 -2 0.53 0.4237 0.3936
0.636 0.50844 0.3936 -2 0.53 0.4237 0.3936
0.424 0.50844 0.43296 -2 0.53 0.4237 0.3936
0.477 0.50844 0.43296 -2 0.53 0.4237 0.3936
0.53 0.50844 0.43296 -2 0.53 0.4237 0.3936
0.583 0.50844 0.43296 -2 0.53 0.4237 0.3936
0.636 0.50844 0.43296 -2 0.53 0.4237 0.3936
0.424 0.50844 0.47232 -2 0.53 0.4237 0.3936
0.477 0.50844 0.47232 -2 0.53 0.4237 0.3936
0.53 0.50844 0.47232 -2 0.53 0.4237 0.3936
0.583 0.50844 0.47232 -2 0.53 0.4237 0.3936
0.636 0.50844 0.47232 -2 0.53 0.4237 0.3936
Table G.5: Simultaneous estimation of PTDF set # 5
1st_PTDF 2nd_ PTDF 3rd_ PTDF | Feasibility 1t PTDE | 2nd PTDE | 3rd PTDF
estimated | estimated | estimated flag
. true value | true value | true value
value value value (feasible=1)
0.424 -0.09824 -0.17208 -2 0.53 -0.1228 -0.2151
0.477 -0.09824 -0.17208 -2 0.53 -0.1228 -0.2151
0.53 -0.09824 -0.17208 -2 0.53 -0.1228 -0.2151
0.583 -0.09824 -0.17208 -2 0.53 -0.1228 -0.2151
0.636 -0.09824 -0.17208 -2 0.53 -0.1228 -0.2151
0.424 -0.09824 -0.19359 -2 0.53 -0.1228 -0.2151
0.477 -0.09824 -0.19359 -2 0.53 -0.1228 -0.2151
0.53 -0.09824 -0.19359 -2 0.53 -0.1228 -0.2151
0.583 -0.09824 -0.19359 -2 0.53 -0.1228 -0.2151
0.636 -0.09824 -0.19359 -2 0.53 -0.1228 -0.2151
0.424 -0.09824 -0.2151 -2 0.53 -0.1228 -0.2151
0.477 -0.09824 -0.2151 -2 0.53 -0.1228 -0.2151
0.53 -0.09824 -0.2151 -2 0.53 -0.1228 -0.2151
0.583 -0.09824 -0.2151 -2 0.53 -0.1228 -0.2151
0.636 -0.09824 -0.2151 -2 0.53 -0.1228 -0.2151




0.424 -0.09824 -0.23661 -2 0.53 -0.1228 -0.2151
0.477 -0.09824 -0.23661 -2 0.53 -0.1228 -0.2151
0.53 -0.09824 -0.23661 -2 0.53 -0.1228 -0.2151
0.583 -0.09824 -0.23661 -2 0.53 -0.1228 -0.2151
0.636 -0.09824 -0.23661 -2 0.53 -0.1228 -0.2151
0.424 -0.09824 -0.25812 -2 0.53 -0.1228 -0.2151
0.477 -0.09824 -0.25812 -2 0.53 -0.1228 -0.2151
0.53 -0.09824 -0.25812 -2 0.53 -0.1228 -0.2151
0.583 -0.09824 -0.25812 -2 0.53 -0.1228 -0.2151
0.636 -0.09824 -0.25812 -2 0.53 -0.1228 -0.2151
0.424 -0.11052 -0.17208 -2 0.53 -0.1228 -0.2151
0.477 -0.11052 -0.17208 -2 0.53 -0.1228 -0.2151
0.53 -0.11052 -0.17208 -2 0.53 -0.1228 -0.2151
0.583 -0.11052 -0.17208 -2 0.53 -0.1228 -0.2151
0.636 -0.11052 -0.17208 -2 0.53 -0.1228 -0.2151
0.424 -0.11052 -0.19359 -2 0.53 -0.1228 -0.2151
0.477 -0.11052 -0.19359 -2 0.53 -0.1228 -0.2151
0.53 -0.11052 -0.19359 -2 0.53 -0.1228 -0.2151
0.583 -0.11052 -0.19359 -2 0.53 -0.1228 -0.2151
0.636 -0.11052 -0.19359 -2 0.53 -0.1228 -0.2151
0.424 -0.11052 -0.2151 -2 0.53 -0.1228 -0.2151
0.477 -0.11052 -0.2151 -2 0.53 -0.1228 -0.2151
0.53 -0.11052 -0.2151 -2 0.53 -0.1228 -0.2151
0.583 -0.11052 -0.2151 -2 0.53 -0.1228 -0.2151
0.636 -0.11052 -0.2151 -2 0.53 -0.1228 -0.2151
0.424 -0.11052 -0.23661 -2 0.53 -0.1228 -0.2151
0.477 -0.11052 -0.23661 -2 0.53 -0.1228 -0.2151
0.53 -0.11052 -0.23661 -2 0.53 -0.1228 -0.2151
0.583 -0.11052 -0.23661 -2 0.53 -0.1228 -0.2151
0.636 -0.11052 -0.23661 -2 0.53 -0.1228 -0.2151
0.424 -0.11052 -0.25812 -2 0.53 -0.1228 -0.2151
0.477 -0.11052 -0.25812 -2 0.53 -0.1228 -0.2151
0.53 -0.11052 -0.25812 -2 0.53 -0.1228 -0.2151
0.583 -0.11052 -0.25812 -2 0.53 -0.1228 -0.2151
0.636 -0.11052 -0.25812 -2 0.53 -0.1228 -0.2151
0.424 -0.1228 -0.17208 -2 0.53 -0.1228 -0.2151
0.477 -0.1228 -0.17208 -2 0.53 -0.1228 -0.2151
0.53 -0.1228 -0.17208 -2 0.53 -0.1228 -0.2151
0.583 -0.1228 -0.17208 -2 0.53 -0.1228 -0.2151
0.636 -0.1228 -0.17208 -2 0.53 -0.1228 -0.2151
0.424 -0.1228 -0.19359 -2 0.53 -0.1228 -0.2151




0.477 -0.1228 -0.19359 -2 0.53 -0.1228 -0.2151
0.53 -0.1228 -0.19359 -2 0.53 -0.1228 -0.2151
0.583 -0.1228 -0.19359 -2 0.53 -0.1228 -0.2151
0.636 -0.1228 -0.19359 -2 0.53 -0.1228 -0.2151
0.424 -0.1228 -0.2151 -2 0.53 -0.1228 -0.2151
0.477 -0.1228 -0.2151 -2 0.53 -0.1228 -0.2151
0.53 -0.1228 -0.2151 1 0.53 -0.1228 -0.2151
0.583 -0.1228 -0.2151 -2 0.53 -0.1228 -0.2151
0.636 -0.1228 -0.2151 -2 0.53 -0.1228 -0.2151
0.424 -0.1228 -0.23661 -2 0.53 -0.1228 -0.2151
0.477 -0.1228 -0.23661 -2 0.53 -0.1228 -0.2151
0.53 -0.1228 -0.23661 -2 0.53 -0.1228 -0.2151
0.583 -0.1228 -0.23661 -2 0.53 -0.1228 -0.2151
0.636 -0.1228 -0.23661 -2 0.53 -0.1228 -0.2151
0.424 -0.1228 -0.25812 -2 0.53 -0.1228 -0.2151
0.477 -0.1228 -0.25812 -2 0.53 -0.1228 -0.2151
0.53 -0.1228 -0.25812 -2 0.53 -0.1228 -0.2151
0.583 -0.1228 -0.25812 -2 0.53 -0.1228 -0.2151
0.636 -0.1228 -0.25812 -2 0.53 -0.1228 -0.2151
0.424 -0.13508 -0.17208 -2 0.53 -0.1228 -0.2151
0.477 -0.13508 -0.17208 -2 0.53 -0.1228 -0.2151
0.53 -0.13508 -0.17208 -2 0.53 -0.1228 -0.2151
0.583 -0.13508 -0.17208 -2 0.53 -0.1228 -0.2151
0.636 -0.13508 -0.17208 -2 0.53 -0.1228 -0.2151
0.424 -0.13508 -0.19359 -2 0.53 -0.1228 -0.2151
0.477 -0.13508 -0.19359 -2 0.53 -0.1228 -0.2151
0.53 -0.13508 -0.19359 -2 0.53 -0.1228 -0.2151
0.583 -0.13508 -0.19359 -2 0.53 -0.1228 -0.2151
0.636 -0.13508 -0.19359 -2 0.53 -0.1228 -0.2151
0.424 -0.13508 -0.2151 -2 0.53 -0.1228 -0.2151
0.477 -0.13508 -0.2151 -2 0.53 -0.1228 -0.2151
0.53 -0.13508 -0.2151 -2 0.53 -0.1228 -0.2151
0.583 -0.13508 -0.2151 -2 0.53 -0.1228 -0.2151
0.636 -0.13508 -0.2151 -2 0.53 -0.1228 -0.2151
0.424 -0.13508 -0.23661 -2 0.53 -0.1228 -0.2151
0.477 -0.13508 -0.23661 -2 0.53 -0.1228 -0.2151
0.53 -0.13508 -0.23661 -2 0.53 -0.1228 -0.2151
0.583 -0.13508 -0.23661 -2 0.53 -0.1228 -0.2151
0.636 -0.13508 -0.23661 -2 0.53 -0.1228 -0.2151
0.424 -0.13508 -0.25812 -2 0.53 -0.1228 -0.2151
0.477 -0.13508 -0.25812 -2 0.53 -0.1228 -0.2151




0.53 -0.13508 -0.25812 -2 0.53 -0.1228 -0.2151
0.583 -0.13508 -0.25812 -2 0.53 -0.1228 -0.2151
0.636 -0.13508 -0.25812 -2 0.53 -0.1228 -0.2151
0.424 -0.14736 -0.17208 -2 0.53 -0.1228 -0.2151
0.477 -0.14736 -0.17208 -2 0.53 -0.1228 -0.2151
0.53 -0.14736 -0.17208 -2 0.53 -0.1228 -0.2151
0.583 -0.14736 -0.17208 -2 0.53 -0.1228 -0.2151
0.636 -0.14736 -0.17208 -2 0.53 -0.1228 -0.2151
0.424 -0.14736 -0.19359 -2 0.53 -0.1228 -0.2151
0.477 -0.14736 -0.19359 -2 0.53 -0.1228 -0.2151
0.53 -0.14736 -0.19359 -2 0.53 -0.1228 -0.2151
0.583 -0.14736 -0.19359 -2 0.53 -0.1228 -0.2151
0.636 -0.14736 -0.19359 -2 0.53 -0.1228 -0.2151
0.424 -0.14736 -0.2151 -2 0.53 -0.1228 -0.2151
0.477 -0.14736 -0.2151 -2 0.53 -0.1228 -0.2151
0.53 -0.14736 -0.2151 -2 0.53 -0.1228 -0.2151
0.583 -0.14736 -0.2151 -2 0.53 -0.1228 -0.2151
0.636 -0.14736 -0.2151 -2 0.53 -0.1228 -0.2151
0.424 -0.14736 -0.23661 -2 0.53 -0.1228 -0.2151
0.477 -0.14736 -0.23661 -2 0.53 -0.1228 -0.2151
0.53 -0.14736 -0.23661 -2 0.53 -0.1228 -0.2151
0.583 -0.14736 -0.23661 -2 0.53 -0.1228 -0.2151
0.636 -0.14736 -0.23661 -2 0.53 -0.1228 -0.2151
0.424 -0.14736 -0.25812 -2 0.53 -0.1228 -0.2151
0.477 -0.14736 -0.25812 -2 0.53 -0.1228 -0.2151
0.53 -0.14736 -0.25812 -2 0.53 -0.1228 -0.2151
0.583 -0.14736 -0.25812 -2 0.53 -0.1228 -0.2151
0.636 -0.14736 -0.25812 -2 0.53 -0.1228 -0.2151
Table G.6: Simultaneous estimation of PTDF set # 6
1st_PTDF 2nd_ PTDF 3rd_ PTDF | Feasibility 1t PTDE | 2nd PTDE | 3rd PTDF
estimated | estimated | estimated flag
. true value | true value | true value

value value value (feasible=1)
-0.09824 0.50664 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.11052 0.50664 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.1228 0.50664 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.13508 0.50664 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.14736 0.50664 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.09824 0.50664 -0.19359 -2 -0.1228 0.6333 -0.2151




-0.11052 0.50664 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.1228 0.50664 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.13508 0.50664 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.14736 0.50664 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.09824 0.50664 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.11052 0.50664 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.1228 0.50664 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.13508 0.50664 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.14736 0.50664 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.09824 0.50664 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.11052 0.50664 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.1228 0.50664 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.13508 0.50664 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.14736 0.50664 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.09824 0.50664 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.11052 0.50664 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.1228 0.50664 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.13508 0.50664 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.14736 0.50664 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.09824 0.56997 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.11052 0.56997 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.1228 0.56997 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.13508 0.56997 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.14736 0.56997 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.09824 0.56997 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.11052 0.56997 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.1228 0.56997 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.13508 0.56997 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.14736 0.56997 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.09824 0.56997 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.11052 0.56997 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.1228 0.56997 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.13508 0.56997 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.14736 0.56997 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.09824 0.56997 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.11052 0.56997 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.1228 0.56997 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.13508 0.56997 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.14736 0.56997 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.09824 0.56997 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.11052 0.56997 -0.25812 -2 -0.1228 0.6333 -0.2151




-0.1228 0.56997 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.13508 0.56997 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.14736 0.56997 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.09824 0.6333 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.11052 0.6333 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.1228 0.6333 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.13508 0.6333 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.14736 0.6333 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.09824 0.6333 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.11052 0.6333 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.1228 0.6333 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.13508 0.6333 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.14736 0.6333 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.09824 0.6333 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.11052 0.6333 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.1228 0.6333 -0.2151 1 -0.1228 0.6333 -0.2151
-0.13508 0.6333 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.14736 0.6333 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.09824 0.6333 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.11052 0.6333 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.1228 0.6333 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.13508 0.6333 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.14736 0.6333 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.09824 0.6333 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.11052 0.6333 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.1228 0.6333 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.13508 0.6333 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.14736 0.6333 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.09824 0.69663 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.11052 0.69663 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.1228 0.69663 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.13508 0.69663 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.14736 0.69663 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.09824 0.69663 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.11052 0.69663 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.1228 0.69663 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.13508 0.69663 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.14736 0.69663 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.09824 0.69663 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.11052 0.69663 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.1228 0.69663 -0.2151 -2 -0.1228 0.6333 -0.2151




-0.13508 0.69663 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.14736 0.69663 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.09824 0.69663 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.11052 0.69663 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.1228 0.69663 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.13508 0.69663 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.14736 0.69663 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.09824 0.69663 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.11052 0.69663 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.1228 0.69663 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.13508 0.69663 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.14736 0.69663 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.09824 0.75996 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.11052 0.75996 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.1228 0.75996 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.13508 0.75996 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.14736 0.75996 -0.17208 -2 -0.1228 0.6333 -0.2151
-0.09824 0.75996 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.11052 0.75996 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.1228 0.75996 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.13508 0.75996 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.14736 0.75996 -0.19359 -2 -0.1228 0.6333 -0.2151
-0.09824 0.75996 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.11052 0.75996 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.1228 0.75996 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.13508 0.75996 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.14736 0.75996 -0.2151 -2 -0.1228 0.6333 -0.2151
-0.09824 0.75996 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.11052 0.75996 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.1228 0.75996 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.13508 0.75996 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.14736 0.75996 -0.23661 -2 -0.1228 0.6333 -0.2151
-0.09824 0.75996 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.11052 0.75996 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.1228 0.75996 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.13508 0.75996 -0.25812 -2 -0.1228 0.6333 -0.2151
-0.14736 0.75996 -0.25812 -2 -0.1228 0.6333 -0.2151
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