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Abstract

This thesis proposes novel techniques which allow including voltage stability con-

straints in competitive electricity markets and pricing system security.

A multi-objective Optimal Power Flow (OPF) approach to account for system

security through the use of voltage stability constraints and to provide an esti-

mation of the system congestion, e.g. the system Available Loading Capability

(ALC), is proposed and solved by means of an Interior Point Method Nonlinear

Programming technique, so that the social benefit and the distance to a maximum

loading condition are maximized at the same time.

Two techniques are then proposed to include in the basic voltage stability con-

strained OPF method first class contingencies, represented here by line outages.

The first technique computes an ALC value based on an N-1 contingency criterion

for an initial optimal operating condition and then an OPF problem is solved for

the worst contingency case. The second approach solves a reduced number of OPF

problems associated with the power transfer sensitivity analysis of transmission

lines.

Finally, a study of a multi-period market clearing mechanism with inclusion

of voltage stability constraints is presented. The daily-ahead market schedule

is solved using a Mixed Integer Nonlinear Programming method which allows

combining the proposed voltage stability constraints with integer variables, such

as unit commitments and ramping limits.

Locational marginal prices and nodal congestion prices resulting from the pro-

posed methods as well as comparisons with results obtained by means of standard

techniques currently in use for solving electricity market problems are presented

and discussed.

All methods are tested on simple test systems and on a realistic 129-bus Italian

network model considering supply and demand side bidding. Simulations were ob-

iv



tained using a self-made Matlab-based Power System Analysis Toolbox (PSAT),

which contains continuation power flow analysis and optimal power flow problems

based on an Interior Point method for nonlinear programming and is provided

with a GAMS interface for solving complex Mixed Integer Nonlinear Program-

ming problems.
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Chapter 1

Introduction

1.1 Research Motivation

I
N recent years, the electricity industry has undergone drastic changes due to

a world wide deregulation/privatization process that has significantly affected

power system management and energy markets. In a deregulated system, opera-

tors’ goals are balancing consumer power demand using the available generation

and ensuring that economical and technical constraints are respected [1, 2]. The

prime economical aspect is the social benefit, i.e. power suppliers should obtain

maximum prices for their produced energy, while consumers should pay the low-

est prices for the purchased electric power. Prices have to be defined in a free

market economy and restricted only by power exchange rules. Among the several

competitive market models which have been proposed, the following four basic

models have been widely accepted and utilized in practice [3]:

Model 1. Wholesale generators provide power supply bids to a single pool; then

load-serving companies buy wholesale power from the pool at a regulated

price and resell it to retail loads.

1
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Model 2. Wholesale generators and load-serving companies provide power sup-

ply and demand bids to a single pool; then load-serving companies resell

wholesale power to retail loads.

Model 3. Combinations of models 1 and 2 with bilateral wholesale contracts

between generators and load-serving companies.

Model 4. Combinations of all previous plus contracts between all participants

and retail loads.

Regardless to the adopted market model, the prime physical constraint is that

power supply and demand have to be balanced in real time by scheduling the

most economic generation on a fixed time horizon basis (e.g. a day ahead). In a

deregulated environment, the balance is obtained by means of a primary electricity

market which supplies the scheduled demand.1

Furthermore, independent market operators and market participants require a

minimum level of quality and system security, i.e. the available power and control

systems have to be able to balance the actual load demand in case of first class

contingencies (N-1 security criterion), minimize the negative effects of outages and

maintain voltages and frequency within their security limits. Thus there is the

need of stability studies in order to maintain the desired security level. The latter

is generally improved avoiding or limiting as much as possible system congestions

caused by transmission system constraints. Observe that congestions affect both

security and market transactions. As a matter of fact, several studies propose

criteria for pricing congestions and fairly sharing costs among the right market

entities [4, 5, 6].

1Deviations from scheduled demand are typically adjusted in real time with a frequency-

control market. However, frequency control and transient instability issues are beyond the

scope of this thesis and will not be discussed any further.
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Congestion constraints such as thermal limits on transmission lines, or voltage

levels, although should be avoided, do not lead to immediate emergency condi-

tions, and thus optimization methods applied in reality and/or proposed in the

literature, generally take advantage from this practical consideration and focus

more on computational efficiency than security constraints, in order to be tailored

for on-line applications [4, 7, 8]. However, congestions associated with voltage

collapse phenomena may have severe and immediate consequences on system sta-

bility, but voltage collapse issues are seldom associated with competitive market

studies [9, 10, 11].

Voltage collapse has the following characteristics:

1. It is a catastrophic and sudden phenomenon and has typically severe effects

on some network areas and, sometimes, even on the entire grid. Thus precise

information about the proximity to voltage collapse is needed.

2. It is generally induced by heavy loading conditions and/or outages which

limit the power transfer capability. Hence the need for N-1 contingency

criteria.

3. A detailed nonlinear analytical model of power system is required to properly

study voltage collapse phenomena. This is in contrast with the need of

computational efficiency of methods accounting for security and economic

dispatch.

With past and current difficulties in building new transmission lines and the

significant increase in power transactions associated with competitive electric-

ity markets, maintaining system security, with special regard to voltage instabil-

ity/collapse issues, is more than ever one of the main concerns for market and

system operators.
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Hence, there is the need for pricing this security in a simple, unambiguous and

transparent way, so that the “right” market signals can be conveyed to all market

participants. However, pricing security is not an easy task, since it involves a

variety of assumptions as well as complex models and simulations. In the four

main market models that have been described above, how to properly include and

price system security is still an open question. This thesis tries to address this

issue.

1.2 Literature Review

This thesis mainly focuses on competitive electricity markets and on the inclusion

of proper security constraints through the use of an Optimal Power Flow (OPF)-

based approach, whose ability to solve practical power system problems has been

widely recognized [12, 13, 14].

In [15], several strategies were proposed for an OPF with active power dispatch

and voltage security, which was represented only by voltage limits. Most of the

methods proposed in the literature used a logarithmic barrier Interior Point Meth-

ods (IPMs) for solving the OPF problem [16, 17, 18]. IPMs proved to be robust,

especially in large networks, as the number of iterations increase slightly with

the number of constraints and network size. However, early implementations of

IPM for solving market problems, accounting somewhat for system security, were

limited to the use of linear programming.

In [19] and [20], the authors present a comprehensive investigation of the use of

IPM for nonlinear problems, and describe the application of Merhotra’s predictor-

corrector to the OPF, which highly reduces the number of iterations to obtain the

final solution. Non-linear optimization techniques have also been shown to be

adequate for addressing a variety of voltage stability issues, such as the maxi-
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mization of the loading parameter in voltage collapse studies, as discussed in [21],

[22], [23], [24] and [25]. In [26] and [27], non-linear IPM techniques are applied to

the solution of diverse OPF market problems. In this thesis, solutions obtained

with the IPM are also tested with other optimization techniques, e.g. Generalized

Reduced Gradient (GRG) [28], in order to both double check results and evaluate

performances.

In [9], the authors proposed a technique to account for system security through

the use of voltage stability based constraints in an OPF-IPM market representa-

tion, so that security is not simply modeled through the use of voltage and power

transfer limits, typically determined off-line, but it is properly represented in

on-line market computations. In the current thesis, a multi-objective approach

similar to the one proposed in [25] is used in an OPF-IPM market model, so that

the social benefit and the distance to a maximum loading condition are maximized

at the same time. In this way, voltage stability concepts and techniques are used

to improve power transactions and the representation of system security [29].

Besides the ability of including a variety of security constraints, OPF-based

market models allows defining precise price indicators, based on spot pricing tech-

niques [6]. Spot pricing was originally defined for active power transactions, con-

sidering only congestion alleviations [4, 30], and then extended to account for

different price components, such as reactive pricing and ancillary services [5, 31].

The utilization of spot pricing concepts with OPF-based market models is cur-

rently a well accepted theory and is based on the decomposition of Lagrangian

multipliers associated with power flow equations into the sum of two terms, i.e.

costs of generation and losses and costs of system congestions [32]. In this the-

sis an integrated optimal spot pricing model is mostly based on the technique

described in [33] and used to evaluate costs associated with the voltage stability

constraints introduced in the OPF problem.
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In addition to precise voltage stability constraints and price signals, an OPF-

based market model should also be able to take into account first class contingen-

cies, i.e. should include an N-1 contingency criterion. Contingency constrained

OPFs have been previously proposed based on linear programming techniques [34,

35] and further developed in [13, 36]. Some studies for contingency planning and

voltage security preventive control have also been presented in [37, 38, 39], and

the issue of OPF computations with inclusion of voltage stability constraints and

contingencies is discussed in [40], based on a heuristic methodology. In this the-

sis, contingencies are included using methods based on what proposed in [41] and

further extended to a multi-objective optimizations as in [29].

Finally, in order to be a complete tool for market computations, the power

scheduling process should be able to include integer constraints, such as unit com-

mitment (UC). Several techniques, generally based on mixed linear or quadratic

programming and Lagrangian Relaxation (LR) have been proposed in the litera-

ture [26, 42, 43, 44]. A UC method combined to nonlinear power flow equations

has been presented [45]. In this thesis, integer constraints have been included in

the proposed voltage stability constrained OPF method, thus realizing a mixed

nonlinear programming model. Furthermore basic UC constraints have been ex-

tended to an accurate model of thermal units, including minimum up and down

times, ramp up and ramp down limits and ramp up and ramp down ramp rates,

as presented [46, 47, 48].

1.3 Research Objectives

The following areas of current interest will be addressed in OPF-based electricity

market and pricing electricity studies with inclusion of detailed voltage stability

constraints:
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1. Development of a Voltage Stability Constrained (VSC) OPF-based electric-

ity market. To be a flexible tool for operators, the VSC-OPF should be able

to provide market solutions with a desired level of security.

2. Inclusion in the VSC-OPF of N-1 contingency criteria, in order to provide

market solution which are secure also in case of line outages, as required by

market operators and participants.

3. Extension of the VSC-OPF to a multi-period horizon, which would allow to

provide market operators and participants a valuable tool for daily-ahead

market schedule.

Thus, this thesis investigates the effects of voltage stability constraints on

competitive market model, and provides a set of techniques able to evaluate the

weight of security on the market clearing mechanism and on electricity prices.

1.4 Outline of the Thesis

This thesis is organized as follows: Chapter 2 introduces power electric system

equations and test system cases, Chapter 3 presents voltage stability concepts

based on the bifurcation theory and the continuation power flow technique and

Chapter 4 describes OPF-based market clearing mechanism problems and elec-

tricity pricing techniques which have been proposed in the literature and are used

as background for the methods developed in this thesis.

Chapter 5 describes the software tools which have been developed for the

simulations reported in this thesis. The proposed software is a suite of general

routines for static and dynamic power system analysis and is provided with a

GAMS interface for solving sophisticated mixed integer nonlinear programming

problems. In this chapter a simple three-bus test system is discussed in detail to
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illustrate the implemented analysis techniques, with special regards to the Interior

Point Method used to solve single period OPF-based markets.

The proposed single-period, multi-objective voltage stability constrained OPF

problem is fully described in Chapter 6 paying particular attention to the determi-

nation of electricity prices, while Chapter 7 presents two techniques for evaluating

efficiently the effects of contingencies (N-1 security criterion) on the proposed

VSC-OPF method. Chapter 8 explores the ability of the VSC-OPF to provide se-

curity and price signals in a multi-period horizon. In Chapters 6, 7 and 8, a variety

of test system examples accompany the theory to properly illustrate the proposed

techniques and demonstrate their reliability also for realistic size problems.

Finally, concluding observations along with possible future research directions

are presented in Chapter 9, whereas network and market data for all test cases

used in this thesis are reported in Appendices A, B and C.



Chapter 2

Power System Models and Test

Systems

2.1 Introduction

T
HIS chapter introduces power electric system models used in this thesis. A

discussion on power flow equations with both single and distributed slack

bus models is presented in Section 2.2 along with the definition of dependent

and control variables relevant to voltage stability and optimal power flow stud-

ies. Finally, Section 2.3 presents the three test systems used in the simulations

throughout this thesis.

2.2 General System Equations

Equations relevant to the topics under study in this thesis are the well known

power flow equations, as follows:

0 = f(x, p) = f(V, θ, PG, QG, PL, QL) (2.1)

9
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where, in f : R
n+m → R

2N are a set of nonlinear equations, N being the number

of network buses, x (x ∈ R
n) is a vector of dependent variables and p (p ∈ R

m) is

a vector of independent or control variables. In a standard single slack bus power

flow formulation, dependent variables are voltage magnitudes V and phases θ at

the load buses, generator reactive powers QG and voltage phases at the generator

buses, while control variables are generator active powers PG, load powers PL and

QL and the slack bus voltage. In optimal power flow computations, dependent

and control variables are conveniently collected in a unique vector of decision

variables, as follows:

y , (x, p) = (V, θ, PG, QG, PL, QL) (2.2)

In distributed slack bus voltage models, y includes also an additional variable, say

kG, which forces all generators to share losses [49].

Since the system is assumed to be steady-state and we make the assumption

to ignore special devices (such as FACTS or load tap changers), equations (2.1)

reduces to power flows in transmissions lines and transformers, as follows:

Ph = V 2
h (gh + gh0) − Vh

nℓ∑

ℓ6=h

Vℓ(ghℓ cos(θh − θℓ) + bhℓ sin(θh − θℓ)) (2.3)

Qh = −V 2
h (bh + bh0) − Vh

nℓ∑

ℓ6=h

Vℓ(ghℓ sin(θh − θℓ) − bhℓ cos(θh − θℓ))

where Ph and Qh are the real and reactive powers injected at bus h, nℓ is the

number of connections departing from bus h and gh, gh0, bh, bh0, ghℓ and bhℓ are

line parameters, namely conductances and susceptances, as commonly defined in

the literature.

In the following, power injections are modeled as the sum of generator and

load powers connected to the bus h, as follows:

Ph =
∑

i∈Ih

PGi
−

∑

j∈Jh

PLj
(2.4)
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where Ih and Jh are the sub-sets of generators and loads connected to bus h,

respectively. PG and PL are assumed to be composed of two terms:

PG = PG0
+ PS (2.5)

PL = PL0
+ PD

where PG0
and PL0

are fixed power amount defining the base case condition and

PS and PD are variable powers, which will be called power supply and power

demand bids, respectively. In all test cases used in this thesis, load reactive

powers are assumed to be dependent on the real powers by a constant power

factor (QL = PL tan φL), thus leading to:

y , (V, θ, PG, QG, PL) (2.6)

Equations (2.5) are for single slack bus model, and do not include slack bus real

power which is actually a dependent variable, while for the distributed slack bus

model, the following expression holds:

PG = (1 + kG)(PG0
+ PS) (2.7)

which is valid for all generators, including the reference phase angle generator.

The distributed slack bus model will be used in this thesis in OPF problems since

it allows a fair and reasonable distribution of transmission losses among all market

suppliers.

2.3 Test Systems

Techniques proposed in this thesis are applied to a variety of test systems which

are a three-bus system, a six-bus system and a 129-bus model of the Italian HV

transmission system. The three-bus examples is used in Chapter 5 to illustrate
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Bus 2Bus 1

Bus 3

GENCO 1 GENCO 2

GENCO 3

ESCO 2

ESCO 3

Figure 2.1: Three-bus test system.

the use of a self-made software for power system analysis (PSAT) as well as com-

pare results obtained with third-party optimization methods (GAMS). The six-bus

test system is used to test the ideas proposed in this thesis, since its reduced size

makes clear results description and comparisons. Finally the 129-bus system al-

lows testing the optimization techniques on a realistic size network, and proves

reliability of the proposed methods.

2.3.1 Three-bus Test System

Figure 2.1 depicts the three-bus test case, which is extracted from [11], repre-

senting three generation companies (GENCOs) and two energy supply companies

(ESCOs) that provide supply and demand bids. The complete data set for this

system is provided in Appendix A.
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(GENCO 2)
Bus 2 (GENCO 3)
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Bus 4

Bus 5

(GENCO 1)
Bus 1

Bus 6

Figure 2.2: Six-bus test system.

2.3.2 Six-bus Test System

Figure 2.2 depicts the six-bus test case, which is extracted from [1], representing

three generation companies (GENCOs) and three energy supply companies (ES-

COs) that provide supply and demand bids, respectively. The complete data set

for this system is provided in Appendix B.

2.3.3 HV Italian System Model

For the last three years, the Italian power system has been subjected to a deregu-

lation process, which has forced ENEL, the main power Italian electricity board,

to be divided in three independent companies (generation, transmission, and dis-

tribution) and sell part of its generation plants to private firms. In 1999, an Italian

independent system operator (Gestore Rete Trasmissione Nazionale, GRTN) was
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created to coordinate a competitive electricity market and ensure secure operation

of the transmission grid. The Italian electricity market is expected to come on

line in 2003 based on a zonal pricing model. The deregulation process and the

overall increase in the power consumption forecast for the near future make the

Italian system particularly interesting for market and security studies.

Figures 2.3 and 2.4 depicts the complete 129-bus Italian 400 kV transmission

grid. In the simulations presented here, it has been assumed that 32 generators

and 86 consumers participate in the market auction. Usually, Italy imports about

the 15% of its power demand from France and Switzerland, hence power supply

bids were assumed at the inter-ties. All bids were based on prices around 30-40

US$/MWh, which are the average prices over the last few years in other European

countries where electricity markets are currently in operation, and considering the

actual operating costs of thermal plants (66% of the electrical energy offer in Italy

is thermal. Figure 2.5 depicts the daily load diagram and energy sources of the

Italian system and supplier types). Fixed generation PG0
and fixed loads PL0

were

assumed to be about 80% of the average consumption of a typical working day,

since only 20% of ENEL’s generation has been sold so far. Power bid levels were

chosen to be about 40% (30% in case of OPF with inclusion of N-1 contingency

criteria) of the average consumption in order to force system congestion. All

system data and security constraints, i.e. voltage limits, generation reactive power

limits and transmission line thermal limits, were provided by CESI, the Italian

electrical research center. For the sake of completeness, data are reported in

Appendix C.



CHAPTER 2. POWER SYSTEM MODELS AND TEST SYSTEMS 15

DC     400 kV
TO  GREECE

FIUME SANTO

CODROGIANUS

VILLASOR
SELARGIUS

PORTOSCUSO

CAGLIARI S.

SARLUX

RUMIANCA
AT

PIOMBINO

ROSEN PIAN DELLA
SPERANZA

SUVERETO

VILLAVALLE

MONTALTO

TORVALDALIGA N.

TORVALDALIGA S.
ROMA

ROMA S.

LATINA

VALMONTONE

CEPRANO

GARIGLIANO

S. MARIA C.

PRESENZANO

CANDIA

TERAMO

VILLANOVA

CANDIA

S. MARTINO

FORLI’

MARTIGNONE

POGGIO A CAIANO

TAVARNUZZE
LIVORNO

ACCIA
IOLO

S. GIACOMO

LA SPEZIA

VADO
LIGURE

RUBIERA

MARTIGNONE
COLUNGA RAVENNA C.

PORTO CORSINI

LA CASELLA CAORSO

VIGNOLE

TURBIGO

TRINO

LEINI
RONDISSONE

PIOSSASCO
CASTELNUOVO

MAGLIANO

PIASTRA

CASANOVA

ACC.
FERRERO

RONCOV.
S. FIORANO

NOGAROLE
ROCCA

OSTIGLIA

PARMA

CARPI

DUGALE

SANDRIGO
VEDELAGO

CORDIGNANO

CAMIN
DOLO

ADRIA

EDOLO

S. DAMASO

FERRARA

RFX

VENAUS

PORTO TOLLE

MALCONTENTA

SALGAREDA

REDIPUGLIA

UDINE
OVEST

LARINO

FOGGIA

BENEVENTO

PATRIA S. SOFIA

MONTECORVINOTRIANO MATERA

LAINO

ROSSANO

GALATINA

TARANTO N.

SCANDALE
FEROLETO

SORGENTE

RIZZICONI

PATERNO’

CHIAROMONTE G.
ISAB

BRINDISI

AUSTRIA

SLOVENIA

FRANCE

SWITZERLAND

MONFALCONE

Under construction stations

Existing Stations

Power plants

Existing single−circuit lines

Existing double−circuit lines

Under construction lines

Area borders

Figure 2.3: Pictorial diagram of the Italian 400 kV transmission system (available

at GRTN web site www.grtn.it).
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Figure 2.4: One-line diagram of the Italian 400 kV transmission system (most

of this information is publicly available at the GRTN web site

www.grtn.it).
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Figure 2.5: Daily load diagram for the Italian system (values refer to the 11 Febru-

ary 2003 and are available at GRTN web site www.grtn.it).

2.4 Summary

This chapter has described the basic equations for electric power systems com-

monly in use to study static voltage stability and market issues. Test cases used

to illustrate the methods proposed in this thesis are also presented.



Chapter 3

Voltage Stability Outlines

3.1 Introduction

I
N the last few decades, voltage stability in power systems has become a wide

field of research. Voltage instability phenomena range time frames from sec-

onds to hours and have been studied using a variety of static and dynamic models,

including regulators and power electronics devices [50].

Topics relevant to the electricity market and optimal power flow techniques

are the voltage collapse phenomena resulting from load changes and switching

operations. Voltage collapse generally is a consequence of load increase in systems

characterized by heavy loading conditions and/or when a change occurs in the

system, such as a line outage. The results is typically that the current operating

point, which is stable, “disappears” and the following system transient leads to a

fast, unrecoverable, voltage decrease.

This chapter gives outlines of bifurcation theory concepts (saddle-node bi-

furcations and limit-induced bifurcations) and analysis techniques (Continuation

Power Flow) which are used in this thesis to include voltage stability constraints in

the market clearing mechanism. A discussion on the maximum available loading

18
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condition, N-1 contingency criteria and sensitivity analysis is also presented.

3.2 Loading Parameter and Power Directions

The most accepted analytical tool used to investigate voltage collapse phenom-

ena is the bifurcation theory, which is a general mathematical theory able to

classify instabilities, studies the system behavior in the neighborhood of collapse

or unstable points and gives a quantitative information on remedial actions to

avoid critical conditions [51]. In the bifurcation theory, it is assumed that system

equations depend on a set of parameters together with state variables, as follows:

0 = f(x, λ) (3.1)

Then stability/instability properties are assessed varying “slowly” the parame-

ters. In this thesis, the parameter used to investigate system proximity to voltage

collapse is the so called loading parameter λ (λ ∈ R), which modifies generator

and load powers as follows:

PG1
= (1 + λ)(PG0

+ PS) (3.2)

PL1
= (1 + λ)(PL0

+ PD)

Powers which multiply λ are called power directions. Equations (3.2) differ from

the model typically used in continuation power flow analysis, i.e.

PG2
= PG0

+ λPS (3.3)

PL2
= PL0

+ λPD

where the loading parameter affects only variable powers PS and PD. Chapter 6

will discuss the reason for preferring (3.2) in the proposed optimization technique.

In typical bifurcations diagrams voltages are plotted as functions of λ, i.e. the

measure of the system loadability, thus obtaining the so called P-V or nose curves.
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3.3 Continuation Power Flow

Continuation Power Flow techniques are widely recognized as a valuable tool

to determine nose curves of power systems and allow estimating the maximum

loading conditions and “critical” solutions (for instance, saddle-node and limit-

induced bifurcation points). Although computationally demanding for large sys-

tems [2, 50, 52], CPF is not affected by numerical instabilities (as a matter of

fact, it is able to determine the stable and unstable fold of P-V curves) and can

provide additional information, such as sensitivity factors of the current solution

with respect to relevant parameters [53].

From a mathematical point of view, the CPF is a homotopy technique [2]

and allows exploring stability of power system equations when varying a system

parameter, which, in typical static and dynamic voltage stability studies, is the

loading parameter λ [50, 54, 55]. Generally speaking, CPF consists in a predictor

step realized by the computation of the tangent vector and a corrector step that

can be obtained either by means of a local parametrization or a perpendicular

intersection.

3.3.1 Predictor Step

At a generic equilibrium point p, the following relation applies:

f(xp, λp) = 0 ⇒
df

dλ


p

= 0 = Dxf |p
dx

dλ


p

+
∂f

∂λ


p

(3.4)

and the tangent vector can be approximated by:

τp =
dx

dλ


p

≈
∆xp

∆λp

(3.5)

From (3.4) and (3.5), one has:

τp = −Dxf |
−1
p

∂f

∂λ


p

(3.6)

∆xp = τp∆λp



CHAPTER 3. VOLTAGE STABILITY OUTLINES 21

λ f (x,   ) = 0λ(x    ,      )

∆ λ ∆ λ

τ

pp

(x   +     x    ,        +          )p p p p

p

Figure 3.1: Predictor step computed by means of tangent vector.

At this point a step size control k has to be chosen for determining the increment

∆xp and ∆λp, along with a normalization to avoid large steps when ‖τp‖ is large:

∆λp ,
k

‖τp‖
∆xp ,

kτp

‖τp‖
(3.7)

where ‖ · ‖ is the Euclidean norm and k = ±1. The sign of k determines the

increase or the decrease of λ. Fig. 3.1 presents a pictorial representation of the

predictor step.

3.3.2 Corrector Step

In the corrector step, a set of n + 1 equations is solved:

f(x, λ) = 0 (3.8)

η(x, λ) = 0

where the solution of f must be in the bifurcation manifold and η is an addi-

tional equation to guarantee a non singular set at the bifurcation point. For the

choice of η there are two options: the perpendicular intersection and the local

parametrization.

In case of perpendicular intersection, whose pictorial representation is depicted
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Figure 3.2: Corrector step computed by means of perpendicular intersection.

in Fig. 3.2, the expression of η becomes:

η(x, λ) =



∆xp

∆λp




T 

xc − (xp + ∆xp)

λc − (λp − ∆λp)



 = 0 (3.9)

whereas for the local parametrization, either the parameter λ or a variable xi is

forced to be a fixed value:

η(x, λ) = λc − λp − ∆λp (3.10)

or

η(x, λ) = xci
− xpi

− ∆xpi
(3.11)

The choice of the variable to be fixed depends on the bifurcation manifold of f ,

as depicted in Fig. 3.3.

3.3.3 Saddle-Node Bifurcations

Figure 3.4 depicts a typical nose curve which presents a Saddle-Node Bifurcation

(SNB). SNBs have the following properties [50, 51]:

1. Two equilibria, one stable and one unstable, coalesce.

2. The sensitivity with respect to λ of a “state” variable is infinite.
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Figure 3.3: Corrector step computed by means of local parametrization.

3. The system Jacobian matrix has a simple zero eigenvalue.

4. The dynamic of the collapse in proximity of the bifurcation point is charac-

terized by a monotonic change of state variables. The change is first slow

and then fast and results in a voltage collapse.

In mathematical terms, SNB conditions are as follows:

f(xc, λc) = 0 (3.12)

Dxf(x, λ)|cv̂ = 0

‖v̂‖ = 1

or

f(xc, λc) = 0 (3.13)

ŵT Dxf(x, λ)|c = 0

‖ŵ‖ = 1

where the subscript c stands for the “critical” solution at the bifurcation point,

v̂ and ŵ are the right and the left eigenvectors respectively, and the Euclidean
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Figure 3.4: Typical nose curve of a power system presenting a saddle-node bifur-

cation.

Curves refer to voltages at bus 4 and 5 for the 6-bus test system using

power directions and PS = (0, 25, 20) MW and PD = (25, 10, 8) MW.
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norm is used for the ‖ · ‖ operator. The Euclidean norm reduce the sparsity of the

Jacobian matrix, but allows avoiding refactorizations (which is needed in the case

of ∞-norm) and appears to be numerically more stable than the 1-norm. In this

thesis “static” SNBs will be considered, i.e. state variables are only the power

flow variables x in (2.2).

3.3.4 Limit-Induced Bifurcations

Together with SNBs, also Limit-Induced Bifurcations (LIB) can cause voltage col-

lapse. LIBs are caused by a change in system equations, typically when maximum

generator reactive power limits are reached. At a LIB, one generator switches from

a PV bus with controlled voltage VG = VG0
to a PQ bus, where QG = QGmax

. Fig-

ure 3.5 depicts a nose curve with three LIBs. Observe that LIBs might be or

not be a catastrophic event, since are not necessarily associated with a maximum

loading condition. The LIB can be viewed as the solution of the system:

0 = f(xc, λc) (3.14)

0 = f ∗(xc, λc)

where f , and f ∗, are the initial and the changed system equations and control

variables, respectively.

3.3.5 Security Limits

SNBs and LIBs may occur for unacceptable values of some bus voltages, i.e.

for voltages below security bounds (typically 0.95 or 0.9 p.u.), or other limits

which may lead to unfeasible operating point (e.g. thermal limits on transmission

lines). In order to provide realistic results, voltage stability analysis has to take

into account all physical constraints. For instance, Table 3.1 depicts the values

of the loading parameter λ and the associated security limits and bifurcations
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Figure 3.5: Nose curve with several limit-induced bifurcations.

Curves refer to voltages at bus 4 and 5 for the 6-bus test system using

power directions PS = (0, 25, 20) MW and PD = (25, 10, 8) MW, and

enabling reactive power limits for generators.
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for the six-bus system. Observe that several thermal and voltage limits occur

well before reaching the LIB associated with the maximum loading parameter

(λmax = 0.6261), thus significantly reducing the feasible loadability of the network

(λc = 0.4226).

3.4 Available Loading Capability

Figures 3.4 and 3.5 shows that SNBs and LIBs (and possibly thermal or voltage se-

curity limits) may be associated to the system maximum loadability or Maximum

Loading Condition (MLC), which can be defined as follows:

MLC = (1 + λc)
∑

j∈J

PLj
= (1 + λc)(

∑

j∈J

PL0j
+

∑

j∈J

PDj
) (3.15)

where λc is the “critical” value of the loading parameter at the bifurcation point

or security limit. Let us define the concept of Available Loading Capability (ALC)

as follows:

ALC = MLC −
∑

j∈J

PLj
= MLC − TTL (3.16)

where TTL is the Total Transaction Level at the current operating point. Thus,

in terms of λc, one has:

ALC = λc

∑

j∈J

PLj
= λcTTL (3.17)

ALC values will be used in this thesis as a measure of the security margin of the

current operating point with regard to voltage stability criteria.

3.5 N-1 Contingency Criterion

The definition of ALC given in (3.17) is actually incomplete, since first class

emergency contingencies, i.e. an N-1 contingency criterion, are not taken into
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Table 3.1: Loading parameter values and associated limits for the six-bus system.

Values are obtained for the 6-bus test system using power directions

PS = (0, 25, 20) MW and PD = (25, 10, 8) MW, enabling generator

reactive power limits, and checking for voltage security and thermal

limits.

Loading Parameter Total Loading Variable Limit or

1 + λ [MW] Bifurcation

1.4226 459.5 I4−2max
thermal

1.4316 462.4 V5min
voltage security

1.4767 477.0 QG2max
LIB

1.5457 499.3 I1−4max
thermal

1.5459 499.3 QG1max
LIB

1.5476 499.9 V4min
voltage security

1.5731 508.1 I3−5max
thermal

1.5811 510.7 I6−3max
thermal

1.6043 518.2 I2−5max
thermal

1.6117 520.6 I5−1max
thermal

1.6117 520.6 V6min
voltage security

1.6261 525.2 QG3max
LIB
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Figure 3.6: Typical nose curves for the base case and for different line outages.

Curves refer to voltage at bus 5 for the 6-bus test system using power

directions PS = (0, 25, 20) MW and PD = (25, 10, 8) MW.

account. As it might be expected, line outages may drastically reduce the values

of λc and MLC. An example is reported in Fig. 3.6.

In North American power companies, system operators follow the definition of

Available Transfer Capability (ATC) as proposed by NERC, which is as follows:

ATC: “measure of the transfer capability remaining in the physical transmission

network for further commercial activity over and above already committed

uses” [56].
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The ATC is computed with the following expression:

ATC = TTC − ETC − TRM (3.18)

where

TTC = min(PmaxIlim
, PmaxVlim

, PmaxSlim
)

represents the Total Transfer Capability, i.e. the maximum power that the system

can deliver given the security constraints defined by thermal limits (Ilim), voltage

limits (Vlim) and stability limits (Slim) based on an N-1 contingency criterion,

ETC stands for the Existing Transmission Commitments, and TRM is the Trans-

mission Reliability Margin, which is meant to account for uncertainties in system

operations. TRM is usually assumed to be a fixed quantity, i.e. TRM = K,

where K is a given MW value used to represent contingencies that are not being

considered during the ATC computations (e.g. N-2 contingencies). In this thesis,

TRM will be ignored without loss of generality, since it would affect the MLCs

resulting from the proposed OPF solutions only for an offset value.

The ATC is a basic concept typically associated with “area” interchange limits

which are imposed by transmission rights, and is used as a measure of available

power which can be further exchanged among different entities [57, 58]. In [11] a

“System wide” ATC (SATC), and corresponding “System wide” TTC, ETC and

TRM are proposed to extend the ATC concept to a system domain.

In this thesis, we stay away from the debate whether the ATC has to be defined

only for area exchange limits or can be extended to a system wide information on

the security margin. However, we make use of the structure of the NERC definition

of ATC to define an available loading condition which includes N-1 contingency,

namely ALC(N−1). Based on (3.16) and (3.18), the following correlations can be

stated:

ETC ⇒ TTL (3.19)
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and

TTC ⇒ MLC(N−1) = (1 + min
h

{λch
})TTL (3.20)

where MLC(N−1) is the MLC associated with the line outage h which leads to

the minimum λc. For instance, with regards to nose curves depicted in Fig. 3.6,

MLC(N−1) is the SNB point of the nose curve associated with contingency on line

2-4. Thus, from (3.18), the definition of ALC is as follows:

ATC ⇒ ALC(N−1) = min
h

{λch
}

∑

j∈J

PLj
= min

h
{λch

}TTL (3.21)

3.6 Sensitivity Analysis

Continuation power flow analysis may also be used to get a variety of “sensitivity”

factors of the current or critical points with respect to the loading parameter [50,

59, 60]. It has been said that, at a SNB point, the sensitivity with respect to λ

of a variable is infinite. This actually does not necessarily imply a huge variation

of the variable itself [50]. However, sensitivity factors can be used to determine

which variable (typically a “control” variable), at the operating point is mostly

affected by the parameter variation, and thus varying that variable is likely a

good “direction” toward stability improvement. Since the sensitivity analysis is

basically a linearization around a current steady state point and power system

models are highly nonlinear, variation steps of control variables cannot be huge.

It is thus necessary to repeat the computation of sensitivity factors after each

step (an example of iterative techniques to optimize transmission congestion in

simple auction-based markets with respect to voltage stability criteria is proposed

in [11]).
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3.7 Summary

This chapter has presented the basic concepts and the main analysis techniques

to approach voltage collapse and instability phenomena in electric power system.

Continuation power flow technique and bifurcation theory analysis are shown to

be able to:

1. investigate equilibrium points close to critical operating conditions (SNB

and LIB);

2. estimate stability margins at the current operating point (available loading

conditions) both in normal and in first class contingency conditions;

3. provide a variety of indexes (sensitivity factors) which allows estimating

remedial actions for avoiding critical conditions.

Voltage stability concepts described here will be used through this thesis for defin-

ing voltage stability constraints in competitive electricity markets.



Chapter 4

Optimal Power Flow Outlines

4.1 Introduction

W
ITH regard to the solution of the electricity auction problem, two main

approaches are currently under study in the literature: merit order or

single-price auctions and OPF-based power markets. The basic principles of

single-price auctions have been implemented by many Independent Market Oper-

ators (IMO) all around the world. Market clearing procedures currently in use in

competitive pool-based electricity markets differ significantly from one another.

However, some common characteristics can be recognized, as follows:

⋄ merit order market clearing mechanisms are simple, transparent and well

accepted by market participants;

⋄ there is the need of separate procedures to take into account losses, conges-

tions and, in general, nonlinear constraints;

⋄ Linear Programming (LP) and/or Mixed Integer Programming (MIP) tech-

niques used to solve merit order market problems, have a high computational

efficiency, which is needed for on-line applications).

33
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Since in this thesis the main interest is including voltage stability constraints

in the market problem, the second point is the main drawback of simple auction

techniques. Thus, we will focus only on Optimal Power Flow (OPF) based hybrid

markets. Generally speaking, OPF methods are not strictly related to market

problems. As a matter of fact, OPF methods have been used in regulated power

systems to schedule power generations in order to minimize cost productions and

losses in transmission lines. OPF main characteristics are as follows:

⋄ OPF may include a variety of (nonlinear) constraints, thus allowing for

precise power system models;

⋄ OPF is not very popular among market operators because of its complexity

and “obscure” solution process;

⋄ OPF does not need separate procedures to take into account losses and

transmission congestions;

⋄ low efficiency of solvers for Nonlinear Programming (NLP) and/or Mixed

Integer Nonlinear Programming (MINLP) is a critical issue for on-line ap-

plications.

This chapter introduces firstly the nomenclature utilized throughout this thesis

for the formulations of the OPF problems; then basic models of single-period and

multi-period OPF-based market models are presented. The OPF-based approach

to maximize the distance to voltage collapse is also discussed since it provides the

basic approach to include voltage stability constraints in the OPF-based market

mechanisms proposed in this thesis.
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4.2 Nomenclature for the OPF-based Market

Problem

For the sake of clarity, constants, variables and sets used in the formulation of the

single and multi-period OPF-based market problems are reported below. Symbols

used here follow mostly the nomenclature given in [47, 48, 61].

Constants:

PSmaxi
upper limit of the energy bid offered by unit i [MW];

PSmini
lower limit of the energy bid offered by unit i [MW];

QGmaxi
upper limit of the reactive power support available at unit i [MVar];

QGmini
lower limit of the reactive power support available at unit i [MVar];

T scheduling time horizon (e.g. 24 hours);

DTi minimum down time of unit i [h];

UTi minimum up time of unit i [h];

SDi shut-down ramp limit of unit i [MW/h];

SUi start-up ramp limit of unit i [MW/h];

RDi ramp-down limit of unit i [MW/h];

RUi ramp-up limit of unit i [MW/h];

Γi number of periods unit i must be on-line at the beginning of market

horizon due to its minimum up time constraint [h];

Πi number of periods unit i must be off-line at the beginning of market

horizon due to its minimum down time constraint [h];

α0
i time periods unit i has been on-line at the beginning of the market

horizon (end of period 0) [h];

β0
i time periods unit i has been off-line at the beginning of the market

horizon (end of period 0) [h];

PDmaxj
upper limit of the energy bid demanded by consumer j [MW];
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PDminj
lower limit of the energy bid demanded by consumer j [MW];

Variables:

PSi
(t) power output of generation unit i in period t [MW];

P Si
(t) maximum power output of generation unit i in period t [MW];

QGi
reactive power output of unit i [MVar];

PDj
(t) power output of consumer j in period t [MW];

ui(t) 0/1 variable which is equal to 1 if unit i is on-line in period t;

wi(t) 0/1 variable which is equal to 1 if unit i is started-up at the begin-

ning of period t;

zi(t) 0/1 variable which is equal to 1 if unit i is shut-down at the begin-

ning of period t;

Sets:

I set of indexes of generating units;

J set of indexes of consumers;

T set of indexes of periods of the market horizon;

B set of indexes of network buses;

N set of indexes of transmission lines;

4.3 Single-Period OPF-based Electricity Market

Single-period OPF-based approach is basically a nonlinear constrained optimiza-

tion problem, and consists of a scalar objective function and a set of equality and

inequality constraints. The objective function is typically maximizing the social

benefit, i.e. ensuring that generators get the maximum income for their power

production and consumers or wholesale retailers pay the cheapest prices for their
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power purchase, as follows:

Max. G =
∑

j∈J

cDj
(PDj

) −
∑

i∈I

cSi
(PSi

) (4.1)

where cS and cD are generic but monotonic generator and consumer cost functions

of power bids PS and PD. In this thesis cS and cD will be considered linear

functions of powers, without losing generality:

Max. G =
∑

j∈J

CDj
PDj

−
∑

i∈I

CSi
PSi

(4.2)

where CS and CD are in $/MWh.

Then power flow equations and “security” constraints are as follows:

Power Flow Equations:

Ph = V 2
h (gh + gh0) (4.3)

− Vh

nℓ∑

ℓ6=h

Vℓ(ghℓ cos(θh − θℓ) + bhℓ sin(θh − θℓ))

∀h ∈ B

Qh = −V 2
h (bh + bh0)

+ Vh

nℓ∑

ℓ6=h

Vℓ(ghℓ sin(θh − θℓ) − bhℓ cos(θh − θℓ))

∀h ∈ B

Ph =
∑

i∈Ih

(PGi0
+ PSi

) −
∑

j∈Jh

(PL0j
+ PD0j

)

∀h ∈ B

Qh =
∑

i∈Ih

QGi
−

∑

j∈Jh

(PL0j
+ PD0j

) tan(φDi
)

∀h ∈ B
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where V and θ represent the bus phasor voltages. Load models in power flow

equations f are assumed to be (2.5), thus accounting for a fixed amount of powers,

i.e. PG0
and PL0

, for must-run generations, non-interruptible loads, etc. The aim

of (4.3) is twofold. Firstly, the active and reactive power balance is ensured; then

transmission losses are accurately modeled and taken into account.

Supply Bid Blocks:

PSmini
≤ PSi

≤ PSmaxi
∀i ∈ I (4.4)

Demand Bid Blocks:

PDminj
≤ PDj

≤ PDmaxj
∀j ∈ J (4.5)

Generator Reactive Power Support:

QGmini
≤ QGi

≤ QGmaxi
∀i ∈ I (4.6)

Voltage “Security” Limits:

Vminh
≤ Vh ≤ Vmaxh

∀h ∈ B (4.7)

Thermal Limits:

Ihk(θ, V ) ≤ Ihkmax
∀(h, k) ∈ N (4.8)

Ikh(θ, V ) ≤ Ikhmax

where Ihk and Ikh are the line currents and are used to model system security by

limiting transmission line flows.

4.3.1 Security Constrained OPF-based Electricity Market

In common practice (e.g. [33]), the inclusion of system congestions in the OPF

problem (4.10) is obtained by imposing transmission capacity constraints on the

real power flows, as follows:
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Transmission Congestion Limits:

|Phk(θ, V )| ≤ Phkmax
∀(h, k) ∈ N (4.9)

|Pkh(θ, V )| ≤ Pkhmax

where Phk and Phk limits are obtained by means of off-line angle and/or voltage

stability studies. In practice, these limits are usually determined based only on

power flow based voltage stability studies [62]. Hence, these limits do not actually

represent the actual stability conditions of the resulting OPF problem solution,

which may lead in some cases to insecure solutions and/or inadequate price signals,

as demonstrated in this thesis. Summarizing and dropping the index notation,

the standard security constrained single period OPF-based market model can be

formulated as follows:

Max. CT
DPD − CT

S PS → Social benefit (4.10)

s.t. f(θ, V,QG, PS, PD) = 0 → PF equations

PSmin
≤ PS ≤ PSmax

→ Sup. bid blocks

PDmin
≤ PD ≤ PDmax

→ Dem. bid blocks

Ihk(θ, V ) ≤ Ihkmax
→ Thermal limits

Ikh(θ, V ) ≤ Ikhmax

|Phk(θ, V )| ≤ Phkmax
→ Congestion limits

|Pkh(θ, V )| ≤ Pkhmax

QGmin
≤ QG ≤ QGmax

→ Gen. Q lim.

Vmin ≤ V ≤ Vmax → V “security” lim.
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4.4 Multi-Period OPF-based Electricity Market

Multi-period OPF-based electricity markets are typically modeled as mixed in-

teger linear programming problems. Equations are kept linear because of the

complexity introduced by integer variables. Thus power flow equations (4.3) are

generally substituted by a power balance which may or may not include an ap-

proximated expression of network losses [47, 48].

In this thesis, we will consider ramping constraints as described in [47], where

the authors presents a detailed model of a multi-period auction for pool-based elec-

tricity markets. Model presented in [47] is linear, while the multi-period voltage

stability constrained OPF proposed in Chapter 8 is a set of nonlinear equations.

However, the formulation of ramp rate limits and logical status of commitments

do not depends on the modelization of network losses and/or other nonlinear

constraints.

The objective function (4.2) as well as constraints (4.4), and (4.6) have to be

modified in order to take into account unit commitment of generation units and

have to be extended to the scheduling time horizon T . (For instance, for daily-

ahead market scheduling, T = 24 h.) Furthermore, a set of temporal constraints

to account for minimum up and down times, ramp up and down limits and start-

up and shut-down ramp rates of generations unit has to be added to properly

model thermal plants.

Thus, the objective function becomes:

Max. G =
∑

t∈T

∑

j∈J

CDj
PDj

(t) (4.11)

−
∑

t∈T

∑

i∈I

(CSi
PSi

(t) + CSU i
wi(t) + CSDi

zi(t))

where CSU and CSD are the start-up and shut-down costs of generating unit.

Supply bid blocks and generator reactive power limits have to take in account
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whether the generator is committed at the period t:

PSmin i
ui(t) ≤ PSi

(t) ≤P Si
(t) ∀i ∈ I, ∀t ∈ T (4.12)

QGmin i
ui(t) ≤ QGi

(t)≤QGmax i
ui(t) ∀i ∈ I, ∀t ∈ T (4.13)

where maximum available power output limits P Si
(t) are formulated in order to

take into account the unit actual capacity, start-up ramp rate limits, shut-down

ramp rate limits and rump-up limits, as follows:

P Si
(t) ≤ PSmaxi

[ui(t) − zi(t + 1)] + zi(t + 1)SDi ∀i ∈ I, ∀t ∈ T (4.14)

P Si
(t) ≤ PSi

(t − 1) + RUiui(t − 1) + SUiwi(t) ∀i ∈ I, ∀t ∈ T

The ramp-down rate limit and the shut-down ramp rate limit are modeled as

follows:

PSi
(t − 1) ≤ PSi

(t) + RDiui(t) + SDizi(t) ∀i ∈ I, ∀t ∈ T (4.15)

Equations (4.14) and (4.15) model start-up and shut-down constraints in a more

detailed way than the one commonly used in the literature [27, 46], i.e.

PSi
(t) − PSi

(t − 1) ≤ RUi ∀i ∈ I, ∀t ∈ T (4.16)

PSi
(t − 1) − PSi

(t) ≤ RDi ∀i ∈ I, ∀t ∈ T

since in (4.16) start-up and shut-down variables are used instead of ramp-up and

ramp-down limits as in (4.14) and (4.15). Minimum on-line and off-line time

constraints are formulated as presented in [47] and in [61]. These are as follows:
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Minimum up time:

Γi∑

t=1

(1 − ui(t)) = 0 ∀i ∈ I (4.17)

k+UTi−1∑

τ=t

ui(τ) ≥ UTiwi(t) ∀i ∈ I,

∀t = Γi + 1 . . . T − UTi + 1
T∑

τ=t

(ui(τ) − wi(t)) ≥ 0 ∀i ∈ I,

∀t = T − UTi + 2 . . . T

Minimum down time:

Πi∑

t=1

ui(t) = 0 ∀i ∈ I (4.18)

t+DTi−1∑

τ=t

(1 − ui(τ)) ≥ DTizi(t) ∀i ∈ I,

∀t = Πi + 1 . . . T − DTi + 1
T∑

τ=t

(1 − ui(τ) − zi(t)) ≥ 0 ∀i ∈ I,

∀t = T − DTi + 2 . . . T

where Γi and Πi are the number of periods unit i must be on-line and off-line at

the beginning of the time horizon respectively, as follows:

Γi = min{T, (UTi − α0
i )ui(0)} (4.19)

Πi = min{T, (DTi − β0
i )(1 − ui(0))} (4.20)

Finally, the start-up and the shut-down status of the units are managed as

follows:

wi(t) − zi(t) = ui(t) − ui(t − 1) ∀i ∈ I,∀t ∈ T (4.21)

wi(t) + zi(t) ≤ 1 ∀i ∈ I,∀t ∈ T
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Equations (4.21) are necessary to avoid simultaneous commitment and decommit-

ment of a unit. Observe that a single-period market with unit commitment can

be directly derived from (4.11)-(4.21) by imposing a scheduling time T = 1 h.

4.5 Maximization of the Distance to Voltage

Collapse

In [22], it has been demonstrated that the following optimization problem:

Max. λ (4.22)

s.t. f(x, λ) = 0

is formally the same as (3.13), i.e. the solution of (4.22) is the SNB point. In fact,

the Lagrangian function associated with (4.22) can be written as:

L(x, λ, ρ) = λ − ρT f(x, λ) (4.23)

ρ being the Lagrangian multipliers, and the KKT optimality condition gives:

∂L

∂x
= −ρT Dxf(x, λ) = 0 (4.24)

∂L

∂ρ
= −f(x, λ) = 0

∂L

∂λ
= 1 − ρT ∂f

∂λ
= 0

As it can be noted these conditions are the same as conditions in (3.13), where

Lagrangian multipliers ρ correspond to the elements of the left eigenvector ŵ.

Model (4.22) can be extended in two main directions:

1. Adding inequality constraints to take into account voltage limits, generator

reactive power limits, thermal limits, etc.



CHAPTER 4. OPTIMAL POWER FLOW OUTLINES 44

2. Modifying problem (4.22) to maximize the distance to voltage collapse in-

stead of simply determining the collapse point.

The latter issue has been addressed for the first time in [24] and approached by

using two sets of power flow equations, one for the current operating point and

one for the “critical” solution associated with either a voltage collapse condition

(SNB or LIB) or a security limit, as follows:

Min. λp − λc (4.25)

s.t. f(θp, Vp, QGp
, PS, PD, λp) = 0

f(θc, Vc, QGc
, PS, PD, λc) = 0

Hp ≤ H(θp, Vp, QGp
) ≤ Hp

Hc ≤ H(θc, Vc, QGc
) ≤ Hc

where H are constraint functions of the dependent variables and H and H their

lower and upper limits respectively and load models are assumed to be (3.2) or

(3.3). Suffixes p and c indicate the current and the critical operating points,

respectively, which solve the two sets of power flow equations. In (4.25) the

distance to the maximum loading condition is certainly maximized because of the

use of the two loading parameters λp and λc. The approach of doubling power

flow equations and including the dependence on a loading parameter will be used

in this thesis to formulate a voltage security constrained OPF.

4.6 Optimization Methods

There is a plethora of optimization methods used in power system analysis [15].

In this thesis, we are interested in methods able to solve nonlinear programming

and mixed integer nonlinear programming problems, since voltage stability con-

straints are best modeled with a set of (highly) nonlinear equations, while market



CHAPTER 4. OPTIMAL POWER FLOW OUTLINES 45

and physical constraints are both continuous (power flow equations, transmission

line flow limits, etc.) and discrete (unit commitment, start-up and shut-down

limits of generators, etc.). Approaches and techniques presented in the following

subsections are chosen with the aim of both robustness and reliability for large

problems.

4.6.1 Nonlinear Programming Problem

Nonlinear programming problems, which are typical in power-engineering and

are suitable for solving optimal power flows such as (4.10) and (4.25), can be

formulated, in general terms, as follows:

Min. G(y) (4.26)

s.t. f(y) = 0

H ≤ H(y) ≤ H

y ≤ y ≤ y

where

⋄ y ∈ R
n is a vector of decision variables, including the control and nonfunc-

tional dependent variables.

⋄ G : R
n → R is a scalar function that represents the power system’s operation

optimization goal.

⋄ f : R
n → R

m is a vector function with conventional power flow equations

and other equality constraints.

⋄ H : R
n → R

p is a vector of functional variables, with lower bound H and

upper bound H, corresponding to operating limits on the system.
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Functions G(y), f(y) and H(y) are assumed to be twice continuously differen-

tiable. A point ŷ is said to feasible if it satisfies all constraints in (4.26). The set

of all feasible points defines a feasible region and a feasible point y∗ that attains

the desired minimum is called a local optimum.

In this thesis, the problem (4.26) is approached by means of two different

techniques, namely the primal-dual Interior Point (IP) method, which proved to be

a reliable technique for solving OPF problems [16, 18, 19, 20] and the Generalized

Reduced Gradient (GRG) technique [28, 63]. The reason for using two methods

is twofold: firstly to double-check results which is recommended whenever an

optimization of highly nonlinear systems is involved, secondly because the GRG

method is then integrated in a MINLP technique used for taking in account unit

commitment and discrete ramping constraints in the OPF problem.

4.6.2 Solution of the NLP via Interior Point Method

This section gives a brief outline of the IP method for nonlinear programming. A

complete treatise can be found in [20]. The following description is meant only

to provide a nomenclature for variables introduced in nonlinear programming

techniques and which will be used in this thesis when defining marginal costs.

Firstly, all inequalities in problem (4.26) are transformed into equalities by

defining a vector of non-negative slack variables s, and adding to the objective

function a logarithmic barrier term, which ensures the non negativity condition

s ≥ 0:

Min. G(y) − µk

p∑

i=1

(ln s1i
+ ln s2i

) (4.27)

s.t. f(y) = 0

−s1 + H − H(y) = 0, s1 > 0

−s2 − H + H(y) = 0, s2 > 0
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where for sake of simplicity, y ≤ y ≤ y are included in H ≤ H(y) ≤ H, and

s = (s1, s2). The Lagrangian function L associated with (4.27) is as follows:

Lµ(z) , G(y) − µk

p∑

i=1

(ln s1i
+ ln s2i

) − ρT f(y) (4.28)

−µT
1 (−s1 + H − H(y)) − µT

2 (−s2 − H + H(y))

where ρ (ρ ∈ R
m), µ1 (µ1 ∈ R

p) and µ2 (µ2 ∈ R
p) are the Lagrangian multipliers

(or dual variables), µk (µk 6= 0) is the barrier parameter, and z , (s, µ, y, ρ), being

µ = (µ1, µ2). The local minimization of (4.28) is satisfied by the KKT optimality

condition:

∇zLµ(z) = 0 (4.29)

Then, the IP method works as follows:

Step 0 define an initial point (k = 0), i.e. µ0 and z0;

Step 1 compute Newton direction, i.e. [∇2
zLµ(z)|k]

−1∇zLµ(zk), of the current

point;

Step 2 compute the step direction ∆zk length in the Newton direction and

update zk → zk+1;

Step 3 if convergence criteria are satisfied, stop; otherwise update µk → µk+1

and return to Step 1.

4.6.3 Mixed Integer Linear Programming

In general terms, the Mixed Integer Linear Programming (MILP) Problem can be

formulated as follows:

Min. G = cy + du (4.30)

s.t. Ay + Bu > b

y < y < y

u = 0, 1, 2, . . .
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where y is a vector of variables that are continuous real numbers, and u is a

vector of variables that can only take integer values. cy + du is the objective

function, and Ay + Bu > b represents the set of constraints. y and y are vectors

of lower and upper bounds on the continuous variables, and u = 0, 1, 2, . . . is the

integrality requirement on the integer variables u. In typical optimal power flow

problems such as the one presented in Section 4.4, integer variables reduce to

binary variables, i.e. u ∈ {0, 1}.

The solution of a MILP problem is typically NP-hard, thus methods which

attempts to find all possible solution alternatives are unpractical, even for tiny

problems. Deterministic techniques which attempts to find an exact solution are

typically based on multiple solutions of the Lagrangian Relaxation (LR) of (4.30),

which consists in removing from (4.30) the integer constraints u = 0, 1, 2, . . ..

Most used methods are Cutting Plane Method, Dynamic Programming, Branch

& Bound and Branch & Cut [64].

To illustrate the NP-hardness of MIP problems, observe Fig. 4.1, which is

taken from [65]. In this example of dynamic programming graph, it is considered

a thermal plant characterized by ton = 2 hours and toff = 3 hours for the minimum

up and down times respectively and which has been committed for 1 hour before

period 1 as indicated in the graph. Each of the 32 points represents a possible

state of the plant. Observe that the number of subproblems (associated which

each state) is significantly lower of the total number of all possible combinations

(i.e. 84), yet the graph complexity is growing quickly.
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Figure 4.1: Example of dynamic programming graph.

4.6.4 Mixed Integer Nonlinear Programming

Mathematically, the Mixed Integer Nonlinear Programming (MINLP) Problem

looks like:

Min. G = c(y) + du (4.31)

s.t. g(y) + bu < 0

H < H(y) < H

u = 0, 1, 2, . . .

where y is a vector of variables that are continuous real numbers, c(y) + du is the

objective function, and g(y) + bu represents the set of constraints. H : R
n → R

p

is a vector of functional variables, with lower bound H and upper bound H,

corresponding to operating limits on the system.

As it might be expected, solving MINLP problems is generally highly computa-
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tionally demanding since both NLP and MIP issues have to be handled. Typically,

MINLP solvers are able to find solutions which are only locally optimal. The solver

used in this thesis to approach MINLP problems is GAMS/DICOPT [66], which has

specifically designed for large-scale problems with smooth nonlinearities. DICOPT

works as follows:

Step 1 solve the NLP relaxation of (4.31). If u0 = u is integer, stop: the optimum

integer solution has been found.

Step 2 find an integer point u1 with a MIP problem which find the minimum over

the convex hull determined by (y0, u0).

Step 3 Set u = u1 and solve the resulting NLP whose solution is (y1, u1).

Step 4 find an integer solution u2 with a MIP problem which minimizes the in-

tersection of the convex hulls defined by the KKT points u0 and u1.

Step 5 repeat steps 3 and 4 until there is an increase in the value of the NLP

objective function.

Theoretic and computational aspects of DICOPT are presented in [67] and are

not discussed here any further.

4.7 Pricing Electricity and Security

Besides generation and load power scheduling, market clearing mechanism have

to provide prices associated with power production and consumption. Two main

approaches have been proposed in competitive markets, namely the spot pric-

ing model which gives Locational Marginal Prices (LMP) and the single-price

model based on Market Clearing Price (MCP). The latter is currently widely uti-

lized, since it is “transparent” and “easy” to be computed. However, spot pricing

through marginal costs can provide reliable pricing indicators for both generation
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Figure 4.2: Market Clearing Price for the six-bus test system, determined by

means of a simple auction technique assuming demand-side bidding.

and congestions [33] and will be utilized in this thesis. Following sections describe

both single price and marginal cost approaches for the sake of comparison.

4.7.1 Market Clearing Price (MCP)

Figure 4.2 depicts the results for a simple auction technique with demand side

bidding for the six-bus test system. In the figure, point A has been determined

assuming the simple power balance:

∑

i∈I

PSi
−

∑

j∈J

PDj
= 0 (4.32)
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while point B was obtained with a power balance accounting for a simplified

formula of transmission losses:

∑

i∈I

PSi
−

∑

j∈J

PDj
− Ploss = 0 (4.33)

where Ploss is an approximated expression which depend on bus voltages and the

network admittance matrix [68]. Observe that MCP2 < MCP1 as losses reduce

the power delivered to consumers.

Regardless to the power balance model, single price approach appears unfair

since it does not take into account congestions caused by each market participant.

4.7.2 Locational Marginal Prices (LMPs)

It is widely recognized that spot pricing through marginal costs can provide re-

liable pricing indicators [33]. OPF-based market models have the advantage of

producing not only the optimal operating point solutions, but also a variety of

sensitivity variables through the Lagrangian multipliers, which can be associated

with Locational Marginal Prices (LMPs) at each node.

LMPs are basically the Lagrangian multipliers ρ of power flow equations as-

sociated with real power injections, i.e. LMPh = ρPh
. However, a more detailed

information can be deduced from the KKT optimality condition applied to the

OPF problem. With regard to (4.10), the Lagrangian function is as follows:

Min. L = G − ρT f(δ, V,QG, PS, PD) (4.34)

− µT
PS max

(PSmax
− PS − sPS max

)

− µT
PS min

(PS − sPS min
)

− µT
PD max

(PDmax
− PD − sPD max

)

− µT
PD min

(PD − sPD min
)

− µT
Ihk max

(Imax − Ihk − sIhk max
)
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− µT
Ikh max

(Imax − Ikh − sIkh max
)

− µT
Phk max

(Imax − |Phk| − sPhk max
)

− µT
Pkh max

(Imax − |Pkh| − sPkh max
)

− µT
QG max

(QGmax
− QG − sQG max

)

− µT
QG min

(QG − QG min − sQG max
)

− µT
Vmax

(Vmax − V − sVmax
)

− µT
Vmin

(V − Vmin − sVmin
)

− µs(
∑

i

ln si)

Then, applying (4.29), one has:

∂L/∂PSi
= 0 = CSi

− ρPSi
+ µPSmaxi

− µPSmini

(4.35)

∂L/∂PDi
= 0 = − CDi

+ ρPDi
+ ρQDi

tan(φDi
) + µPDmaxi

− µPDmini

Thus, the LMPs can be defined as

LMPSi
= ρPSi

= CSi
+ µPSmaxi

− µPSmini

(4.36)

LMPDi
= ρPDi

= CDi
+ µPDmini

− µPDmaxi
− ρQDi

tan(φDi
)

Table 4.1 depicts the LMPs and power bids of all market participants for the

six-bus system example obtained using the standard security constrained OPF

(4.10). As it can be noticed, each bus is characterized by a different price, i.e.

market participants pay for their consumptions or get paid for their productions

according to bids as well as congestions they cause in the network. Furthermore,

comparing LMPs in Table 4.1 with MCPs depicted in Fig. 4.2 allows concluding

that system congestions do significantly affect market bids and associated costs,

hence the need of a precise model for taking in account security constraints.
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Table 4.1: LMPs, NCPs and bids for the standard security constrained OPF.

Participant LMP NCP PBID

[$/MWh] [$/MWh] [MW]

GENCO 1 9.70 1.33 14.4

GENCO 2 8.80 0.00 2.4

GENCO 3 8.28 -0.04 20.0

ESCO 1 11.64 3.32 15.6

ESCO 2 10.83 1.57 0.0

ESCO 3 9.13 0.40 20.0

4.7.3 Nodal Congestion Prices (NCPs)

Using the decomposition formula for Locational Marginal Prices which has been

proposed in [33], [32], one can define a vector of active and reactive Nodal Con-

gestion Prices (NCPs) as follows:

NCP =
(∂fT

∂x

)−1∂HT

∂x
(µmax − µmin) (4.37)

where x = (θ, V ) are voltage phases and magnitudes, H represents the inequality

constraint functions (e.g. transmission line powers and currents), and µmax and

µmin are the dual variables or shadow prices associated to inequality constraints.

Equation (4.37) for the standard security constrained OPF (4.10) becomes:

NCP = [Dxf ]−1

[
∂Ihk

∂x
(µIhk max

− µIhk min
) (4.38)

+
∂Phk

∂x
(µPhk max

− µPhk min
) +

[
0

µVmax
− µVmin

]]
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which for each real power injection h, can be conveniently rewritten as follows:

NCPh =

lk∑

k=1

(µIhk max
− µIhk min

)
∂Ihk

∂Ph

(4.39)

+

lk∑

k=1

(µPhk max
− µPhk min

)
∂Phk

∂Ph

where lk is the number of lines departing from bus h. Observe that in (4.38)

dual variables or shadow prices µPhk max
and µPhk min

directly affect NCPs, which

is the main drawback of transmission congestion limits Phk max computed off-line,

as demonstrated in Chapter 6. For the sake of completeness, Table 4.1 depicts

also NCPs for the six-bus system example obtained using the standard security

constrained OPF (4.10). Observe that high NCP values correspond to high LMP

values, as expected, since LMPs increase when local congestion increases.

4.8 Summary

This chapter has presented OPF-based models for single and multi-period elec-

tricity market clearing mechanisms and for the maximization of the distance to

voltage collapse. Analysis techniques to solve optimization problems have also

been discussed along with decomposition formulae which allow pricing electricity

(LMPs) and security (NCPs). With regard to electricity pricing, the six-bus test

system example is used to illustrate the discussed techniques. Models and tech-

niques presented here are the basis for voltage security constrained OPF models

proposed in this thesis.



Chapter 5

Software Tools

5.1 Introduction

T
HIS chapter describes software tools used to obtain simulations presented

and discussed in this thesis. Power flow, continuation power flow and IPM-

based optimal power flow techniques were computed using a Matlab-based Power

System Analysis Toolbox (PSAT) [69], entirely written by the candidate, whereas

relaxed mixed-integer nonlinear programming optimization techniques have been

solved using GAMS [70] and linked to Matlab by means of a PSAT-GAMS inter-

face. The latter is based on an existing Matlab-GAMS interface [71] which has

been improved and adapted to the PSAT environment.

The chapter is organized as follows: Section 5.2 describes briefly some PSAT

features, namely input and output of data, Simulink library for network design,

supported models, data format conversion and user defined models. Sections 5.3

and 5.4 present the features of GAMS and the bridge to PSAT. Finally, Section

5.5 illustrates PSAT usage and compares PSAT and PSAT-GAMS optimization

solvers through a three-bus test system example.

56
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5.2 Matlab-based Power System Analysis

Toolbox (PSAT)

PSAT is a Matlab toolbox for electric power system analysis and control. It

includes power flow, continuation power flow, optimal power flow, small signal

stability analysis and time domain integration. All operations can be assessed by

means of graphical user interfaces (GUIs) and a Simulink-based library provides

an user friendly tool for network design.

This chapter provides a very brief description of PSAT, while the complete

documentation of the program is available at [69]. The structure of the toolbox

and outlines of its main features follow.

PSAT can be downloaded at:

http://thunderbox.uwaterloo.ca/∼fmilano

or following the link available at:

http://www.power.uwaterloo.ca

The link and the web page are kindly provided by Prof. Claudio A. Cañizares,

Professor and Deputy Chair at the Electrical & Computer Engineering Depart-

ment of the University of Waterloo, ON, Canada.

PSAT has been developed using mainly Matlab version 6.1.0.450 (R12.1) on

a Unix workstation (Sun Ultra Enterprise 450) and has also been tested on Linux,

Irix64 and Windows (NT, 2000, XP) platforms.

5.2.1 Launch PSAT

After setting the PSAT folder in the Matlab path, the program can be launched

by typing at the Matlab prompt:
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Figure 5.1: Main graphical user interface of PSAT.

>> psat

This will create all global structures and variables required by the toolbox and will

open the main user interface window which is depicted in Fig. 5.1. All modules and

procedures can be launched from this window by means of menus, push buttons

and/or short cuts. Figure 5.2 depicts the structure of PSAT.

5.2.2 Input Data

Almost all operations require that a data file is loaded. The name of this file is

always displayed in the edit text Data File of the main window. Data files can

be either a .m file in PSAT format or a Simulink model created with the PSAT
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library.

Input data are stored in an internal format, which can handle a variety of

static and dynamic component models, as follows:

⋄ Power Flow Data: Bus bars, transmission lines and transformers, slack buses,

PV generators, constant power loads and shunt admittances.

⋄ CPF and OPF Data: Power supply bids and limits, generator power reserves,

generator ramping data, power demand bids and limits.

⋄ Switching Operations: Transmission line faults and transmission line breakers.

⋄ Loads: Voltage dependent loads, frequency dependent loads, ZIP (polynomial)

loads, linear recovery loads [72] and thermostatically controlled loads [73].

⋄ Machines: Synchronous machines (dynamic order from 2 to 8) and induction

motors (dynamic order from 1 to 5).

⋄ Controls: Turbine Governors, Automatic Voltage Regulators, Power System

Stabilizer, Over-excitation limiters, Secondary Voltage Regulation (Central

Area Controllers and Cluster Controllers).

⋄ Under Load Tap Changers: Load tap changer with voltage or reactive power

regulators.

⋄ FACTS: Static Var Compensators, Thyristor Controlled Series Capacitors, Sta-

tic Synchronous Source Series Compensators, Unified Power Flow Con-

trollers and High Voltage DC transmission systems.

⋄ Other Models: Synchronous machine dynamic shaft, dynamic phasor RLC series

circuit, sub-synchronous resonance model, Solid Oxide Fuel Cell and sub-

transmission area equivalents.
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Once a data file is loaded, one can run the power flow routine, which will update

all data structures and set up the “base case” solution. Thus, after solving the

first power flow, the program is ready for further studies, such as continuation

power flow, optimal power flow, PMU placement, small signal stability analysis,

and time domain simulation.

5.2.3 Output Data

Results can be generally displayed in more than one way, either by means of a

graphical user interface in Matlab or as a plain text file. Results requiring a

graphical output, such as continuation power flow results, multi-objective power

flow computations or time domain simulations, can be depicted and saved in .eps

files with the plotting utilities.

Some computations and several user actions result also in messages stored in

the History structure. These messages/results are displayed one at the time in

the static text banner at the bottom of the main window.

At any time, results contained in global structures can be stored in a output

file and, to ensure portability across different computers, also the data file is saved.

Furthermore, all static computations allow to create a report in a text file that

can be opened and used later. All results presented in these thesis where obtained

using text and graphical output produced by PSAT.

5.2.4 Settings

The main settings of the system are directly included in the main window an

they can be modified at any time. These settings are frequency and power bases,

initial and final simulation times, static and dynamic tolerance and maximum

number of iterations. Other general settings, such as the fixed time step used for

time domain simulations or the setting to force the conversion of PQ loads into
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Figure 5.3: PSAT GUI for continuation power flow analysis.

constant impedances after power flow computations, can be modified in specific

windows.

Computations requiring additional settings have their own structures and GUIs

for modifying and customizing structure fields. For instance, continuation power

flow and optimal power flow settings are stored in the structures CPF and OPF

respectively, which can be inspected and set up by means of the GUIs depicted in

Figs. 5.3 and 5.4.

5.2.5 Network Design

The Simulink environment and its graphical CAD features are used in PSAT to

create and design power networks, visualize system topology and easily input and

change data, without the need of directly dealing with formatted text data files.

For instance, Figure 5.5 depicts a selection of PSAT-Simulink library windows.
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Figure 5.4: PSAT GUI for optimal power flow analysis.
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Figure 5.5: PSAT-Simulink library windows.
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5.2.6 Data Format Conversion

The data format conversion routines allow importing data written for other power

system softwares, namely IEEE Common Data Format, EPRI WSCC, Mat-

power, PST and VST. However, in some cases, the conversion cannot be ex-

act since data formats may have different features than the ones implemented in

PSAT. Finally, PSAT static data files can be converted in the IEEE Common

Data Format.

5.2.7 User Defined Models

User defined model routines provide a simple way for extending the capabilities

of PSAT and, hopefully, facilitating contributions. The construction of a user

defined model can be yielded in few steps, as follows:

1. Define parameters and differential-algebraic equations by means of a GUI;

2. Create the Matlab function of the model;

3. Save the model in a “model” file, which allows model portability and ex-

change;

4. Install the model in the program, by means of an automatic procedure.

If the component is not needed any longer it can also be “uninstalled” with

an automatic procedure as well. Thus, user defined models can be shared easily

by simply providing the component function and the component structure stored

in a “model” file. However, the routine which compiles model functions is not

complete so far, and it is intended only for creating a first draft of the component

function.
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Table 5.1: Matlab-based packages for power system analysis

Toolbox PF CPF-VS OPF SSSA TDS GUI CAD

Matpower X X

PSAT X X X X X X X

PSB X X X X X

PST X X X X

VST X X X X X

5.2.8 Comparison with Other Matlab Toolboxes

Table 5.1 depicts a rough comparison of the currently available Matlab-based

packages for power electric system analysis. These are Matpower [74], Power

System Blockset (PSB) toolbox,1 Power System Toolbox (PST) [75, 76] and Volt-

age Stability Toolbox (VST) [77, 78]. The features illustrated in the table are

standard power flow (PF), continuation power flow and/or voltage stability anal-

ysis (CPF-VS), optimal power flow (OPF), small signal stability analysis (SSSA)

and time domain simulation (TDS) along with some “aesthetic” features such as

graphical user interface (GUI) and graphical network construction (CAD).

5.3 GAMS

The General Algebraic Modeling System (GAMS) is a high-level modeling system

for mathematical programming problems. It consists of a language compiler and

a variety of integrated high-performance solvers. GAMS is specifically designed

for large and complex scale problems, and allows creating and maintaining models

for a wide variety of applications and disciplines [70].

1 See http://www.matpower.html
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GAMS is able to formulate models in many different types of problem classes,

such as linear programming (LP), nonlinear programming (NLP), mixed-integer

linear programming (MILP) and (relaxed) mixed-integer nonlinear programming

(MINLP).

Single-period VSC-OPF models described in the current thesis are basically a

set of non-linear equations, and the inclusion of the “critical” set of power flow

equations leads to the need of retaining a detailed model of transmission line losses.

This forces the use of NLP solvers (e.g. CONOPT [79]) whose performances and

results have been compared, when possible, to the ones obtained by means of

the IPM implemented in PSAT. Furthermore, the solution of multi-period VSC-

OPF needs a MINLP solver (e.g. DICOPT [66]), which basically works combining

“relaxed” NLP with MIP master problem solutions. In large scale MINLP prob-

lems, the maximum number of integer iterations turns out to be the only possible

stopping criterion. However, from the analysis of several multi-period VSC-OPF

test cases, a maximum limit of 50000 integer iterations always led to reasonable

results.

5.4 PSAT-GAMS Interface

A bridge between GAMS and Matlab would allow using a sophisticated nonlinear

optimization tools with the visualization capabilities provided by Matlab. The

existing GAMS-Matlab interface [71] has been improved in collaboration with

the master author M. C. Ferris, from University of Wisconsin-Madison. Main

contributions are as follows:

1. Improvement of the portability of the interface function (gams.m) which can

substitute the original mex-files and be platform independent. A few minor

bugs of the master release were also fixed.
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Figure 5.6: Structure of the PSAT-GAMS interface.

2. Enhancement of the features of the GAMS library (matout.gms) in order to

support tables of any dimension.

The GAMS-Matlab interface has been used to create a link between PSAT

and GAMS, whose scheme is depicted in Figure 5.6. The resulting software is a

rather innovative tool able to set up large scale power system test cases, solve

complex OPF problems and finally visualize results by means of an user-friendly

GUI. Figure 5.7 depicts the PSAT-GAMS interface main window.
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Figure 5.7: GUI of the PSAT-GAMS interface.



CHAPTER 5. SOFTWARE TOOLS 70

5.5 Example

In this section one simple example will be used to illustrate how PSAT and the

PSAT-GAMS interface work. At this aim, let us consider the three-bus test system

described in Section 2.3.

Firstly the user has to set up data in the PSAT format. This can be done

by writing a Matlab script file or, better, using the PSAT-Simulink library.

Figure 5.8 depicts the resulting Simulink model which represent the three-bus

test system. Each block of the diagram hides a mask where the user can set up

data associated with the correspondent component. For instance, Fig. 5.9 depicts

the mask for the Supply data of the generator company connected at bus 1.

Once the model is completed, it has to be loaded in the Matlab workspace.

To load a file simply double click on this edit text, or use the first button of the

tool bar, the menu File/Open/Data File or the short cut <Ctrl-d> when the main

window is active. The name of this file is always displayed in the edit text Data

File of the main window.

Now, it is possible to solve the power flow, which can be launched by clicking

on the “Power Flow” button in the main window. Power flow results can be

visualized for a first inspection in the Static Report GUI (which can be launched

by <Ctrl-v> from the main window) and saved in a report file, as illustrated in

Table 5.2.

After solving the base case power flow, PSAT is ready for further analysis.

Observe that all variables, data and results are stored as global structures in

the Matlab workspace so that they are available for other routines and can be

inspected at any time by the user.

For the sake of comparison, Tables 5.3 and 5.4 depict the solution of the OPF

problem obtained with the IPM Matlab routine and the PSAT-GAMS interface

respectively.
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Table 5.2: PSAT power flow report for the three-bus test system.

POWER FLOW REPORT

File: ~/psat/tests/d_003.mdl

Date: 06-Apr-2003 18:41:57

Number of Iterations: 3

_____________________________________________________________________________________________

SYSTEM PROPERTIES

_____________________________________________________________________________________________

Bus: 3

Lines: 3

Generators: 3

Loads: 3

_____________________________________________________________________________________________

POWER FLOW RESULTS

_____________________________________________________________________________________________

Voltages Power Generations Power Absorptions

_________________________ _________________________ _______________________

Bus V (p.u.) phase (rad) P (p.u.) Q (p.u.) P (p.u.) Q (p.u.)

Bus1 1.02 0 1.5022 1.1432 1.5 0.8

Bus2 1 -0.01846 1 -0.21688 1.5 0.7

Bus3 1 0.02156 1 -0.39969 0.5 0.3

LINE FLOWS

_____________________________________________________________________________________________

Line From Bus To Bus P Flow Q Flow P Loss Q Loss

1 Bus1 Bus3 -0.16776 0.18596 0.0006 0.49277

2 Bus1 Bus2 0.16998 0.15728 0.00052 0.79381

3 Bus2 Bus3 -0.33054 -0.76578 0.0011 1.2868

Line From Bus To Bus P Flow Q Flow P Loss Q Loss

1 Bus3 Bus1 0.16836 -0.67872 0.0006 0.49277

2 Bus2 Bus1 -0.16946 -0.9511 0.00052 0.79381

3 Bus3 Bus2 0.33164 -0.52097 0.0011 1.2868

_____________________________________________________________________________________________

TOTAL REAL POWER LOSSES: 0.00222

TOTAL REACTIVE POWER LOSSES: 2.5733
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Table 5.3: PSAT IPM-based OPF report for the three-bus test system.

Interior Point Method for OPF Computation

Spot Price of Security (including loading parameter)

Social Benefit Objective Function

Data file "~/psat/tests/d_003(mdl)"

Iter. = 1 mu = 0.00204 |dy| = 777.946 |F(y)| = 0.5 |dG(y)| = 0.2379

Iter. = 2 mu = 0.00219 |dy| = 690.6972 |F(y)| = 0.4998 |dG(y)| = 0.24974

Iter. = 3 mu = 0.00736 |dy| = 196.56 |F(y)| = 0.49944 |dG(y)| = 2.2465

Iter. = 4 mu = 0.03368 |dy| = 29.0175 |F(y)| = 0.4987 |dG(y)| = 0.74374

Iter. = 5 mu = 0.04217 |dy| = 4.8342 |F(y)| = 0.49768 |dG(y)| = 3.3855

Iter. = 6 mu = 0.04181 |dy| = 13.4591 |F(y)| = 0.14664 |dG(y)| = 0.77633

Iter. = 7 mu = 0.02654 |dy| = 2.6056 |F(y)| = 0.12414 |dG(y)| = 0.57051

Iter. = 8 mu = 0.03359 |dy| = 1.4792 |F(y)| = 0.14788 |dG(y)| = 0.34142

Iter. = 9 mu = 0.01346 |dy| = 1.1384 |F(y)| = 0.00953 |dG(y)| = 0.34836

Iter. = 10 mu = 0.00086 |dy| = 0.18377 |F(y)| = 0.01131 |dG(y)| = 0.03732

Iter. = 11 mu = 9e-005 |dy| = 0.0301 |F(y)| = 0.00488 |dG(y)| = 0.0031

Iter. = 12 mu = 0 |dy| = 0.02388 |F(y)| = 0.00071 |dG(y)| = 0.00056

Iter. = 13 mu = 0 |dy| = 0.00374 |F(y)| = 4e-005 |dG(y)| = 2e-005

Iter. = 14 mu = 0 |dy| = 0.00021 |F(y)| = 0 |dG(y)| = 0

Iter. = 15 mu = 0 |dy| = 1e-005 |F(y)| = 0 |dG(y)| = 0

Bus Qg Qg max Qg min

<i> [MVar] [MVar] [MVar]

1.0000 79.7251 150.0000 -150.0000

2.0000 4.0671 150.0000 -150.0000

3.0000 34.5459 150.0000 -150.0000

Power Supplies

Bus Ps Ps max Ps min Cs

<i> [MW] [MW] [MW] [$/h]

1.0000 150.0000 150.0000 0.0000 25.0000

3.0000 0.0000 100.0000 0.0000 32.0000

2.0000 0.0000 100.0000 0.0000 33.0000

Power Demands

Bus Pd Pd max Pd min Cd

<i> [MW] [MW] [MW] [$/h]

3.0000 100.0000 100.0000 0.0000 35.0000

2.0000 49.2559 100.0000 0.0000 30.0000

Bus V theta P Q LMP NCP Pay

<i> [p.u.] [rad] [MW] [MW] [$/MWh] [$/MWh] [$/h]

1.0000 1.1000 0.0000 150.2223 -0.2749 29.5868 0.0000 -4444.5898

2.0000 1.0959 -0.0831 -99.2559 -88.9190 30.0000 0.0292 2977.6758

3.0000 1.0970 -0.0666 -50.0000 -55.4542 29.9176 0.0231 1495.8778

From Bus To Bus Iij Iijmax Iij margin Iji Ijimax Iji margin

<i> <j> [p.u.] [p.u.] [p.u.] [p.u.] [p.u.] [p.u.]

1.0000 3.0000 0.6078 999.0000 998.3922 0.6078 999.0000 998.3922

1.0000 2.0000 0.7579 999.0000 998.2421 0.7579 999.0000 998.2421

2.0000 3.0000 0.1503 999.0000 998.8497 0.1503 999.0000 998.8497

Losses = 0.744

Total demand = 149.2559

TTL = 499.255

ISO Pay = 28.9638

Interior Point Method for OPF computation successfully completed in 1.001 s
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Table 5.4: PSAT-GAMS OPF report for the three-bus test system.
-----------------------------------------------------------------

PSAT-GAMS Interface

-----------------------------------------------------------------

Standard OPF

Single-Period Auction

Power Supplies

Bus Ps Ps max Ps min

<i> [MW] [MW] [MW]

1.0000 150.0000 150.0000 0.0000

3.0000 0.0000 100.0000 0.0000

2.0000 0.0000 100.0000 0.0000

Power Demands

Bus Pd Pd max Pd min

<i> [MW] [MW] [MW]

3.0000 100.0000 100.0000 0.0000

2.0000 49.2559 100.0000 0.0000

Generator Reactive Powers

Bus Qg Qg max Qg min

<i> [MVar] [MVar] [MVar]

1.0000 79.7251 150.0000 -150.0000

2.0000 4.0672 150.0000 -150.0000

3.0000 34.5459 150.0000 -150.0000

Power Flow Solution

Bus V theta PG PL QG QL

<i> [p.u.] [rad] [MW] [MW] [MVar] [MVar]

1.0000 1.1000 0.0000 300.2223 150.0000 79.7251 80.0000

2.0000 1.0959 -0.0831 100.0000 199.2559 4.0672 92.9861

3.0000 1.0970 -0.0666 100.0000 150.0000 34.5459 90.0000

Prices and Pays

Bus LMP NCP Pay S Pay D

<i> [$/MWh] [$/MWh] [$/h] [$/h]

1.0000 29.5868 0.0000 -8882.6037 4438.0139

2.0000 30.0000 0.0292 -3000.0000 5977.6770

3.0000 29.9176 0.0231 -2991.7556 4487.6335

Flows on Transmission Lines

From Bus To Bus Iij Iijmax Iij margin Iji Ijimax Iji margin

<i> <j> [p.u.] [p.u.] [p.u.] [p.u.] [p.u.] [p.u.]

1.0000 3.0000 0.6078 999.0000 998.3922 0.6078 999.0000 998.3922

1.0000 2.0000 0.7579 999.0000 998.2421 0.7579 999.0000 998.2421

2.0000 3.0000 0.1503 999.0000 998.8497 0.1503 999.0000 998.8497

Totals

---------------------------------------------------------------

Total Losses = 0.966 [MW]

Bid Losses = 0.744 [MW]

Total demand = 149.2559 [MW]

Total Transaction Level = 499.255 [MW]

ISO Pay = 28.9638 [$/h]

---------------------------------------------------------------

Check file C:\Documents and Settings\fmilano\psat\fm_gams.lst for GAMS report.

PSAT-GAMS Optimization Routine completed in 1.292 s
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Figure 5.8: PSAT-Simulink model of the three-bus example.

5.6 Summary

This chapter has described the software tools used to run simulations and plot

results presented in this thesis, i.e. a home-made Matlab-based Power System

Analysis Toolbox (PSAT), GAMS and the PSAT-GAMS interface, used to double

check results obtained by the Matlab-based IPM and to gain the ability of

running MINLP problems.



CHAPTER 5. SOFTWARE TOOLS 75

Figure 5.9: Mask of the supply data for the GENCO at bus 1.



Chapter 6

Voltage Stability Constrained

OPF

6.1 Introduction

T
HIS chapter describes a novel technique for representing system security in

the operations of decentralized electricity markets, with special emphasis

on voltage stability. The Interior Point and GRG methods are used to solve

the Optimal Power Flow problem with a multi-objective function for maximizing

both social benefit and the distance to maximum loading conditions. The six-

bus system with both supply and demand-side bidding is used to illustrate the

proposed technique for both elastic and inelastic demand, whereas a 129-bus test

system that models the Italian HV transmission network is used for testing the

practical reliability of the proposed method. The results obtained show that the

proposed technique is able to improve system security while yielding better market

conditions through increased transaction levels and improved locational marginal

prices throughout the system.

76
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6.2 Multi-Objective VSC-OPF

The following optimization problem is proposed to represent an OPF market

model, based on what has been proposed in [9, 24, 25], so that system security is

modeled through the use of voltage stability conditions:

Min. G = − ω1(C
T
DPD − CT

S PS) − ω2λc (6.1)

s.t. f(δ, V,QG, PS, PD) = 0 → PF equations

f(δc, Vc, QGc
, λc, PS, PD) = 0 → Max load PF eqs.

λcmin
≤ λc ≤ λcmax

→ loading margin

0 ≤ PS ≤ PSmax
→ Sup. bid blocks

0 ≤ PD ≤ PDmax
→ Dem. bid blocks

Ihk(δ, V ) ≤ Ihkmax
→ Thermal limits

Ikh(δ, V ) ≤ Ikhmax

Ihk(δc, Vc) ≤ Ihkmax

Ikh(δc, Vc) ≤ Ikhmax

QGmin
≤ QG ≤ QGmax

→ Gen. Q limits

QGmin
≤ QGc

≤ QGmax

Vmin ≤ V ≤ Vmax → V “security” lim.

Vmin ≤ Vc ≤ Vmax

A second set of power flow equations and constraints with a subscript c is intro-

duced to represent the system at the limit or “critical” conditions associated with

the maximum loading margin λc in p.u., where λ is the parameter that drives the

system to its maximum loading condition. The maximum or critical loading point

could be either associated with a thermal or bus voltage limit or a voltage stability

limit (collapse point) corresponding to a system singularity (saddle-node bifurca-
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tion) or system controller limits like generator reactive power limits (limit-induced

bifurcation) [50, 23].

In the multi-objective function G, two terms are present, with their influence

on the final solution being determined by the value of the weighting factors ω1

and ω2 (ω1 > 0, ω2 > 0). The first term represents the social benefit, whereas the

second term guarantees that the “distance” between the market solution and the

critical point is maximized [24]. Observe that ω1 > 0, since for ω1 = 0 there would

be no representation of the market in the proposed OPF formulation, rendering

it useless. Furthermore, ω2 > 0, otherwise λc will not necessarily correspond to

a maximum loading condition of the system. Notice that the two terms of the

objective function are expressed in different units, since the social benefit would

be typically in $/h, whereas the “security” term would be in p.u., which will

basically affect the chosen values of ω1 and ω2 (typically, ω1 ≫ ω2). However, it

is possible to assume that ω1 = (1 − ω) and ω2 = ω, with proper scaled values

of ω for each system under study (0 < ω < 1), as this simplifies the optimization

problem without losing generality.

Boundaries for the loading margin λc have been included in (6.1) based on

practical considerations. Thus, the minimum limit λcmin
is introduced in order to

ensure a minimum level of security in any operating condition and for any value

of ω, where the maximum value λcmax
imposes a maximum required security level.

These conditions ensure that the loading parameter remains within certain limits

to avoid solutions of (6.1) characterized by either low security levels (λc < λcmin
)

or low supply and demand levels (λc > λcmax
), which would be unacceptable.

Equations (6.1) and (6.2) are for elastic demand. In the case of a pure inelastic

demand, PD is known, and this can be represented in these equations by setting

CDi
= 0 and PDi

= PDimax
; hence the problem basically becomes the same as

the one analyzed in [9]. In this case, one must be aware that the associated
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OPF problem may have no solution, as the system may not be able to supply the

required demand.

6.2.1 Power Directions

For the current and maximum loading conditions of (6.1), the generator and load

powers are defined as follows:

PG = PG0
+ PS (6.2)

PL = PL0
+ PD

PGc
= (1 + λc + kGc

)PG

PLc
= (1 + λc)PL

where PG0
and PL0

stand for generator and load powers which are not part of

the market bidding (e.g. must-run generators, inelastic loads), and kGc
represents

a scalar variable used to distribute the system losses associated only with the

solution of the critical power flow equations in proportion to the power injections

obtained in the solution process, i.e. a standard distributed slack bus model is used.

It is assumed that the losses corresponding to the maximum loading level defined

by λc in (6.1) are distributed among all generators; other possible mechanisms

to handle increased losses could be implemented, but they are beyond the main

interest of the present thesis.

Observe that the loading parameter multiplies both base case powers and bids,

as in (3.2). The reason for preferring (3.2) to (3.3) is twofold:

1. Using (3.3) would mean that load directions depend only on the participants

to the auction. If the goal were to determine the impact of the auction on

the security and to minimize that impact, this approach could be acceptable;

however if the goal is to optimize the auction results to improve the system
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security, it is more appropriate to determine λc considering an increase of

load and generation that takes into account also the initial loading and

generation pattern.

2. Model (3.3) can lead to numerical issues when power bids PS and PD have

low values. To better understand this point, let us consider the case ω2 ≫ ω1,

which leads to mostly maximize the security (λc). In this case, the most

secure solution is the closest to the base case condition, thus PS and PD are

low; consequently λc gets high values. As ω1 → 0, one has PS → 0, PD → 0

and, consequently, λc → ∞, which is clearly a numerical unstable condition.

6.2.2 Maximum Loading Condition and Available Loading

Capability

In the proposed OPF-based approach, λc represents the maximum loadability of

the network and, hence, this value can be viewed as a measure of the congestion

of the network. Observe that the maximum loading condition (MLC) and the

available loading capability (ALC) can be obtained as a byproduct of the solution

of (6.1), as defined in Section 3.4:

MLC = (1 + λc)
∑

j∈J

PLj
(6.3)

ALC = λc

∑

j∈J

PLj
= λcTTL

For now, contingencies are not considered when computing λc, MLC and ALC.

The following Chapter 7 will discuss this issue.

6.2.3 Locational Marginal Prices

The Lagrangian multipliers associated with (6.1) correspond to the standard def-

inition of LMPs only when ω = 0, i.e. for a pure market model. Lagrangian
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multipliers for ω > 0 would lead to unrealistic results, since they decrease almost

linearly with respect to increases in ω. Hence, LMPs which are not dependent of

ω are needed.

Consider the following vector objective function:

G =



−(CT
DPD − CT

S PS)

−λc



 (6.4)

From a fundamental theorem of multi-objective optimization [80], an optimal

solution of (6.1) is also a Pareto optimal point for the minimization problem

constituted by the objective function (6.4) plus the constraints defined in (6.1).

Thus, an optimal solution point of (6.1) has the property of independently min-

imizing both terms of the objective function (6.4). Based on this premise, for a

given value of the weighting factor, say ω∗, an IPM is first used to minimize the

following Lagrangian function of (6.1):

Min. L = G − ρT f(δ, V,QG, PS, PD) (6.5)

− ρT
c f(δc, Vc, QGc

, λc, PS, PD)

− µλc max
(λcmax

− λc − sλc max
)

− µλc min
(λc − sλc min

)

− µT
PS max

(PSmax
− PS − sPS max

)

− µT
PS min

(PS − sPS min
)

− µT
PD max

(PDmax
− PD − sPD max

)

− µT
PD min

(PD − sPD min
)

− µT
Ihk max

(Imax − Ihk − sIhk max
)

− µT
Ikh max

(Imax − Ikh − sIkh max
)

− µT
Ihkc max

(Imax − Ihkc − sIhkc max
)

− µT
Ikhc max

(Imax − Ikhc − sIkhc max
)
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− µT
QG max

(QGmax
− QG − sQG max

)

− µT
QG min

(QG − QG min − sQG max
)

− µT
QGc max

(QGmax
− QGc

− sQGc max
)

− µT
QGc min

(QGc
− QG min − sQGc max

)

− µT
Vmax

(Vmax − V − sVmax
)

− µT
Vmin

(V − Vmin − sVmin
)

− µT
Vc max

(Vmax − Vc − sVc max
)

− µT
Vc min

(Vc − Vmin − sVc min
) − µk(

2p∑

h

ln sh)

where µk ∈ R, µs > 0, is the barrier parameter, and ρ and ρc ∈ R
n, and all the

other µ (µh > 0, ∀h) correspond to the Lagrangian multipliers. The s variables

form the slack vector whose non-negativity condition (sh > 0, ∀h) is ensured by

including the logarithmic barrier terms
∑2p

h ln sh, as described in Chapter 4. The

solution of (6.5) provides the value of λ∗
c associated with ω∗, along with all other

system variables and market bids.

For the following OPF:

Min. Ĝ = −(CT
DPD − CT

S PS) (6.6)

with the same constraints as in (6.1), and loading parameter fixed at λc = λ∗
c , the

solution of (6.1) is also a solution of (6.6), i.e. the vector of voltage phases and

magnitudes (θ, V , θc and Vc), generator reactive powers (QG and QGc
), power bids

(PS and PD), the loss distribution factor (kGc
) and the loading parameter (λc) are

identical for both (6.1) and (6.6). Observe that the value of λc cannot be obtained

by the mere solution of (6.6), as its value is basically defined by the value of ω in

the multi-objective problem (6.1). As a result, the weighting factor ω, although

it affects the solution and the dual variables of (6.6), it does not explicitly appear

in the equations; thus, the Lagrangian multipliers of the power flow equations in
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(6.6) can be associated with the system LMPs, and can be derived from applying

the corresponding KKT optimality conditions as follows:

∂L̂/∂PSi
= CSi

− ρPSi
+ µPSmaxi

− µPSmini

(6.7)

− ρcPSi
(1 + λ∗

c + k∗
Gc

) = 0

∂L̂/∂PDi
= −CDi

+ ρPDi
+ ρQDi

tan(φLi
)

+ µPDmaxi
− µPDmini

+ ρcPDi
(1 + λ∗

c)

+ ρcQDi
(1 + λ∗

c) tan(φLi
) = 0

where L̂ is the Lagrangian of (6.6) and φDi
represents a constant load power factor

angle. Thus, the LMPs can be defined as

LMPSi
= ρPSi

= CSi
+ µPSmaxi

− µPSmini

(6.8)

− ρcPSi
(1 + λ∗

c + k∗
Gc

)

LMPDi
= ρPDi

= CDi
+ µPDmini

− µPDmaxi

− ρcPDi
(1 + λ∗

c) − ρcQDi
(1 + λ∗

c) tan(φLi
)

− ρQDi
tan(φLi

)

From this definition, the LMPs are directly related to the costs CS and CD, and

do not directly depend on the weighting factor ω. These LMPs have additional

terms associated with λ∗
c which represent the added value of the proposed OPF

technique. If a maximum value λcmax
is imposed on the loading parameter, when

the weighting factor ω reaches a value, say ω0, at which λc = λcmax
, there is no

need to solve other OPFs for ω > ω0, since the security level cannot increase any

further.

Observe that the computation of these LMPs is quite inexpensive, since the

optimal point is already known from the solution of (6.1), thus the determination

of the Lagrangian multipliers ρ is basically reduced to solving a set of linear

equations.
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6.2.4 Nodal Congestion Prices

Using the decomposition formula presented in Section 4.7.3, the real power con-

gestion price at each bus can be rewritten as follows:

NCP = [Dxf ]−1

[
∂Ihk

∂x
(µIhk max

− µIhk min
) +

[
0

µVmax
− µVmin

]]
(6.9)

Observe that NCPs in (6.9) depends only on shadow prices of dual variables µIhk max

and µIhk min
associated with current thermal limits, since the proposed OPF model

6.1 does not include real power flow limits as in (4.10). However, dependence on

voltage security constraints given by the inclusion of the “critical” system fc and

on the loading parameter λc are implicit in (6.9).

6.3 Test System Examples

In the following subsections, the OPF problem (6.1) and the proposed technique

for computing LMPs are applied to a six-bus test system and to a 129-bus model of

the Italian HV transmission system. The results of optimization technique (4.10)

are also discussed to observe the effect of the proposed method in the LMPs and

system security, which is represented here through the ALC. The power flow limits

needed in (4.10) were obtained “off-line” by means of a continuation power flow

technique [50]. For both test systems, bid load and generator powers were used

as the direction needed to obtain a maximum loading point and the associated

power flows in the lines, ignoring contingencies, so that proper comparisons can

be made.

For both test cases, the limits of the loading parameter were assumed to be

λcmin
= 0.1 and λcmax

= 0.8, i.e. for any value of ω, it is assumed that the system

can be securely loaded to an ALC between 10% and 80% of the total transaction

level of the given solution. To allow for adequate comparisons, the actual power
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flow limits used in (4.10) were reduced by 10% with respect to the values obtained

from the off-line continuation power flow analysis to emulate the λc = 0.1 limit.

6.3.1 Six-bus Test Case with Elastic Demand Model

Results for the OPF formulation (4.10) are reported in Table 6.1; the ALC value

in this table was computed off-line using the generator voltages and load and

generation power directions obtained from the OPF solution. Table 6.2, on the

other hand, shows the solution obtained for the proposed multi-objective OPF

(6.1) for ω = 10−3, which is referred to here as Voltage Stability Constrained-

OPF (VSC-OPF), since the distance to the maximum loading point is not being

really “optimized”, with mostly the social benefit being considered in the objective

function. For both solutions, generator voltages are at their maximum limits,

as expected, since this condition generally provides higher transactions levels.

However, in comparison with the standard OPF approach based on “security”

limits determined off-line, the solution of the proposed method provides better

LMPs, a higher total transaction level TTL (TTL =
∑

i PLi
) and higher ALC,

which demonstrates that off-line power flow limits are not adequate constraints

for representing the actual system congestion. The improved LMPs result also in

a lower total price paid to the Independent Market Operator (PayIMO)which is

computed as the difference between demand and supply payments, as follows:

PayIMO =
∑

i∈I

CSi
PGi

−
∑

j∈J

CDj
PLj

(6.10)

and the network congestion prices are lower, even though the system losses are

higher (which is to be expected, as T is higher).

Figures 6.1 and 6.2 show the effect of the weighting factor ω in the total trans-

action level TTL, the loading margin λc and the available loading condition ALC.

Observe that, as expected, the more the weight of security, the higher the security



CHAPTER 6. VOLTAGE STABILITY CONSTRAINED OPF 86

Table 6.1: Six-bus Test System: OPF with Off-Line Power Flow Limits

Participant V LMP NCP PBID P0 Pay

[p.u.] [$/MWh] [$/MWh] [MW] [MW] [$/h]

GENCO 1 1.100 9.70 1.33 14.4 90 -1013

GENCO 2 1.100 8.80 0.00 2.4 140 -1252

GENCO 3 1.084 8.28 -0.04 20.0 60 -663

ESCO 1 1.028 11.64 3.32 15.6 90 1230

ESCO 2 1.013 10.83 1.57 0.0 100 1083

ESCO 3 1.023 9.13 0.40 20.0 90 1005

TOTALS TTL = 315.6 MW PayIMO = 389.8 $/h

Losses = 11.1 MW ALC = 127.7 MW

Table 6.2: Six-bus Test System: VSC-OPF

Participant V LMP NCP PBID P0 Pay

[p.u.] [$/MWh] [$/MWh] [MW] [MW] [$/h]

GENCO 1 1.100 8.94 -0.04 0.0 90 -804

GENCO 2 1.100 8.90 0.00 25.0 140 -1467

GENCO 3 1.100 9.06 0.07 20.0 60 -725

ESCO 1 1.021 9.48 0.19 25.0 90 1090

ESCO 2 1.013 9.57 0.27 10.0 100 1052

ESCO 3 1.039 9.34 0.22 8.0 90 916

TOTALS TTL = 323 MW PayIMO = 61 $/h

Losses = 12.0 MW ALC = 166 MW
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Figure 6.1: Total transaction level for the six-bus test system with elastic demand.

level λc (and consequently ALC), but, at the same time, the lower the TTL. This

is due to the power bids being free to vary so that, as ω increases, congestion is

minimized (security is maximized) by both increasing λc and reducing TTL.

Figures 6.3 and 6.4 depict supply and demand power bids and LMPs and

NCPs as ω varies, illustrating the transition from an OPF market problem to an

OPF security problem as λc approaches its maximum imposed value of λcmax
=

0.8. Observe how the LMPs and NCPs generally decrease in this example as the

security levels increase, since the auction solutions move away from the security

limits, i.e. the system is less congested. Furthermore, even though the LMPs and

the overall total transaction level decrease, local bids may increase or decrease,
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Figure 6.2: Loading margin λc and ALC for the six-bus test system with elastic

demand.
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accordingly to the power schedule which better matches the obtained loading

margin.

For example, Fig. 6.5 depicts the LMP at Bus 6 as a function of the power

demand of ESCO 3 at that bus with respect to the value of the weighting fac-

tor ω, illustrating that the relationship between system security and bids is not

obvious and very much depends on the chosen security limits; in other words, as

ω increases, i.e. as system security becomes more significant in the optimization

problem, the price-power pair does not show any obvious relationship with respect

to the system security level.

When the loading parameter λc reaches its maximum limit, which in Fig. 6.4

corresponds to ω > 0.85, LMPs decrease below the minimum power supply price

bid of 7 $/MWh (see Table B.1 in Appendix B). The reason for this behavior

is that the OPF VS constraints force the system to the power levels needed to

maintain the required maximum loading margin, regardless of the social benefit

(notice that only the cheapest supplier, i.e. GENCO 3, provides for the required

losses and power demands, as expected). Solutions characterized by λc = λcmax

would likely be unacceptable for the market participants, since the total trans-

action level as well as LMPs are too low. However, not imposing any maximum

limit on λc would lead to market solutions with zero power bids (PS = PD = 0),

which basically correspond to the base case operating condition associated with

the given fixed generation PG0
and load PL0

. Observe that the proposed method-

ology is designed to give operators and market participants a series of solutions to

allow them to analyze the effect of system security on power bids and vice versa,

so that proper operating and bidding decisions can be made.

For the sake of completeness, Figs. 6.6, 6.7 and 6.8 depicts voltages, generator

reactive powers and line currents for both the actual and the critical system.

Observe that the actual system variables move toward a less congested condition
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Figure 6.3: Power bids PS and PD for the six-bus test system with elastic demand.
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Figure 6.4: Local Marginal Prices and Nodal Congestion Prices for the six-bus

test system with elastic demand.
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(load voltages increase while generator reactive powers and line currents decrease),

whereas “critical” variables show a complex behavior which is not predictable a

priori.

Finally, Figs. 6.9 and 6.10 depicts the total pays for each market participants

and the the pay for the IMO. As it can be noted, as the level of security increases,

electricity and congestion costs decrease, since the TTL decrease. Thus, in case

of elastic demand bidding, competitive consumers can chose among different sce-

narios:

1. purchasing a high quantity of “expensive” power at a low security level;

2. purchasing a low quantity of “cheap” power at a high security level;

3. purchasing with conditions in between cases 1 and 2.

6.3.2 Six-bus Test Case with Inelastic Demand Model

When the transaction level is fixed, as in the case of inelastic demand, imposing

a higher security level would result in price increases [24]. This is illustrated

in Figs. 6.11 and 6.12 for the six-bus test system assuming inelastic loads; load

demands are assumed to have the same values as those depicted in Table 6.2, so

that these figures can be compared to the corresponding Figs. 6.2 and 6.3.

Figures 6.13, 6.14 and 6.15 show LMPs, NCPs, supply and demand pays and

the pay due to the IMO respectively. Observe that as ω increases, the security

level λc and associated LMPs and NCPs increase, as expected, leading to higher

electricity and congestion prices.
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Figure 6.6: Actual and critical bus voltages V and Vc for the six-bus test system

with elastic demand.



CHAPTER 6. VOLTAGE STABILITY CONSTRAINED OPF 95

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
30

35

40

45

50

55

60

65

70

75

80

ω (weighting factor)

G
en

er
a
to

r 
R

ea
ct

iv
e 

P
ow

er
s 

[M
V

a
r]

Q
gBus2

Q
gBus1

Q
gBus3

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

100

110

120

130

140

150

ω (weighting factor)

G
en

er
a
to

r 
R

ea
ct

iv
e 

P
ow

er
s 

[M
V

a
r]

Q
gcBus2

Q
gcBus1

Q
gcBus3

Figure 6.7: Actual and critical generator reactive powers QG and QGc
for the six-

bus test system with elastic demand.
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for the six-

bus test system with elastic demand.
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Figure 6.10: IMO pay for the six-bus test system with elastic demand.
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Figure 6.11: Loading parameter λc and ALC for the six-bus test system with

inelastic demand.
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Figure 6.12: Supply power bids PS and PD for the six-bus test system with in-

elastic demand.
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Figure 6.13: Local Marginal Prices and Nodal Congestion Prices for the six-bus

test system with inelastic demand.
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Figure 6.14: Loading parameter λc and ALC for the six-bus test system with

inelastic demand.
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Figure 6.15: IMO pay for the six-bus test system with inelastic demand.
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6.3.3 129-bus Italian HV Transmission System

Tables 6.3 and 6.4 show the results of both OPF solutions (4.10) and (6.1) with

ω = 10−3 (VSC-OPF) for some market participants that are representative of

all the areas in which the Italian system is geographically subdivided. As in the

case of the six-bus test system, the proposed method provides a higher TTL, a

better distribution of LMPs, and a lower total payment to the system operator

(PayGRTN). Observe that the increased transaction level results also on higher

power imports from the inter-ties in Table 6.3 and 6.4 (e.g. Villarodin and La-

vorges), as expected, since neighboring countries typically generate electricity at

lower prices (nuclear plants).

Figures 6.16 and 6.17 shows the TTL and the loading margin λc and the

associated ALC as a function of the weighting factor ω. As it can be observed, only

for ω > 0.75, the security component of the objective function has an influence

in the OPF solutions, due to the multi-objective function scaling. As expected,

the transaction level is higher for lower values of security, and it decreases as ω

increases to yield a larger loading margin (reduce congestion).

Figures 6.18, 6.19 and 6.20 depict some significant power supplies and demands

together with their corresponding LMPs and NCPs, showing a similar behavior as

in the case of the simple six-bus test system. Once again, increasing the security

level of the overall system does not necessarily imply that all power bids decrease.

In this example, the LMPs and NCPs may also increase for higher values of the

weighting factor, confirming the results obtained for the six-bus test system, as

some generators and/or loads may be penalized whereas others may benefit as a

result of increasing security levels (reduce transmission congestion).

Figure 6.21 depicts the behavior of the LMP at the Galatina bus as a function

of the correspondent local power demand, showing once again the unpredictable

behavior of the quantity-price pair as the security level varies.
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Table 6.3: Italian System Example: OPF with Off-Line Power Flow Limits

Participant V LMP NCP PBID P0 Pay

[p.u.] [$/MWh] [$/MWh] [MW] [MW] [103$/h]

Trino 1.1316 33.6 0.6254 221 266 -16.4

Tavazzano 1.1297 34.3 1.0449 0 879 -30.1

Turbigo 1.1289 34.1 0.9662 413 764 -40.1

Fusina 1.1316 34.6 0.6192 756 77 -28.8

Villarodin 1.1316 32.0 -0.7304 127 541 -21.4

Lavorges 1.1316 32.0 -1.1264 133 451 -18.7

S. Sofia 1.0685 35.2 1.8410 39 307 12.2

Galatina 1.1203 35.2 1.1852 119 191 10.9

Colunga 1.1111 31.4 -1.8674 131 210 10.7

Roma O. 1.0839 34.8 1.3786 207 330 18.7

TOTALS TTL = 24.8 GW PayGRTN = 13.8 k$/h

Losses = 135 MW ALC = 3.0 GW
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Table 6.4: Italian System Example: VS-Constrained OPF

Participant V LMP NCP PBID P0 Pay

[p.u.] [$/MWh] [$/MWh] [MW] [MW] [103$/h]

Trino 1.1316 33.3 -0.0210 280 266 -18.2

Tavazzano 1.1316 34.5 0.1636 0 879 -30.3

Turbigo 1.1316 34.2 0.0830 753 764 -51.9

Fusina 1.1316 34.1 0.0412 884 77 -32.8

Villarodin 1.1316 33.4 -0.1450 223 541 -25.5

Lavorges 1.1316 34.1 0.0683 186 451 -21.7

S. Sofia 1.1005 35.1 0.4085 192 307 17.5

Galatina 1.1268 34.2 0.2604 83 191 93.7

Colunga 1.1096 34.7 0.2366 132 210 11.9

Roma O. 1.1026 34.7 0.2448 204 330 18.5

TOTALS TTL = 26.1 GW PayGRTN = 13.2 k$/h

Losses = 164 MW ALC = 2.6 GW
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Figure 6.16: Total transaction level for the Italian system example.
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Figure 6.17: Loading parameter λc and ALC for the Italian system example.
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Figure 6.18: Most significant power supplies PS and demands PD for the Italian

system example.
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Figure 6.19: LMPs of the most significant market participants for the Italian sys-

tem example.
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Figure 6.20: NCPs of the most significant market participants for the Italian sys-

tem example.
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Figure 6.21: LMP as a function of power demand PD at the Galatina bus.
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Finally, Fig. 6.22 illustrates the pays for the most significant power supplies and

demands whose bids are depicted in Fig. 6.18, whereas Fig. 6.23 shows the GRTN

pay. Although the trend is an overall decrease of market participant pays and

congestion costs, some participant may see a pay increase due to local congestions

of the current power flow solution. Thus, the proposed VSC-OPF can also be

useful to identify market participants which are mostly affected by security issues.

6.4 Summary

In this chapter, a multi-objective optimization for managing and pricing voltage

stability is proposed and tested on a simple test system as well as on a realistic net-

work. The results obtained with the proposed technique, when compared to those

obtained by means of a typical OPF-based market model, show that proper rep-

resentation of system security actually results in more secure and overall better

transactions, since security margins and transaction levels increase, while loca-

tional marginal prices improve.

The proposed multi-objective OPF method allows market operators and par-

ticipants to directly control the desired level of system security by controlling

the weighting factors of the different objective functions, which is not possible in

typical security constrained OPF-based market implementations.
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Figure 6.22: Supply and demand pays of the most significant market participants

for the Italian system example.
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Figure 6.23: GRTN pay for the Italian system example.



Chapter 7

VSC-OPF with N-1 Security

Criterion

7.1 Introduction

T
HIS chapter describes two techniques for including in the Voltage Stability

Constrained OPF presented in Chapter 6 a N-1 contingency criterion. The

first proposed technique is an iterative method which combines solutions obtained

by means of the VSC-OPF with a continuation power flow analysis, while the

latter is based on a sensitivity analysis of power flows in transmission lines. Both

techniques are tested on a six-bus test system, as well as on a 129-bus model of

the HV Italian transmission network, which provides a large scale example for

testing the reliability of the proposed methods. The available loading capability,

local marginal prices and nodal congestion prices resulting from the proposed

solutions as well as comparisons with results obtained by means of a standard

OPF technique are also presented and discussed.

116
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7.2 VSC-OPF with N-1 Contingency Analysis

The solution of the VSC-OPF problem (6.1) provides the initial condition for the

proposed techniques, which are an iterative method with N-1 contingency criterion

(described in Section 7.2.1) and a multiple VSC-OPF with contingency ranking

(described in Section 7.2.2). Contingencies are included in (6.1) by taking out

the selected lines when formulating the “critical” power flow equations fc, thus

ensuring that the current solution of the VSC-OPF problem is feasible also for the

given contingency. Thus, the VSC-OPF problem with N-1 contingency criterion

is based on what has been proposed in [9, 25, 29, 41] and formulated as follows:

Min. G = − (ω − 1)(CT
DPD − CT

S PS) − ωλc (7.1)

s.t. f(δ, V,QG, PS, PD) = 0 → PF equations

f (N−1)
c (δc, Vc, QGc

, λc, PS, PD) = 0 → Max load (N-1) PF eqs.

λcmin
≤ λc ≤ λcmax

→ loading margin

0 ≤ PS ≤ PSmax
→ Sup. bid blocks

0 ≤ PD ≤ PDmax
→ Dem. bid blocks

Ihk(δ, V ) ≤ Ihkmax
→ Thermal limits

Ikh(δ, V ) ≤ Ikhmax

Ihk(δc, Vc) ≤ Ihkmax

Ikh(δc, Vc) ≤ Ikhmax

QGmin
≤ QG ≤ QGmax

→ Gen. Q limits

QGmin
≤ QGc

≤ QGmax

Vmin ≤ V ≤ Vmax → V “security” lim.

Vmin ≤ Vc ≤ Vmax



CHAPTER 7. VSC-OPF WITH N-1 SECURITY CRITERION 118

where f
(N−1)
c represent power flow equations for the system with under study

with one line outage. Although one could solve one VSC-OPF problem (7.1) for

the outage of each line of the system, this would result in a lengthy process for

realistic size networks. The techniques proposed in this thesis address the problem

of determining efficiently the contingencies which cause the worst effects on the

system, i.e. the lowest loading margin λc and ALC(N−1). The latter is assumed

to be defined using loading directions (3.3), as follows:

ALC(N−1) = min
h

{(λch
− 1)TTLh} (7.2)

where h indicates the line outage. Observe that (7.2) differs from (3.21), where

the search for the minimum was limited only to the loading parameters. In (7.2)

the minimum ALC is computed for the product of both λc and the TTL since

power bids PD are not fixed and the optimization process adjusts both λc and PD

in order to minimize the objective function. Finally, LMPs and NCPs are defined

as described in Chapter 6.

7.2.1 Iterative Method with N-1 Contingency Criterion

Figure 7.1 depicts the flow chart of the proposed method for combining an N-1

contingency criterion based on the continuation power flow analysis and VSC-

OPF-based market solutions. This method is basically composed of two steps.

First, an N-1 contingency criterion is performed for determining the most critical

line outage based on a continuation power flow analysis and using as generator and

loading direction the supply and demand bids PS and PD determined from the last

VSC-OPF solution. For the continuation power flow computations [50], system

controls and limits are all considered to properly determine limit conditions due

to voltage stability, thermal and/or bus voltage limits.

Once the N-1 contingency computations are completed, the line outage that
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Figure 7.1: Flow chart of the iterative method with N-1 contingency criterion.
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causes the minimum ALC(N−1) is selected and the power flow equations fc are

modified accordingly by taking out this critical line for the solution of the next

VSC-OPF problem (6.1). The procedure stops when no “better” solution can

be found, i.e. the ALC(N−1) of the last two iterations is below certain tolerance,

or when the continuation power flow yields the same line outage as the most

severe one in the last two iterations; the latter criterion is used to avoid “cycling”

problems. Observe that the OPF-based solution of the power flow equations fc and

its associated ALC(N−1) generally differ from the corresponding values obtained

with the continuation power flow, since in the VSC-OPF problem control variables

such as generator voltages and reactive powers are modified in order to minimize

costs and maximize the loading margin λc for the given contingency; hence the

need for an iterative process.

When evaluating the result of applying the N-1 contingency criterion, it is nec-

essary to consider the “system” effects of a line outage in order to avoid unfeasible

conditions. For example, a line loss may cause the original grid to separate into

two subsystems, i.e. islanding; in this case, the smallest island may be discarded,

or just consider the associated contingency as “unfeasible” for the given operating

condition.

7.2.2 Multiple VSC-OPF with Contingency Ranking

First, a basic VSC-OPF solution that does not consider contingencies is used for

determining the sensitivity of power flows with respect to the loading parameter

λc. Then, based on this solution and assuming a small variation ǫ of the loading

parameter and recomputing the power flows by solving fc, normalized sensitivity

factors can be approximately computed as follows:

phk = Phk

∂Phk

∂λc

≈ Phk(λc)
Phk(λc) − Phk(λc − ǫ)

ǫ
(7.3)
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where phk and Phk are are the sensitivity factor and the power flows of line h-k

respectively. The scaling is introduced for properly evaluating the “weight” of

each line in the system, and thus for considering only those lines characterized by

both “significant” power transfers and the high sensitivities [60, 81].

The first lines with the biggest sensitivity factors phk are selected (from multi-

ple tests, 5 lines appear to be a sufficient number), and a VSC-OPF for each one

of these contingencies is solved (may be done in parallel). The VSC-OPF solution

that presents the lowest ALC(N−1) is chosen as the final solution. Observe that

not necessarily the outage of the line with the highest sensitivity factor will al-

ways produce the lowest ALC(N−1), because of the non-linear nature of the voltage

stability constraints in (6.1); hence the need of solving more than one VSC-OPF

problem. However, ranking the sensitivity factors leads generally to determine

a reduced number of critical areas; ALC(N−1)s associated with outages of high

sensitivity lines within a certain area generally show only small differences. Thus,

in practice, one needs to evaluate only one contingency constrained VSC-OPF for

each critical area that was determined by the sensitivity analysis.

Observe that line outages that cause a separation in islands of the original grid

have to be treated in a special way, since the VSC-OPF (6.1) may not converge. In

order to solve this problem, the islanded market participants are not committed

and the fixed power productions and/or absorptions eliminated. This solution

appears to be reasonable especially for realistic transmission grids, which are

typically well interconnected, as generally only very few buses result islanded

as the consequence of a line outage.

As a final remark, it should be noted that the sensitivity analysis technique

discussed here can also be associated with a continuation power flow analysis, thus

avoiding the need of running a CPF routine for each line outage as it was stated

in the previous section.
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7.2.3 Multi-objective VSC-OPF with N-1 Contingency

Criterion

Techniques described in the previous Sections 7.2.1 and 7.2.2 assume a fixed value

of the weighting factor ω, thus leading to one market solution. However, the

multi-objective optimization process which allows defining a Pareto set of the

optimization variables as a function of the weighting factor can be obtained simply

repeating the proposed techniques for each value of ω.

From a computational point of view, computing the complete Pareto set would

be quite expensive, especially for realistic size systems. Nevertheless, in typical

systems, a very reduced number of line outages generally leads to find the lowest

available loading conditions, as it will be illustrated in the test case discussed in

Section 7.3.3.

7.3 Test System Examples

In this section, the VSC-OPF problem (6.1) and the proposed techniques to ac-

count for contingencies are applied to a six-bus test system and to a 129-bus model

of the Italian HV transmission system. The results of the optimization technique

(4.10) are also discussed to observe the effect of the proposed method on LMPs,

NCPs and system security, which is represented here through the ALC(N−1). The

power flow limits needed in (4.10) were obtained “off-line”, as explained in Sec-

tion 6.2, by means of a continuation power flow technique [50]. For both test

systems, bid load and generator powers were used as the direction needed to ob-

tain a maximum loading point and the associated power flows in the lines, so that

proper comparisons with the proposed techniques can be made.

Test cases are organized as follows:
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1. Section 7.3.1 and 7.3.2 presents a single-objective VSC-OPF for the six-bus

and the 129-bus Italian systems respectively. For both test cases, the limits

of the loading parameter were assumed to be λcmin
= 0.1 and λcmax

= 0.8, i.e.

it is assumed that the system can be securely loaded to an ALC(N−1) between

110% and 180% of the total transaction level of the given solution. The

weighting factor ω in the objective function G of (6.1), used for maximizing

the loading parameter, was set to ω = 10−4, as this was determined to be a

value that does not significantly affect the market solution.

2. Section 7.3.3 illustrates a Pareto set for the six-bus test system for the multi-

objective VSC-OPF with N-1 contingency criterion. In this case loading

parameter limits were assumed to be λcmin
= 0.001 and λcmax

= 0.8 to better

illustrate the effect of security on market solutions. Observe that setting a

low value for λcmin
does not implies that the current solution has no stability

margin, since the worst case contingency is taken in account in the loading

parameter computations.

7.3.1 Six-bus Test Case

Table 7.1 depicts the solution of (4.10), which shows a low total transaction level

with respect to the max power limits of all bids, and not homogeneous LMPs and

NCPs, indicating that system constraints, and, in particular, active power flow

limits, are negatively affecting the market solution. The ALC(N−1) value, which

was computed with the continuation power flow, seems to be consistent with the

chosen power flow limits and the OPF market solution obtained. Table 7.1 shows

also the total losses and the payment given to the Independent Market Operator

(referred to as PayIMO), which is computed as in (6.10).

Table 7.2 illustrates the initial solution of the VSC-OPF problem (6.1). Ob-
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Table 7.1: Six-bus test system: OPF with off-line power flow limits

Participant V LMP NCP PBID P
(N−1)
0 Pay

p.u. ($/MWh) ($/MWh) (MW) (MW) ($/h)

GENCO 1 1.1000 9.70 1.26 13.99 67.5 -790

GENCO 2 1.1000 8.45 0.00 0.00 103 -867

GENCO 3 1.1000 7.00 -1.50 20.55 45.0 -459

ESCO 1 1.0415 11.71 2.96 24.56 67.5 1078

ESCO 2 1.0431 10.36 1.60 2.31 75.0 799

ESCO 3 1.0575 9.51 0.88 6.60 67.5 704

TOTALS TTL = 243.5 MW PayIMO = 464 $/h

Losses = 6.2 MW ALC(N−1) = 0.3 MW

serve that, as expected, the absence of active power flow limits makes possible

a higher total transaction level and more homogeneous LMPs and lower NCPs.

For the sake of comparison, this table also depicts the value of the ALC(N−1) ob-

tained “off-line” for this particular operating conditions. Observe that this value

is higher than the corresponding TTL as well as the corresponding value in Table

7.1, which is to be expected, as “off-line” power flow limits on lines are not a very

good representation of stability. This solution is used as the initial condition for

the contingency analysis.

Table 7.3 shows the coefficients phk used for the sensitivity analysis as well as

the ALC(N−1)s computed by means of the continuation power flows technique for

the two steps required by the iterative method described in Section 7.2.1 when

applying an N-1 contingency criterion. Observe that both methods lead to similar

conclusions, i.e. the sensitivity analysis indicates that the line 2-4 has the highest

impact in the system power flows, while the N-1 contingency criteria show that
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Table 7.2: Six-bus test system: VSC-OPF without contingencies (λcmin
= 0.1)

Participant V LMP NCP PBID P
(N−1)
0 Pay

p.u. ($/MWh) ($/MWh) (MW) (MW) ($/h)

GENCO 1 1.1000 9.16 -0.012 0.0 67.5 -618

GENCO 2 1.1000 9.06 0.00 37.5 103 -1270

GENCO 3 1.1000 9.15 0.029 30.0 45.0 -686

ESCO 1 1.0302 9.60 0.143 37.5 67.5 1008

ESCO 2 1.0313 9.60 0.172 15.0 75.0 864

ESCO 3 1.0526 9.39 0.131 11.9 67.5 745

TOTALS TTL = 274.4 MW PayIMO = 43.9 $/h

Losses = 8.25 MW ALC(N−1) = 19.1 MW

the outage of line 2-4 leads to the lowest loadability margin.

Table 7.4 depicts the final VSC-OPF results for the critical line 2-4 outage.

This solution presents practically the same total transaction level as provided by

the solution without contingencies in Table 7.3, but with different demand side

bidding, and, as expected, a higher ALC(N−1), since the system is now optimized

for the given critical contingency. Observe that the rescheduling of demand bids

results also in slightly lower LMPs and NCPs, as a consequence of including more

precise security constraints, which results in a lower PayIMO value with respect to

the one obtained with the standard OPF problem (4.10) in Table 7.1, but higher

losses, since the transaction level is higher.

The ALC(N−1) in Table 7.4 corresponds to a λcmin
= 0.1, i.e. 110% of the total

transaction level, indicating that the current solution has the minimum required

security level (λc = λcmin
= 0.1). For the sake of comparison, Table 7.5 depicts the

final solution obtained with a different inferior limit for the loading parameter,
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Table 7.3: Six-bus test system: Sensitivity coefficients phk and ALC(N−1) de-

termined applying an N-1 contingency criterion for two iterations

(λcmin
= 0.1)

Line h-k |Phk| (p.u.) phk ALC
(N−1)
(1) (MW) ALC

(N−1)
(2) (MW)

1-2 0.0463 -0.0219 194.9 200.4

1-4 0.6768 0.3957 110.8 116.2

1-5 0.5263 0.3023 202.9 210.9

2-3 0.1208 0.1114 205.5 210.6

2-4 1.3872 0.8649 83.5 86.4

2-5 0.5100 0.3226 184.4 189.8

2-6 0.6211 0.4014 194.4 202.6

3-5 0.5487 0.3258 185.0 190.5

3-6 0.9591 0.5331 165.6 160.4

4-5 0.0351 0.0357 192.4 200.6

5-6 0.1031 0.0656 197.9 206.2
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Table 7.4: Six-bus test system: VSC-OPF with contingency on line 2-4 (λcmin
=

0.1)

Participant V LMP NCP PBID P
(N−1)
0 Pay

p.u. ($/MWh) ($/MWh) (MW) (MW) ($/h)

GENCO 1 1.1000 9.11 -0.013 0.0 67.5 -615

GENCO 2 1.1000 9.02 0.00 37.5 103 -1263

GENCO 3 1.1000 9.12 0.030 30.0 45.0 -684

ESCO 1 1.0312 9.55 0.139 36.0 67.5 989

ESCO 2 1.0313 9.56 0.170 15.0 75.0 860

ESCO 3 1.0518 9.35 0.133 13.3 67.5 756

TOTALS TTL = 274.3 MW PayIMO = 43.4 $/h

Losses = 8.31 MW ALC(N−1) = 27.4 MW
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Table 7.5: Six-bus test system: VSC-OPF with contingency on line 1-4 (λcmin
=

0.125)

Participant V LMP NCP PBID P
(N−1)
0 Pay

p.u. ($/MWh) ($/MWh) (MW) (MW) ($/h)

GENCO 1 1.1000 8.78 -0.046 0.0 67.5 -671

GENCO 2 1.1000 8.81 0.00 0.0 103 -1045

GENCO 3 1.1000 8.91 0.029 30.0 45.0 -722

ESCO 1 1.0490 9.15 0.082 0.0 67.5 670

ESCO 2 1.0276 9.33 0.152 11.3 75.0 898

ESCO 3 1.0431 9.18 0.137 19.3 67.5 880

TOTALS TTL = 268.6 MW PayIMO = 38.9 $/h

Losses = 4.52 MW ALC(N−1) = 33.6 MW

i.e. λcmin
= 0.125. In this case, the line outage that creates the worst congestion

problem is determined to be line 1-4. As expected, the higher minimum security

margin leads to a lower TTL and, with respect to results reported in Table 7.4, also

LMPs and NCPs are generally lower, which is due to the lower level of congestion

of the current solution. Observe that a more secure solution leads to lower costs,

because the demand model is assumed to be elastic; hence, higher stability margins

lead to less congested and “cheaper” optimal solutions.

In this example, the OPF technique does not reach a solution for λcmin
> 0.15,

which means that a solution with at least 15% of security margin is not feasible

when taking in account an N-1 contingency criterion. However, it is not reasonable

to set high values for λcmin
, since the resulting security margin takes already in

account the most severe contingency, and is thus a conservative estimation of the
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system stability level.

7.3.2 129-bus Italian HV Transmission System

Table 7.6 depicts the total results for different OPF problem solutions, i.e. the

standard OPF with “off-line” power transfer limits, the VSC-OPF without contin-

gencies and the final results obtained with the proposed techniques for including

the worst contingency, which was determined to be the outage of lines in the

Milano area (buses Turbigo, Bovisio and Baggio) by both the N-1 contingency

criterion and the sensitivity analysis. Conclusions similar to what observed for

the six-bus example can be drawn, i.e. the proposed techniques yield a higher TTL

and a better ALC(N−1) value, while reducing the payment to the Italian indepen-

dent market operator GRTN (Gestore Rete Trasmissione Nazionale). Further-

more, the security constrained OPF solutions of (6.1) show a total loss increase,

since the transaction level also increases. Observe that the iterative method and

the sensitivity-based technique yield two different critical lines, but provide prac-

tically identical results, as the two lines are in the same critical area, i.e. Milano.

Figure 7.2 depicts the comparison of LMPs and NCPs obtained with the stan-

dard and the VSC-OPF for an outage of the Turbigo-Baggio line, confirming that

a proper representation of voltage stability constraints and worst case contingency

result in a better distribution of costs (LMPs) and in a reduced impact of system

congestion on electricity prices (NCPs).

7.3.3 Six-bus Test Case with Multi-objective Function and

N-1 Contingency Criterion

Figures 7.3, 7.4 and 7.5 depicts the total transaction levels, the critical loading

margins λc and the available loading capabilities, respectively, for the six-bus test



CHAPTER 7. VSC-OPF WITH N-1 SECURITY CRITERION 130

Table 7.6: Comparison of different OPF-based methods for the Italian system

example.

OPF Contingency TTL ALC
N−1

Losses PayGRTN

method (GW) (GW) (MW) (k$/MWh)

OPF (4.10) “off-line” 19.8 0.04 85.6 21.9

power flows

VSC-OPF (6.1) none 20.8 1.6 96.2 3.21

Iterative VSC-OPF Turbigo-Bovisio 20.6 2.1 95.2 3.18

VSC-OPF with Turbigo-Baggio 20.6 2.4 95.2 3.18

Sensitivity Analysis

system as functions of the weighting factor ω. Each line in the figures corresponds

to the solution of (7.1) assuming in f
(N−1)
c a fixed line outage, as indicated in

the legends. Observe that the line outages which lead to the lowest λc and ALC

values are the ones for line 2-4 and line 1-4. Observe that results depicted in

Table 7.3, namely sensitivity indexes and ALC obtained with the CPF analysis

are consistent with results shown in Figs. 7.4 and 7.5. Thus, even in case of Pareto

set computations, one may use results of the sensitivity analysis obtained for the

base case solution to determine a reduced number of critical line outages which

has to be considered for the multi-objective optimization process. Furthermore,

notice that the lowest TTL is not necessarily associated with the line outages

which leads to the lowest ALC (observe for example TTLs for line outages on

lines 2-6 and 3-6), hence the need of determining the right line outage to avoid

erroneous market signals.
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7.4 Summary

In this chapter, two methods for including contingencies in a VSC-OPF-based

market are proposed and tested on a simple six-bus system as well as on a real-

istic network. Comparisons between the results obtained with the proposed tech-

niques and those obtained by means of a “standard” OPF-based market model

indicate that a proper representation of system security and a proper inclusion of

contingencies result in improved transactions, higher security margins and better

costs.

The two proposed techniques lead to similar solutions using different strategies.

The first method tries to define the worst case contingency by determining the

lowest loading condition, while the second approach computes sensitivity factors

whose magnitude indicate which line outage is most likely to affect the total

transaction level and system security.
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Figure 7.2: Comparison between LMPs and NCPs obtained with the standard

and the VSC-OPF with contingency on line Turbigo-Baggio.
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Chapter 8

Multi-period Voltage Stability

Constrained OPF

8.1 Introduction

T
HIS chapter presents a Multi-Period Voltage Stability Constrained Optimal

Power Flow (MPVSC-OPF), which solves the daily-ahead market taking in

account precise security constraints. At this aim, the multi-period OPF model

is formulated using time constraints of generator units (i.e. ramp-up and ramp-

down limits, minimum up and minimum down times and start-up and shut-down

ramp rates) while voltage stability constraints are modeled by means of a loading

parameter, as proposed in Chapter 6. N-1 contingency criteria are also discussed

and modeled as single line outages in critical equations as presented in Chapter 7.

The proposed multi-period OPF-based market technique is tested by means of a

six-bus system as well as a 129-bus system which realistically represents the HV

Italian network.

136
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8.2 Multi-period Voltage Stability Constrained

OPF

The following mixed integer nonlinear programming problem is proposed to repre-

sent an OPF market model, based on what has been proposed in [9, 25, 29, 47, 48],

so that system security is modeled through the use of voltage stability conditions:

Objective function:

Max. G = ω
∑

t∈T

λc(t) + (1 − ω)

(∑

t∈T

∑

j∈J

CDj
PDj

(t) (8.1)

−
∑

t∈T

∑

i∈I

(CSi
PSi

(t) + CSU i
wi(t) + CSDi

zi(t))

)

Power Flow Equations:

Ph(t) = V 2
h (t)(gh + gh0) (8.2)

− Vh(t)

nℓ∑

ℓ6=h

Vℓ(ghℓ cos(θh(t) − θℓ(t)) + bhℓ sin(θh(t) − θℓ(t)))

∀h ∈ B, ∀t ∈ T

Qh(t) = −V 2
h (t)(bh + bh0)

+ Vh(t)

nℓ∑

ℓ6=h

Vℓ(ghℓ sin(θh(t) − θℓ(t)) − bhℓ cos(θh(t) − θℓ(t)))

∀h ∈ B, ∀t ∈ T

Ph(t) =
∑

i∈Ih

(PGi0
(t) + PSi

(t)) −
∑

j∈Jh

(PL0j
+ PD0j

)

∀h ∈ B, ∀t ∈ T

Qh(t) =
∑

i∈Ih

QGi
(t) −

∑

j∈Jh

(PL0j
+ PD0j

) tan(φDi
)

∀h ∈ B, ∀t ∈ T
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“Critical” Power Flow Equations:

Pch
(t) = V 2

ch
(t)(gh + gh0) (8.3)

− Vch
(t)

nℓ∑

ℓ6=h

Vcℓ
(ghℓ cos(θch

(t) − θcℓ
(t)) + bhℓ sin(θch

(t) − θcℓ
(t)))

∀h ∈ Bc, ∀t ∈ T

Qch
(t) = −V 2

ch
(t)(bh + bh0)

+ Vch
(t)

nℓ∑

ℓ6=h

Vcℓ
(ghℓ sin(θch

(t) − θcℓ
(t)) − bhℓ cos(θch

(t) − θcℓ
(t)))

∀h ∈ Bc, ∀t ∈ T

Pch
(t) =

∑

i∈Ih

(1 + λc(t) + kGc
(t))(PGi0

(t) + PSi
(t))

−
∑

j∈Jh

(1 + λc(t))(PL0j
+ PD0j

)

∀h ∈ Bc, ∀t ∈ T

Qch
(t) =

∑

i∈Ih

QGci
(t) −

∑

j∈Jh

(1 + λc(t))(PL0j
+ PD0j

) tan(φDi
)

∀h ∈ Bc, ∀t ∈ T

Supply Bid Blocks:

PSmin i
(t)ui(t) ≤ PSi

(t) ≤ P Si
(t) ∀i ∈ I, ∀t ∈ T (8.4)

P Si
(t) ≤ PSmaxi

[ui(t) − zi(t + 1)] + zi(t + 1)SDi ∀i ∈ I, ∀t ∈ T

P Si
(t) ≤ PSi

(t − 1) + RUiui(t − 1) + SUiwi(t) ∀i ∈ I, ∀t ∈ T

PSi
(t − 1) ≤ PSi

(t) + RDiui(t) + SDizi(t) ∀i ∈ I, ∀t ∈ T
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Minimum Up Time:

Γi∑

t=1

(1 − ui(t)) = 0 ∀i ∈ I (8.5)

k+UTi−1∑

τ=t

ui(τ) ≥ UTiwi(t) ∀i ∈ I,

∀t = Γi + 1 . . . T − UTi + 1
T∑

τ=t

(ui(τ) − wi(t)) ≥ 0 ∀i ∈ I,

∀t = T − UTi + 2 . . . T

Γi = min{T, (UTi − α0
i )ui(0)} ∀i ∈ I (8.6)

Minimum Down Time:

Πi∑

t=1

ui(t) = 0 ∀i ∈ I (8.7)

t+DTi−1∑

τ=t

(1 − ui(τ)) ≥ DTizi(t) ∀i ∈ I,

∀t = Πi + 1 . . . T − DTi + 1
T∑

τ=t

(1 − ui(τ) − zi(t)) ≥ 0 ∀i ∈ I,

∀t = T − DTi + 2 . . . T

Πi = min{T, (DTi − β0
i )(1 − ui(0))} ∀i ∈ I (8.8)

Unit Commitment Blocks:

wi(t) − zi(t) = ui(t) − ui(t − 1) ∀i ∈ I,∀t ∈ T (8.9)

wi(t) + zi(t) ≤ 1 ∀i ∈ I,∀t ∈ T
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Demand Bid Blocks:

PDmin j
(t) ≤ PDj

(t) ≤ PDmax j
(t) ∀j ∈ J , ∀t ∈ T (8.10)

Loading Parameter Blocks:

λcmin
≤ λc(t) ≤ λcmax

∀t ∈ T (8.11)

Thermal Limits:

Ihk(t) ≤ Ihkmax
∀(h, k) ∈ N , ∀t ∈ T (8.12)

Ikh(t) ≤ Ikhmax
∀(k, h) ∈ N , ∀t ∈ T

Ichk
(t) ≤Ihkc max

∀(h, k) ∈ Nc, ∀t ∈ T

Ickh
(t) ≤Ikhc max

∀(k, h) ∈ Nc, ∀t ∈ T

Generator Reactive Power Blocks:

QGi
(t) ≤ QGmax i

ui(t) ∀i ∈ I, ∀t ∈ T (8.13)

QGc mini
ui(t) ≤ QGci

(t) ≤ QGc maxi
ui(t) ∀i ∈ I, ∀t ∈ T

Voltage “Security” Limits:

Vhmin
≤ Vh(t) ≤ Vhmax

∀h ∈ B, ∀t ∈ T (8.14)

Vchmin
≤ Vch

(t) ≤ Vchmax
∀h ∈ Bc, ∀t ∈ T

where most of the variables are defined in Chapter 4 and Ih and Jh are subsets of

generator units and power consumer blocks connected to bus h. The subscript c

indicates variables and sets of “critical” power flow equations. Observe that unit

commitment variables u as well as power supplies PS and power demands PD are

shared by the actual and the critical power flow equations, thus ensuring that
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the critical power flow solution for each time period t represents the maximum

loading condition for the associated actual solution.

Equations (8.10) are for the inelastic demand model and PDmin j
(t) and PDmax j

(t)

are the consumer demand limits for each time periods. PDmin j
(t), PDmax j

(t) and

the fixed power consumptions PL0j
(t) define the lower and the upper bounds for

the daily-ahead power demand. Figure 8.1 depicts the lower and the upper de-

mand curves for the six-bus system example. The total power demand is covered

by must-run and fixed generations PG0j
(t) and supply bids PSj

(t), the latter being

regulated by minimum up and minimum down times and start-up and shut-down

ramp rates (8.4), minimum ramp-up (8.5) and ramp-down (8.7) constraints and

unit commitment (8.9). Constraints (8.4), (8.5), (8.7) and (8.9) are for thermal

plants. Reservoirs and/or regulated hydro plants logics are neglected, although

used in practice for balancing daily load peaks; however hydro plant bids have

been considered in the market auction (see the Italian system example discussed

in Section 8.3.2). Future researchs may improve the proposed model by including

detailed hydro plant logics.

In the literature, multi-period market clearing mechanisms are typically for-

mulated as linear or quadratic programming techniques (e.g. [27, 47, 65]) which

can be solved by robust MIP techniques. As discussed in Chapter 4, these tech-

niques do not allow including system congestions or voltage stability constraints.

(An iterative technique for coupling voltage stability constraints through continu-

ation power flow analysis with simple auction-based competitive market has been

proposed in [11].) Thus, the proposed multi-period VSC-OPF will be compared to

a multi-period security constrained OPF similar to (4.10), which includes power
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Figure 8.1: Consumer bid limits for the daily-ahead market schedule with inelastic

demand model (curves refer to the 6-bus test system).

flow transfer limits computed off-line and extended to a time horizon T :

|Phk(t)| ≤Phkmax
∀(h, k) ∈ N , ∀t ∈ T (8.15)

|Pkh(t)| ≤Pkhmax
∀(k, h) ∈ N , ∀t ∈ T

For the sake of comparison with the VSC-OPF, in the multi-period security con-

strained OPF minimum up and minimum down times and start-up and shut-down

ramp rates (8.4), minimum ramp-up (8.5) and ramp-down (8.7) constraints and

unit commitment (8.9) will be included as well.

Observe that the proposed multi-period VSC-OPF can be quickly modified to

take into account contingencies as discussed in Chapter 7, by imposing a line out-

age in “critical” power flow equations (8.3). However, since the iterative technique

which make use of a continuation power flow analysis for including the N-1 contin-
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gency criterion would result computational demanding for the daily-ahead market

problem, only the solution of a reduced number of VSC-OPF problems based on

sensitivity ranking of transmission line currents will be used in the six-bus system

example presented in Section 8.3.1.

As a final remark, locational marginal prices and nodal congestion prices are

formulated as in (6.8) and (6.9), respectively, for each scheduled hour. Note

that LMP values are affected by the weighting factor ω and in order to correctly

compute LMPs the procedure described in Section 6.2.3 is needed.

8.3 Test System Examples

In this section the proposed multi-period VSC-OPF is tested on a six-bus system

as well as on a 129-bus model of the HV Italian network. The six-bus system is

used first to compare results of the proposed VSC-OPF with the ones obtained

by means of a standard security constrained OPF. Then results obtained varying

the weighting factor ω are presented and discussed for both elastic and inelastic

demand models. Finally, a multi-period VSC-OPF with inclusion of N-1 contin-

gency criteria is illustrated for the sake of completeness. The 129-bus model of

the HV Italian system is also used to compare results of the proposed VSC-OPF

with the ones obtained by means of a standard security constrained OPF and to

demonstrate the reliability of the proposed technique for realistic size networks.

Test system data are reported in Appendices B and C for the six-bus and the

129-bus systems, respectively.
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8.3.1 Six-bus Test Case

Comparison between the Multi-period VSC-OPF and the Standard Se-

curity Constrained OPF

Figure 8.2 depicts the total transaction levels for the six-bus example obtained

by means of the proposed multi-period VSC-OPF and the standard security con-

strained OPF with power flow limits computed off-line. For the sake of compar-

ison, it has been assumed a ω = 0.0001 in (8.1), so that the social benefit is

mostly maximized. Observe that the proposed VSC-OPF gives a higher TTL for

the more congested hours, as expected, since this result is in accordance with the

results obtained for the single-period VSC-OPF described in Chapter 6.

Figure 8.3 illustrates the loading parameter λc and the associated ALC for the

multi-period VSC-OPF. Note that the upper loading parameter limit λcmax
has

not been fixed, in order to better show the actual maximum loading margins for

the daily-ahead market. As expected, the higher the power demand, the lower

the λc and ALC. Following Figs. 8.4, 8.5, 8.6 and 8.7 are shown to compare

power supplies, power demands, LMPs and NCPs for the standard OPF and the

VSC-OPF. These figures confirm that the more the power demand, the higher the

electricity prices since as the power demand increases, more and more expensive

generators are needed and included in the market. However, the VSC-OPF leads

to smoother power profiles, lower locational marginal prices and lower congestion

costs, which is the added value of the proposed technique.

Pareto Set of the Multi-period VSC-OPF with Elastic and Inelastic

Demand Model

Figures 8.8 and 8.9 depict the TTL, ALC, the Total Demand Pay (TDP =
∑

j∈J LMPjPLj
) and the IMO pay for the six-bus test system obtained solving
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Figure 8.2: Comparison of daily-ahead total transaction level for the six-bus test

system obtained with the standard OPF with off-line power flow limits

on transmission lines and the VSC-OPF.
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Figure 8.3: Daily-ahead power loading parameter and ALC for the six-bus test

system obtained with the VSC-OPF.
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Figure 8.4: Daily-ahead power supplies PS and demands PD for the six-bus test

system with off-line power flow limits on transmission lines.
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Figure 8.5: Daily-ahead LMPs and NCPs for the six-bus test system with off-line

power flow limits on transmission lines.
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Figure 8.6: Daily-ahead power supplies PS and demands PD for the six-bus test

system obtained with the VSC-OPF.
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Figure 8.7: Daily-ahead LMPs and NCPs for the six-bus test system obtained

with the VSC-OPF.
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Figure 8.8: TTL and ALC for different weighting factors ω and with elastic de-

mand model for the six-bus test system.
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Figure 8.9: Total demand and IMO pay for different weighting factors ω and with

elastic demand model for the six-bus test system.
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the multi-period VSC-OPF for different values of the weighting factor ω. As ex-

pected, as the level of the desired security increases, i.e. as the weighting factor

increases, TTL value and electricity (TDP) and congestion (IMO pay) costs de-

crease while ALC value increases. These results are consistent with what obtained

for the single period VSC-OPF and are due to the elastic demand model used for

the demand side bids.

Figures 8.10 and 8.11 illustrate the same quantities, i.e. TTL, ALC, TDP and

IMO pay, but for the inelastic demand model. In this case, the TTL is forced

to be a constant value for each scheduled hour (the values used in the example

are the same as those obtained for the elastic demand model with ω = 0.0001,

to allow for a fair comparison). The fixed power demand level leads to a cost

increase as the security increases, as it might be expected and in accordance with

results obtained for the single-period VSC-OPF problem.

Multi-period VSC-OPF with Inclusion of N-1 Contingency Criterion

The inclusion of an N-1 contingency criterion has been realized using results of

sensitivity analysis presented in Chapter 7, i.e. five multi-period VSC-OPF have

been computed including in the “critical” power flow equations (8.3) contingencies

on the five lines which presents the highest sensitivity factors (see Table 7.3).

Figure 8.12 depicts the TTL and the ALC and were obtained using a weighting

factor ω = 0.0001, which allows maximizing mostly the social benefit and λcmin
=

0.0001, to better illustrate effects of line outages on system security and stability

margins. Observe that all line outages leads to practically the same TTL (as it

might be expected the TTL of Fig. 8.12 is lower than the ones depicted in Fig. 8.2

since the inclusion of a first class contingency criterion significantly reduces the

stability margin), while provide quite different ALC values. In accordance with

results discussed in Chapter 7, the outage of line 2-4 is confirmed to be the most
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Figure 8.10: TTL and ALC for different weighting factors ω and with inelastic

demand model for the six-bus test system.
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critical one, since it leads to the lowest ALC.

8.3.2 129-bus Italian HV Transmission System

A multi-period VSC-OPF for the 129-bus model of the HV Italian transmission

system is illustrated in this section to prove reliability of the proposed technique

in case of realistic size examples. However, due to GAMS limits (the complete

multi-period VSC-OPF model for the Italian system exceeds the maximum al-

lowed number of system equations), only a relaxed mixed integer nonlinear pro-

gramming problem has been solved. Results for the multi-period VSC-OPF have

been obtained assuming ω = 0.0001, λcmin
= 0.1 and λcmax

= 0.8 for the weighting

factor and the minimum and maximum loading parameter limits respectively.

Figure 8.13 depicts the scheduled total transaction level for the daily-market,

which is compared with the total transaction level obtained by means of the

standard security constrained OPF. Observe that the proposed technique provides

a higher TTL for all time horizon (not only at heavy-load hours). It is interesting

to note that the solution of the multi-period VSC-OPF proved to be numerically

more stable than the standard security constrained OPF. This fact is likely due

to the difficulties in finding a good initial guess and to the maximum number of

iterations associated when imposing power flow limits computed off-line.

Figure 8.14 depicts the available loading capability as determined by the VSC-

OPF method. Minimum ALC values correspond to heavy-load hours, which are

characterized by higher transmission costs (i.e. the pay to the Italian Independent

Market Operator GRTN), as illustrated in Fig. 8.15.

Finally, Figs. 8.16, 8.17 and 8.18 show power bids, LMPs and NCPs for some

significant suppliers (Trino, Tavazzano, Turbigo, and Fusina) and consumers (S.

Sofia, Galatina, Colunga, and Roma Ovest). For the sake of comparison, market

participants depicted here are the same as those illustrated in Figs. 6.18, 6.19 and
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Figure 8.12: TTL and ALC for different line outages and with elastic demand

model for the six-bus test system.
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security constrained OPF.
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Figure 8.14: ALC for the 129-bus model of the HV Italian system, obtained by

means of the multi-period VSC-OPF.
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6.20. Observe that both supplier and demand LMPs correctly increase for heavy-

loaded hours, although, NCPs corresponding to generation buses may decrease,

which basically explains the higher pay to GRTN.

8.4 Summary

This chapter has presented a multi-period voltage stability constrained OPF which

allows computing the daily-ahead market taking in account both security and time

constraints, such as unit commitment, ramp-up and ramp-down limits, minimum

up and minimum down times and start-up and shut-down ramp rates of thermal

plants. The proposed technique is compared to a standard multi-period OPF

where security is modeled using real power congestions computed off-line. Several

simulations for a six-bus test system has been discussed to explore a variety of sce-

narios: multi-objective multi-period VSC-OPF with elastic and inelastic demand

and multi-period VSC-OPF with inclusion of N-1 contingency criteria. Test cases

confirm the ability of the VSC-OPF-based market model to provide an accurate

estimation of system security and price signals. Finally a 129-bus example has

been used to test the reliability of the method for realistic size systems.
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Figure 8.16: Power bids for the most significant buses of the 129-bus model of the

HV Italian system, obtained by means of the multi-period VSC-OPF.
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Figure 8.17: LMPs for the most significant buses of the 129-bus model of the HV

Italian system, obtained by means of the multi-period VSC-OPF.
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Figure 8.18: NCPs for the most significant buses of the 129-bus model of the HV

Italian system, obtained by means of the multi-period VSC-OPF.



Chapter 9

Conclusions

9.1 Concluding Observations

T
HIS thesis has presented the study of OPF-based electricity markets with

inclusion of voltage stability constraints and discussed how these constraints

affect locational marginal prices and nodal congestion prices. Inclusion of N-1

contingency criteria and the extension from a single-period solution to a multi-

period horizon with commitment logics and ramping constraints has also been

presented and discussed. The following conclusions can be stated:

(i) The aim of the proposed Voltage Stability Constrained OPF-based elec-

tricity market model is twofold. Firstly, accurately evaluating the effect of

voltage stability limits (i.e. saddle-node bifurcations, limit-induced bifurca-

tions) and security limits (i.e. voltage boundaries, generator reactive power

limits and thermal constraints) on the market clearing mechanism. Sec-

ondly, demonstrating that the current technique of including power transfer

limits computed off-line to account for stability limits is not precise and may

lead to both low transaction levels and erroneous price indications.

165
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(ii) The proposed multi-objective VSC-OPF-based market model provides a set

of solutions which range from a quasi maximization of the social benefit

to a quasi maximization of the system loading margin. Thus practitioners

can chose the best compromise between total transaction level and stability

margin.

(iii) Increasing the security level (weighting factor) when using an inelastic de-

mand models leads to a higher price of the electricity, as expected, whereas

demand side bidding model may lead to cheaper transaction for higher val-

ues of the desired security. This may induce market participants to accept

a lower transaction level if this is associated with higher security (voltage

stability margin) and lower costs.

(iv) Nodal congestion prices shown by the proposed techniques are generally

lower than the ones obtained by means of standard security constrained OPF

computations, thus demonstrating that the inclusion of accurate security

constraints help in getting better market solutions and fair prices.

(v) As a consequence of including the proposed voltage stability constraints,

the solution of OPF-based electricity markets provides the available load-

ing capability (ALC), which is a simple and direct index of the stability

margin of the system current solution. Using an “all-in-one” optimization

techniques, also avoids off-line stability computations, which are generally

needed to validate security of standard simple auction-based market clearing

mechanisms.

(vi) The proposed methods for including N-1 contingency criteria in the VSC-

OPF define two different but complimentary approaches. The first approach

combines iteratively VSC-OPF solutions to a standard N-1 contingency anal-

ysis obtained by means of a continuation power flow technique, while the
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second method makes use of a sensitivity analysis to identify transmission

lines which mostly affect the maximum loading condition.

(vii) Test cases proves that the techniques for including a N-1 contingency crite-

rion in the VSC-OPF problem lead to identify a few “critical” areas of the

network, i.e. whatever line outage within these areas causes similar effects

on the resulting stability margin. Thus, the sensitivity analysis may be com-

puted only once and multi-objective VSC-OPF can be computed assuming

only few critical scenarios.

(viii) The proposed multi-period VSC-OPF-based electricity market is an accu-

rate model which takes in account both temporal constraints (ramping rate,

start-up/shut-down limits and unit-commitment logics) and voltage stabil-

ity constraints. Test examples proves that an accurate modeling of security

constraints may improve market transactions and lower prices. This conclu-

sion is in accordance with results obtained for the single-period VSC-OPF.

(ix) Loading margins determined by means of an N-1 contingency analysis de-

crease as the loading level increase; this fact leads to the conclusion that the

evaluation of the critical lines can be done only once, and the inclusion of

N-1 contingency criterion in the multi-period VSC-OPF can be efficiently

realized by means of a reduced set of simulations for the most critical line

outages determined for the load peak.

(x) The presented test examples for a realistic size network demonstrate that

the proposed techniques can be reasonably applied in practice, and can

be used in on-line applications for single and multi-period market auctions

and/or provide to system operators and market participants a tool to handle

together electricity prices and stability issues.
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9.2 Main Contributions

The main contributions of this thesis can be summarized as follows:

• VSC-OPF-based market model:

1. Inclusion of concepts of static bifurcation (saddle-node bifurcations and

limit-induced bifurcations) in the analysis of deregulated electricity

markets with both supply and demand side bidding.

2. Development of a multi-objective voltage stability constrained OPF for

solving electricity market with the ability of tuning the desired security

level.

3. Definition of locational marginal prices and nodal congestion prices

which take into account voltage stability constraints and properly price

the congestion status of the current bid profile.

• Inclusion of N-1 contingency criterion in VSC-OPF:

1. Development of two techniques for including N-1 contingency criteria

in the voltage stability constrained OPF.

2. Definition of a maximum loading condition which properly represents

proximity to voltage collapse with respect to the current bid profile.

• Multi-period VSC-OPF:

1. Extension of the voltage stability constrained OPF-based market to

a multi-period centralized pool-auction which takes in account unit-

commitment, generator ramping rates and start-up/shut-down logics.

2. Inclusion of an N-1 contingency criterion in multi-period centralized

pool-auctions, which allows to properly evaluates the stability margin

of a daily-ahead market.
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• New Matlab-based Power System Analysis Toolbox:

1. Development of a new, complete and user-friendly Matlab-based soft-

ware package for power system analysis (PSAT). The toolbox allows

setting up networks in a CAD-like environment (Simulink) and then

running advanced routines for power flow, continuation power flow,

optimal power flow and time domain simulations.

2. Development of a PSAT/GAMS interface to solve a variety of OPF-

based market models. The interface merges the sophisticated opti-

mization solvers provided by GAMS with the advanced graphic tools

of Matlab.

9.3 Future Directions

The proposed techniques for including voltage stability constraints in electricity

market computations can be enhanced by means of more detailed models, such

as logics of reservoirs and regulated hydro plants, inter-tie constraints and area

exchange limits. The latter would also help in extending the concept of Avail-

able Loading Capability and loading margin to the Available Transfer Capability

concept, which is commonly in use. A more accurate study of the effects of a

N-2 contingency criterion to market solutions and electricity prices appears also

interesting.

An area of interest beyond the scope of this thesis is the inclusion in the market

model of ancillary services, such as reserve and capacity bids and other unbundled

services aimed to system control (voltage regulation, frequency regulation, etc.).

The latter would imply including in the OPF equations also dynamic models of

generators and control systems and could in turn be useful for extending the

analysis to dynamic phenomena like transient instability, Hopf bifurcations, etc.
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Finally, the proposed VSC-OPF models appears to be much more complicated

than the techniques commonly in use by practitioners and market participants to

determine electricity costs. This could in turn be considered a drawback, since

the computation of electricity prices has to be as transparent and as simple as

possible. A solution could be splitting the market clearing mechanism and the

stability computations into two different yet linked processes, repeated iteratively

until a satisfactory solution is found.



Appendix A

Three-bus Test System

A.1 Network and Market Data

The system data and price-quantity bids for the three-area electricity market

example are depicted in Tables A.1, A.2 and A.3.

Table A.1: Bus Data for the Three-Bus Test System

Area Vb V PG0
PL0

QL0
Shunt QGlim

[kV] [p.u.] [MW] [MW] [MVar] [MVar] [MVar]

Bus 1 138 1.2 150 150 80 0 ±150

Bus 2 138 1.0 100 150 70 80 ±150

Bus 3 138 1.0 100 50 30 50 ±150
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Table A.2: Line Data for the Three-Bus Test System

Line Rhk Xhk Bh/2 Pmax Imax

i-j [p.u.] [p.u.] [p.u.] [MW] [A]

1-2 0.01 0.12 0.0 - -

1-3 0.01 0.12 0.0 - -

2-3 0.01 0.12 0.0 - -

Table A.3: Price-Quantity Bids for the Three-Bus Test System

Bus Participant C Pmax

i [$/MWh] [MW]

1 GENCO1 25 150

2 GENCO2 33 100

3 GENCO3 32 100

2 ESCO2 30 100

3 ESCO3 35 100



Appendix B

Six-bus Test System

B.1 Network and Market Data

This appendix depicts the complete data set for the six-bus test system of Fig.

2.2. Tables B.1 and B.2 show supply and demand bids and the bus data for

the market participants (the latter table refers to data used for the VSC-OPF

with N-1 contingency criteria), whereas Table B.3 depicts data for the multi-

period daily-ahead market and Table B.4 shows the line data. Maximum active

power flow limits were computed off-line using a continuation power flow with

generation and load directions based on the corresponding power bids, whereas

thermal limits were assumed to be twice the values of the line currents at base

load conditions for a 400 kV voltage rating. In Table B.4, it is assumed that

Ihkmax
= Ikhmax

= Imax and Phkmax
= Pkhmax

= Pmax. Maximum and minimum

voltage limits are considered to be 1.1 p.u. and 0.9 p.u.
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Table B.1: GENCO and ESCO Bids and Bus Data for the six-Bus Test System

Participant C P bid
max PL0

QL0
PG0

QGlim

[$/MWh] [MW] [MW] [MVar] [MW] [MVar]

GENCO 1 9.7 20 0 0 90 ±150

GENCO 2 8.8 25 0 0 140 ±150

GENCO 3 7.0 20 0 0 60 ±150

ESCO 1 12.0 25 90 60 0 0

ESCO 2 10.5 10 100 70 0 0

ESCO 3 9.5 20 90 60 0 0

Table B.2: GENCO and ESCO Bids and Bus Data for the Six-Bus Test System

used for the VSC-OPF with N-1 contingency criteria

Participant C P
bid(N−1)
max P

(N−1)
L0

Q
(N−1)
L0

P
(N−1)
G0

QGlim

[$/MWh] [MW] [MW] [MVar] [MW] [MVar]

GENCO 1 9.7 30 0 0 67.5 ±150

GENCO 2 8.8 37.5 0 0 103 ±150

GENCO 3 7.0 30 0 0 45 ±150

ESCO 1 12.0 37.5 67.5 45 0 0

ESCO 2 10.5 15 75 52.5 0 0

ESCO 3 9.5 30 67.5 45 0 0



APPENDIX B. SIX-BUS TEST SYSTEM 175

Table B.3: Daily-Ahead Market Data for the Six-Bus Test System

Supplier SD SU DT UT α0 β0

[MW/h] [MW/h] [h] [h] [h] [h]

GENCO 1 50 50 1 1 1 0

GENCO 2 50 50 1 1 1 0

GENCO 3 50 50 1 1 0 1

Table B.4: Line Data for the Six-Bus Test System

Line Rhk Xhk Bh/2 Pmax P
(N−1)
max Imax

h-k [p.u.] [p.u.] [p.u.] [MW] [MW] [A]

1-2 0.1 0.2 0.02 15.4 11.7 37

1-4 0.05 0.2 0.02 50.1 39.8 133

1-5 0.08 0.3 0.03 42.9 50.4 122

2-3 0.05 0.25 0.03 21.6 18.3 46

2-4 0.05 0.1 0.01 68.2 57.7 200

2-5 0.1 0.3 0.02 33.6 33.1 103

2-6 0.07 0.2 0.025 52.1 43.3 132

3-5 0.12 0.26 0.025 26.1 23.0 95

3-6 0.02 0.1 0.01 65.0 47.5 200

4-5 0.2 0.4 0.04 9.8 7.7 26

5-6 0.1 0.3 0.03 2.2 2.2 29
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Figure B.1: Daily-ahead load power demand in % for the six-bus system.



Appendix C

HV Italian System

C.1 Network and Market Data

The 129-bus data which models the HV Italian transmission grid follows. The

power flow data and limits are in the IEEE-CDF [82], whereas the market data

for loads and generators are in PSAT format. Power flow data and security limits

reported below have been provided by CESI, and are realistic values able to model

accurately the HV Italian system. Price-quantity bids are depicted in Tables C.1,

C.2, C.3, C.4, C.5 and C.6. Observe that the market data have been assumed here

as “reasonable”, and taking in account the market conditions and prices in other

European countries (e.g. Spain), but cannot be considered as real bid values.

Finally, for the multi-period VSC-OPF proposed in Chapter 8, base case powers

PG0
and PL0

and demand bids PDmax
have been scaled using the daily-ahead power

profile depicted in Fig. C.1.

13/09/02 F. Milano 100.00 2002 S 129-Bus 167-Line System

BUS DATA FOLLOW 129 ITEMS

1 Entracque 1 0 2 1.0526 0.000 0.0000 0.0000 517.628 0.000 380.00 1.0526 1311.00 -986.00 0.0000 0.0000 1

2 La Spezia 1 0 2 1.0405 0.000 144.0000 102.4000 374.381 0.000 380.00 1.0405 1372.00-1318.00 0.0000 0.0000 2

3 Trino 1 0 2 1.0433 0.000 0.0000 0.0000 265.608 0.000 380.00 1.0433 490.00 -375.00 0.0000 0.0000 3

4 Vado 1 0 2 1.0466 0.000 160.0000 56.0000 511.962 0.000 380.00 1.0466 1176.00 -824.00 0.0000 0.0000 4

5 Edolo c.le 1 0 2 1.0647 0.000 0.0000 0.0000 393.626 0.000 380.00 1.0647 1152.00 -832.00 0.0000 0.0000 5

6 La Casella 1 0 2 1.0530 0.000 0.0000 0.0000 241.654 0.000 380.00 1.0530 1176.00 -360.00 0.0000 0.0000 6

7 Roncoval. c 1 0 2 1.0432 0.000 0.0000 0.0000 183.232 0.000 380.00 1.0432 1008.00 -728.00 0.0000 0.0000 7

8 Ostiglia 1 0 2 1.0802 0.000-112.8000 9.6000 256.810 0.000 380.00 1.0802 1174.00 -550.00 0.0000 0.0000 8

177
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9 S. Fiorano 1 0 2 1.0617 0.000 0.0000 0.0000 308.016 0.000 380.00 1.0617 560.00 -404.00 0.0000 0.0000 9

10 Piacenza 1 0 2 1.0524 0.000 0.0000 0.0000 236.800 0.000 380.00 1.0524 596.00 -360.00 0.0000 0.0000 10

11 Sermide 1 0 2 1.0847 0.000 0.0000 0.0000 494.438 0.000 380.00 1.0847 1176.00 -360.00 0.0000 0.0000 11

12 Tavazzano 1 0 2 1.0530 0.000 164.8000 3.2000 879.238 0.000 380.00 1.0530 1176.00 -404.00 0.0000 0.0000 12

13 Turbigo c.l 1 0 2 1.0462 0.000 0.0000 0.0000 764.045 0.000 380.00 1.0462 1550.00 -692.00 0.0000 0.0000 13

14 Fusina 1 0 2 1.0813 0.000 0.0000 0.0000 76.820 0.000 380.00 1.0813 879.00 -194.00 0.0000 0.0000 14

15 Portotolle 1 0 2 1.0889 0.000 7.2000 4.00001383.120 0.000 380.00 1.0889 2460.00-1412.00 0.0000 0.0000 15

16 Monfalcone 1 0 2 1.0816 0.000 0.0000 0.0000 254.412 0.000 380.00 1.0816 291.00 -18.00 0.0000 0.0000 16

17 Bargi c.le 1 0 2 1.0471 0.000 0.0000 0.0000 191.998 0.000 380.00 1.0471 294.00 -214.00 0.0000 0.0000 17

18 Piombino 1 0 2 1.0568 0.000 0.0000 0.0000 838.390 0.000 380.00 1.0568 1176.00 -836.00 0.0000 0.0000 18

19 Torre nord 1 0 2 1.0553 0.000 0.0000 0.0000 981.600 0.000 380.00 1.0553 2352.00-1080.00 0.0000 0.0000 19

20 Montalto c. 1 0 3 1.0589 0.000 0.0000 0.00002173.712 0.000 380.00 1.0589 3272.00-1432.00 0.0000 0.0000 20

21 Torre sud 1 0 2 1.0536 0.000 0.0000 0.0000 387.190 0.000 380.00 1.0536 1048.00 -496.00 0.0000 0.0000 21

22 Brindisi c. 1 0 2 1.0783 0.000 20.8000 16.80001640.880 0.000 380.00 1.0783 2352.00 -900.00 0.0000 0.0000 22

23 Presenzano 1 0 2 1.0526 0.000 0.0000 0.0000 471.168 0.000 380.00 1.0526 1080.00 -780.00 0.0000 0.0000 23

24 Rossano 1 0 2 1.0711 0.000 96.8000 33.6000 599.270 0.000 380.00 1.0711 1235.00-1048.00 0.0000 0.0000 24

25 Isab Erg 1 0 2 1.0367 0.000 0.0000 0.0000 251.973 0.000 380.00 1.0367 556.00 -354.00 0.0000 0.0000 25

26 Casanova 1 0 1 1.0000 0.000 304.8000 58.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 26

27 Castelnuovo 1 0 1 1.0000 0.000 191.2000 52.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 27

28 Magliano 1 0 1 1.0000 0.000 236.8000 68.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 28

29 Piossasco 1 0 1 1.0000 0.000 280.0000 140.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 29

30 Rondissone 1 0 1 1.0000 0.000 242.4000 72.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 30

31 Leini 1 0 1 1.0000 0.000 131.2000 80.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 31

32 Albertville 1 0 2 1.0420 0.000 0.0000 0.0000 719.200 0.000 380.00 1.0420 9900.00-9900.00 0.0000 0.0000 32

33 Venaus 1 0 1 1.0000 0.000 65.6000 -12.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 33

34 Villarodin 1 0 2 1.0518 0.000 0.0000 0.0000 540.800 0.000 380.00 1.0518 9900.00-9900.00 0.0000 0.0000 34

35 Vignole 1 0 1 1.0000 0.000 170.4000 102.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 35

36 Baggio 1 0 1 1.0000 0.000 236.8000 68.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 36

37 Bovisio 1 0 1 1.0000 0.000 296.0000 16.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 37

38 Ospiate 1 0 1 1.0000 0.000 215.2000 68.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 38

39 Lachiarella 1 0 1 1.0000 0.000 179.2000 38.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 39

40 Caorso 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 40

41 Cremona 1 0 1 1.0000 0.000 194.4000 96.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 41

42 Ciserano 1 0 1 1.0000 0.000 268.0000 23.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 42

43 Edolo 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 43

44 Cavo 871M1 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 44

45 Cavo 875M1 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 45

46 Flero 1 0 1 1.0000 0.000 115.2000 65.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 46

47 Gorlago 1 0 1 1.0000 0.000 129.6000 52.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 47

48 Nave 1 0 1 1.0000 0.000 84.8000 44.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 48

49 S. Rocco 1 0 1 1.0000 0.000 266.4000 102.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 49

50 Turbigo 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 50

51 Verderio 1 0 1 1.0000 0.000 224.0000 26.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 51

52 Dolo 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 52

53 Dugale 1 0 1 1.0000 0.000 204.8000 62.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 53

54 Planais 1 0 1 1.0000 0.000 96.0000 3.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 54

55 Redipuglia 1 0 1 1.0000 0.000 -1.6000 3.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 55

56 Venezia 1 0 1 1.0000 0.000 196.8000 21.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 56

57 Bargi 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 57

58 Calenzano 1 0 1 1.0000 0.000 280.8000 70.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 58

59 Forli’ 1 0 1 1.0000 0.000 199.2000 74.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 59

60 Marginone 1 0 1 1.0000 0.000 263.2000 75.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 60

61 Martignone 1 0 1 1.0000 0.000 364.8000 76.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 61

62 Parma 1 0 1 1.0000 0.000 380.8000 76.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 62

63 Poggio a Ca 1 0 1 1.0000 0.000 400.0000 222.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 63

64 Suvereto 1 0 1 1.0000 0.000 48.0000 51.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 64

65 S. Damaso 1 0 1 1.0000 0.000 231.2000 69.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 65

66 Aurelia 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 66

67 Fano 1 0 1 1.0000 0.000 0.8000 0.0400 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 67

68 Latina 1 0 1 1.0000 0.000 188.0000 87.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 68

69 Montalto 1 0 1 1.0000 0.000 111.2000 19.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 69

70 Roma nord 1 0 1 1.0000 0.000 450.4000 117.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 70

71 Roma sud 1 0 1 1.0000 0.000 481.6000 83.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 71

72 S. Lucia 1 0 1 1.0000 0.000 389.6000 79.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 72

73 Brindisi 30 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 73

74 Brindisi 00 1 0 1 1.0000 0.000 155.2000 28.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 74

75 Brindisi 01 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 75

76 Valmontone 1 0 1 1.0000 0.000 219.2000 54.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 76

77 Villanova 1 0 1 1.0000 0.000 200.8000 64.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 77

78 Benevento 1 0 1 1.0000 0.000 158.4000 44.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 78

79 Foggia 1 0 1 1.0000 0.000 168.0000 49.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 79

80 Garigliano 1 0 1 1.0000 0.000 114.4000 10.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 80

81 Laino 1 0 1 1.0000 0.000 113.6000 135.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 81

82 Matera 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 82

83 Montecorvin 1 0 1 1.0000 0.000 470.4000 187.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 83

84 Rizziconi 1 0 1 1.0000 0.000 224.8000 77.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 84

85 S. Sofia 1 0 1 1.0000 0.000 307.2000 144.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 85

86 Taranto 1 0 1 1.0000 0.000 52.8000 99.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 86

87 Sorgente 1 0 2 1.0114 0.000 0.0000 0.0000 221.600 0.000 380.00 1.0114 400.00 -400.00 0.0000 0.0000 87

88 Galatina 1 0 1 1.0000 0.000 191.2000 20.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 88

89 Bari ovest 1 0 1 1.0000 0.000 287.2000 126.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 89

90 Larino 1 0 1 1.0000 0.000 88.8000 30.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 90

91 Rosara 1 0 1 1.0000 0.000 226.4000 76.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 91
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92 Candia 1 0 1 1.0000 0.000 264.0000 70.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 92

93 S. Martino 1 0 1 1.0000 0.000 178.4000 75.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 93

94 Ravenna 1 0 1 1.0000 0.000 40.0000 27.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 94

95 Divaca 1 0 2 1.0778 0.000 0.0000 0.0000 217.600 0.000 380.00 1.0778 9900.00-9900.00 0.0000 0.0000 95

96 Adria 1 0 1 1.0000 0.000 69.6000 46.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 96

97 Camin 1 0 1 1.0000 0.000 227.2000 106.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 97

98 Salgareda 1 0 1 1.0000 0.000 73.6000 124.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 98

99 Udine ovest 1 0 1 1.0000 0.000 204.8000 19.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 99

100 Lonato 1 0 1 1.0000 0.000 202.4000 111.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 100

101 Nogarole 1 0 1 1.0000 0.000 90.4000 38.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 101

102 Cordignano 1 0 1 1.0000 0.000 96.0000 64.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 102

103 Sandrigo 1 0 1 1.0000 0.000 209.6000 127.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 103

104 Ferrara 1 0 1 1.0000 0.000 203.2000 107.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 104

105 Colunga 1 0 1 1.0000 0.000 210.4000 79.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 105

106 Tavarnuzze 1 0 1 1.0000 0.000 174.4000 43.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 106

107 Roma est 1 0 1 1.0000 0.000 88.8000 30.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 107

108 Rosen 1 0 2 1.0440 0.000 0.0000 0.0000 150.400 0.000 380.00 1.0440 200.00 -200.00 0.0000 0.0000 108

109 Acciaiolo 1 0 1 1.0000 0.000 91.2000 15.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 109

110 Rubiera 1 0 1 1.0000 0.000 371.2000 72.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 110

111 Roma ovest 1 0 1 1.0000 0.000 330.4000 131.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 111

112 Ceprano 1 0 1 1.0000 0.000 76.8000 47.2000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 112

113 S. Maria 1 0 1 1.0000 0.000 132.8000 41.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 113

114 Patria 1 0 1 1.0000 0.000 336.0000 161.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 114

115 Scandale 1 0 1 1.0000 0.000 44.0000 8.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 115

116 Paterno’ 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 116

117 Chiaramo 1 0 1 1.0000 0.000 92.0000 86.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 117

118 Andria 1 0 1 1.0000 0.000 190.4000 6.4000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 118

119 Mercallo 1 0 1 1.0000 0.000 213.6000 60.8000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 119

120 Lavorges 1 0 2 1.0427 0.000 0.0000 0.0000 451.200 0.000 380.00 1.0427 9900.00-9900.00 0.0000 0.0000 120

121 Musignano 1 0 0 1.0000 0.000 0.0000 0.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 121

122 Cagno 1 0 1 1.0000 0.000 172.0000 57.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 122

123 Cislago 1 0 1 1.0000 0.000 84.0000 41.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 123

124 Bulciago 1 0 1 1.0000 0.000 271.2000 73.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 124

125 Brugherio 1 0 1 1.0000 0.000 284.8000 96.0000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 125

126 Piancamuno 1 0 1 1.0000 0.000 108.0000 13.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 126

127 Chiari 1 0 1 1.0000 0.000 167.2000 21.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 127

128 Travagliato 1 0 1 1.0000 0.000 140.8000 21.6000 0.000 0.000 380.00 0.0000 0.00 0.00 0.0000 0.0000 128

129 Soazza 1 0 2 1.0381 0.000 0.0000 0.0000 8.000 0.000 380.00 1.0381 9900.00-9900.00 0.0000 0.0000 129

-999

BRANCH DATA FOLLOW 167 ITEMS

26 28 1 1 1 0 0.0006063 0.00890000 0.1791360 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

26 29 1 1 1 0 0.0005125 0.00599375 0.0867680 1235 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

26 30 1 1 1 0 0.0010625 0.00996250 0.1405280 1086 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

27 3 1 1 1 0 0.0007500 0.01098120 0.2183680 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

27 35 1 1 1 0 0.0004375 0.00636250 0.1299440 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

27 36 1 1 1 0 0.0007062 0.01018750 0.2079200 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

28 29 1 1 1 0 0.0007500 0.01098750 0.2184800 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

28 4 1 1 1 0 0.0007250 0.01236870 0.1932640 1243 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

29 31 1 1 1 0 0.0004281 0.00631563 0.1257600 1253 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

29 33 1 1 1 0 0.0004281 0.00631563 0.1257600 1253 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

33 34 1 1 1 0 0.0004281 0.00631563 0.1257600 1832 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

31 30 1 1 1 0 0.0004281 0.00631563 0.1257600 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

30 3 1 1 1 0 0.0002563 0.00368125 0.0731200 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

30 32 1 1 1 0 0.0002563 0.00368125 0.0731200 2486 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

30 50 1 1 1 0 0.0008625 0.01267500 0.2547200 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

2 35 1 1 1 0 0.0019875 0.02380630 0.3072000 957 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

2 60 1 1 1 0 0.0010437 0.01488120 0.3016800 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

2 62 1 1 1 0 0.0010250 0.01755000 0.2674400 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

2 109 1 1 1 0 0.0010250 0.01755000 0.2674400 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

109 108 1 1 1 0 0.0003125 0.00453125 0.0928000 1134 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

109 60 1 1 1 0 0.0003125 0.00453125 0.0928000 2828 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

4 35 1 1 1 0 0.0007688 0.01360000 0.1942400 1243 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

36 38 1 1 1 0 0.0001563 0.00226562 0.0464000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

38 37 1 1 1 0 0.0001563 0.00226562 0.0464000 1706 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

36 39 1 1 1 0 0.0003625 0.00525625 0.1066000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

39 6 1 1 1 0 0.0003625 0.00525625 0.1066000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

36 50 1 1 1 0 0.0003062 0.00450625 0.1696800 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

37 123 1 1 1 0 0.0002708 0.00397708 0.0797333 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

123 122 1 1 1 0 0.0002708 0.00397708 0.0797333 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

122 121 1 1 1 0 0.0002708 0.00397708 0.0797333 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

37 125 1 1 1 0 0.0002563 0.00372187 0.0756000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

125 12 1 1 1 0 0.0002563 0.00372187 0.0756000 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

37 50 1 1 1 0 0.0002563 0.00364375 0.0762400 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

37 51 1 1 1 0 0.0003563 0.00478125 0.0752800 1389 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

37 124 1 1 1 0 0.0003563 0.00478125 0.0752800 941 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

124 129 1 1 1 0 0.0003563 0.00478125 0.0752800 957 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

40 41 1 1 1 0 0.0004438 0.00659687 0.1279200 1243 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

41 46 1 1 1 0 0.0004438 0.00659687 0.1279200 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

40 49 1 1 1 0 0.0002625 0.00403125 0.0754400 1243 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

40 65 1 1 1 0 0.0014062 0.02061250 0.4132800 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

43 9 1 1 1 0 0.0000969 0.00127938 0.1864000 2843 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

43 44 1 1 1 0 0.0000484 0.00063969 0.0932000 975 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

43 45 1 1 1 0 0.0000484 0.00063969 0.0932000 975 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000
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44 5 1 1 1 0 0.0000484 0.00063969 0.0932000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

45 5 1 1 1 0 0.0000484 0.00063969 0.0932000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

46 128 1 1 1 0 0.0001708 0.00253125 0.0507733 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

128 127 1 1 1 0 0.0001708 0.00253125 0.0507733 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

127 47 1 1 1 0 0.0001708 0.00253125 0.0507733 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

46 48 1 1 1 0 0.0003125 0.00357500 0.0520800 1235 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

46 8 1 1 1 0 0.0011000 0.01610620 0.3228800 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

47 126 1 1 1 0 0.0002375 0.00360625 0.1786000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

126 9 1 1 1 0 0.0002375 0.00360625 0.1786000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

47 51 1 1 1 0 0.0004375 0.00580000 0.0913600 1389 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

6 49 1 1 1 0 0.0002875 0.00415000 0.0840000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

121 119 1 1 1 0 0.0004062 0.00589688 0.1196000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

119 50 1 1 1 0 0.0004062 0.00589688 0.1196000 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

48 9 1 1 1 0 0.0006375 0.01004380 0.1769600 1243 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

48 100 1 1 1 0 0.0003792 0.00554375 0.1115730 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

100 101 1 1 1 0 0.0003792 0.00554375 0.1115733 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

101 53 1 1 1 0 0.0003792 0.00554375 0.1115733 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

8 11 1 1 1 0 0.0001500 0.00215625 0.0471200 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

8 53 1 1 1 0 0.0004625 0.00674375 0.1356800 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

8 104 1 1 1 0 0.0007531 0.01100625 0.2212000 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

104 59 1 1 1 0 0.0007531 0.01100625 0.2212000 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

49 12 1 1 1 0 0.0004938 0.00713125 0.1450400 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

49 62 1 1 1 0 0.0007500 0.01075630 0.2185600 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

11 61 1 1 1 0 0.0007125 0.01044370 0.2096800 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

12 42 1 1 1 0 0.0004219 0.00617812 0.1218800 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

42 51 1 1 1 0 0.0004219 0.00617812 0.1218800 1137 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

52 97 1 1 1 0 0.0004469 0.00650000 0.1304000 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

97 53 1 1 1 0 0.0004469 0.00650000 0.1304000 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

52 15 1 1 1 0 0.0004669 0.00693750 0.5196800 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

52 96 1 1 1 0 0.0002334 0.00346875 0.2598400 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

96 15 1 1 1 0 0.0002334 0.00346875 0.2598400 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

52 56 1 1 1 0 0.0001156 0.00168437 0.1280000 2843 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

53 103 1 1 1 0 0.0006094 0.00891719 0.1765200 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

103 102 1 1 1 0 0.0006094 0.00891719 0.1765200 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

102 99 1 1 1 0 0.0006094 0.00891719 0.1765200 1853 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

99 54 1 1 1 0 0.0006094 0.00891719 0.1765200 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

54 55 1 1 1 0 0.0003062 0.00451875 0.0884000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

55 95 1 1 1 0 0.0003062 0.00451875 0.0884000 1706 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

54 98 1 1 1 0 0.0003344 0.00491875 0.0975200 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

98 56 1 1 1 0 0.0003344 0.00491875 0.0975200 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

15 94 1 1 1 0 0.0003117 0.00461250 0.3531600 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

15 59 1 1 1 0 0.0006234 0.00922500 0.7063200 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

94 59 1 1 1 0 0.0003117 0.00461250 0.3531600 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

57 58 1 1 1 0 0.0004062 0.00654375 0.1062400 1135 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

57 61 1 1 1 0 0.0005688 0.00825000 0.1657600 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

58 63 1 1 1 0 0.0001412 0.00212500 0.1886400 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

58 106 1 1 1 0 0.0000706 0.00106250 0.0943200 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

106 63 1 1 1 0 0.0000706 0.00106250 0.0943200 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

58 64 1 1 1 0 0.0012438 0.01818750 0.3652000 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

59 105 1 1 1 0 0.0006719 0.00979063 0.1939200 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

105 61 1 1 1 0 0.0006719 0.00979063 0.1939200 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

59 93 1 1 1 0 0.0002742 0.00402312 0.3237600 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

59 67 1 1 1 0 0.0005484 0.00804625 0.6475200 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

93 67 1 1 1 0 0.0002742 0.00402312 0.3237600 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

60 63 1 1 1 0 0.0001844 0.00269750 0.2164800 2828 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

61 65 1 1 1 0 0.0002812 0.00415625 0.0828000 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

62 110 1 1 1 0 0.0003656 0.00522813 0.1099200 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

110 65 1 1 1 0 0.0003656 0.00522813 0.1099200 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

63 64 1 1 1 0 0.0011000 0.01590000 0.3215200 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

63 70 1 1 1 0 0.0031688 0.04543750 0.9129600 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

64 69 1 1 1 0 0.0007031 0.01055440 0.7951200 2828 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

66 69 1 1 1 0 0.0001719 0.00257813 0.1937600 3924 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

66 71 1 1 1 0 0.0009750 0.01426870 0.2855200 1962 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

66 72 1 1 1 0 0.0000219 0.00034375 0.0254400 3924 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

67 92 1 1 1 0 0.0009146 0.01350620 0.2647470 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

92 91 1 1 1 0 0.0009146 0.01350620 0.2647470 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

91 77 1 1 1 0 0.0009146 0.01350620 0.2647470 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

68 71 1 1 1 0 0.0003006 0.00381000 0.2707360 3270 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

68 76 1 1 1 0 0.0006750 0.00790000 0.1104000 1308 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

68 112 1 1 1 0 0.0003950 0.00512500 0.3461520 1308 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

68 80 1 1 1 0 0.0007900 0.01025000 0.6923040 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

112 80 1 1 1 0 0.0003950 0.00512500 0.3461520 1134 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

69 76 1 1 1 0 0.0008219 0.01239690 0.9364800 3327 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

69 77 1 1 1 0 0.0026750 0.03920620 0.7835200 1962 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

70 72 1 1 1 0 0.0011688 0.01298120 0.2033440 1308 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

70 107 1 1 1 0 0.0000744 0.00087000 0.0121680 1308 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

107 76 1 1 1 0 0.0006694 0.00783000 0.1095120 1308 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

71 111 1 1 1 0 0.0001375 0.00151250 0.0236368 1308 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

111 72 1 1 1 0 0.0012375 0.01361250 0.2127312 1308 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

22 73 1 1 1 0 0.0000500 0.00055469 0.0395200 4537 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

76 23 1 1 1 0 0.0014000 0.02048750 0.4094400 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

77 90 1 1 1 0 0.0009406 0.01377190 0.2742400 1663 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

90 79 1 1 1 0 0.0009406 0.01377190 0.2742400 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000
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78 79 1 1 1 0 0.0014188 0.01606250 0.2540000 1134 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

78 23 1 1 1 0 0.0007562 0.01112500 0.2236000 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

78 85 1 1 1 0 0.0003750 0.00538750 0.1089440 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

74 73 1 1 1 0 0.0000344 0.00045937 0.0484800 3404 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

74 75 1 1 1 0 0.0002775 0.00403563 0.0813920 1134 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

74 89 1 1 1 0 0.0013875 0.02017810 0.4069600 1066 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

89 79 1 1 1 0 0.0013875 0.02017810 0.4069600 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

74 86 1 1 1 0 0.0006312 0.00916250 0.1845280 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

73 118 1 1 1 0 0.0014812 0.02119688 0.4292000 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

118 79 1 1 1 0 0.0014812 0.02119688 0.4292000 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

73 82 1 1 1 0 0.0013625 0.01931250 0.3872000 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

73 88 1 1 1 0 0.0007469 0.01101250 0.2217600 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

88 86 1 1 1 0 0.0007469 0.01101250 0.2217600 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

80 23 1 1 1 0 0.0003437 0.00498125 0.1010560 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

80 113 1 1 1 0 0.0002153 0.00292006 0.2224720 1414 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

113 85 1 1 1 0 0.0002153 0.00292006 0.2224720 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

80 114 1 1 1 0 0.0002153 0.00292006 0.2224720 1134 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

114 85 1 1 1 0 0.0002153 0.00292006 0.2224720 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

81 82 1 1 1 0 0.0013000 0.01906250 0.3825600 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

81 83 1 1 1 0 0.0007031 0.01022810 0.8224320 2843 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

81 24 1 1 1 0 0.0004281 0.00620625 0.5002880 2843 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

82 86 1 1 1 0 0.0007438 0.01095000 0.2197600 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

83 85 1 1 1 0 0.0008250 0.01201870 0.2420000 1422 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

84 115 1 1 1 0 0.0011781 0.01702187 0.3413600 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

115 24 1 1 1 0 0.0011781 0.01702187 0.3413600 1702 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

84 87 1 1 1 0 0.0015375 0.01275630 0.9529600 867 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

25 117 1 1 1 0 0.0007958 0.01133750 0.2583360 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

117 116 1 1 1 0 0.0007958 0.01133750 0.2583360 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

116 87 1 1 1 0 0.0007958 0.01133750 0.2583360 1365 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

28 1 1 1 1 0 0.0005750 0.01051870 0.1410880 2486 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

121 7 1 1 1 0 0.0000375 0.00027500 0.0508800 2502 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

121 120 1 1 1 0 0.0000375 0.00027500 0.0508800 1209 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

49 10 1 1 1 0 0.0000750 0.00079375 0.0124000 1235 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

50 13 1 1 1 0 0.0000078 0.00003906 0.0070400 3706 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

52 14 1 1 1 0 0.0002563 0.00250625 0.0368800 975 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

55 16 1 1 1 0 0.0002188 0.00230625 0.0407200 1235 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

57 17 1 1 1 0 0.0000063 0.00011094 0.0048800 2268 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

64 18 1 1 1 0 0.0001312 0.00146563 0.0912800 2268 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

66 19 1 1 1 0 0.0000313 0.00035425 0.0836000 5232 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

69 20 1 1 1 0 0.0000187 0.00027150 0.0815360 5459 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

72 21 1 1 1 0 0.0000531 0.00059206 0.0370400 2275 0 0 0 0 0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

-999

LOSS ZONES FOLLOW 1 ITEMS

1 129-Bus

-99

INTERCHANGE DATA FOLLOW 1 ITEMS

1 1 Entracque 0.00 999.99 129Bus 129-Bus 167-Line System

-9

TIE LINES FOLLOW 0 ITEMS

-999

END OF DATA
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Table C.1: Supply Bids for the 129-Bus Test System (I)

Bus Name Bus # Quantity [100 MW] Bid Price [$/MWh] Type

Entracque 1 2.5167 30 Hydro

La Spezia 2 1.8500 34.16 Thermal

Trino 3 1.1667 33.6 Thermal

Vado 4 2.4667 32.52 Thermal

Edolo c.le 5 2.1333 30 Hydro

La Casella 6 1.2333 37.96 Thermal

Roncoval. 7 0.9333 34 Hydro

Ostiglia 8 1.2333 35.2 Thermal

S. Fiorano 9 0.5167 30 Hydro

Piacenza 10 1.2333 36.52 Thermal

Sermide 11 2.4667 35.04 Thermal

Tavazzano 12 1.2333 34.84 Thermal

Turbigo c.le 13 3.2833 34.12 Thermal

Fusina 14 3.6833 33.64 Thermal

Portotolle 15 5.0000 33.04 Thermal

Monfalcone 16 0.1542 39 Thermal
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Table C.2: Supply Bids for the 129-Bus Test System (II)

Bus Name Bus # Quantity [100 MW] Bid Price [$/MWh] Type

Bargi c.le 17 0.2733 30 Hydro

Piombino 18 1.2333 37.76 Thermal

Torre Nord 19 5.0000 32.88 Thermal

Montalto c.le 20 3.4333 32.8 Thermal

Torre Sud 21 2.2167 35.52 Thermal

Brindisi c.le 22 2.5000 36.6 Thermal

Presenzano 23 2.0000 30 Hydro

Rossano 24 3.4000 39.12 Thermal

Isab Erg 25 1.1467 36.44 Thermal

Albertville 32 1.2361 32 Intertie

Villarodin 34 0.9295 32 Intertie

Sorgente 87 0.3809 34 Thermal

Divaca 95 0.3740 32 Intertie

Rosen 108 0.2585 34 Thermal

Lavorges 120 0.7755 32 Intertie

Soazza 129 0.0138 32 Intertie
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Table C.3: Demand Bids for the 129-Bus Test System (I)

Bus Name Bus # Quantity [100 MW] Bid Price [$/MWh]

Casanova 26 0.7937 34.8

Castelnuovo 27 0.4979 36

Magliano 28 0.6167 36.4

Piossasco 29 0.7292 34.8

Rondissone 30 0.6312 36.4

Leini 31 0.3417 37.2

Vignole 35 0.4437 35.2

Baggio 36 0.6167 34.8

Bovisio 37 0.7708 34.8

Ospiate 38 0.5604 36.4

Lachiarella 39 0.4667 35.2

Cremona 41 0.5062 36

Ciserano 42 0.6979 35.6

Flero 46 0.3000 36.4

Gorlago 47 0.3375 34.4

Nave 48 0.2208 36

S. Rocco 49 0.6937 35.2

Verderio 51 0.5833 34

Dugale 53 0.5333 35.2

Planais 54 0.2500 34

Venezia 56 0.5125 34
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Table C.4: Demand Bids for the 129-Bus Test System (II)

Bus Name Bus # Quantity [100 MW] Bid Price [$/MWh]

Calenzano 58 0.7312 37.6

Forĺı 59 0.5188 35.2

Marginone 60 0.6854 36

Martignone 61 0.9500 36.4

Parma 62 0.9917 36.4

Poggio 63 1.0417 35.6

Suvereto 64 0.1250 36.8

S. Damaso 65 0.6021 36.4

Fano 67 0.0021 34

Latina 68 0.4896 34.4

Montalto 69 0.2896 36

Roma Nord 70 1.1729 35.2

Roma Sud 71 1.2542 35.2

S. Lucia 72 1.0146 34.8

Brindisi 74 0.4042 38

Valmontone 76 0.5708 36.8

Villanova 77 0.5229 35.6

Benevento 78 0.4125 36.4

Foggia 79 0.4375 34.8

Garigliano 80 0.2979 37.2

Laino 81 0.2958 34
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Table C.5: Demand Bids for the 129-Bus Test System (III)

Bus Name Bus # Quantity [100 MW] Bid Price [$/MWh]

Montecorvino 83 1.2250 35.6

Rizziconi 84 0.5854 34.4

S. Sofia 85 0.8000 35.2

Taranto 86 0.1375 34.4

Sorgente 88 0.4979 34.8

Bari Ovest 89 0.7479 37.2

Larino 90 0.2313 36.4

Rosara 91 0.5896 34

Candia 92 0.6875 36.4

S. Martino 93 0.4646 37.2

Ravenna 94 0.1042 34.8

Adria 96 0.1812 36.4

Camin 97 0.5917 38

Salgareda 98 0.1917 34.8

Udine Ovest 99 0.5333 36

Lonato 100 0.5271 36.8

Nogarole 101 0.2354 37.6

Cordignano 102 0.2500 34.4

Sandrigo 103 0.5458 35.6

Ferrara 104 0.5292 37.6

Colunga 105 0.5479 34.8

Tavarnuzze 106 0.4542 38
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Table C.6: Demand Bids for the 129-Bus Test System (IV)

Bus Name Bus # Quantity [100 MW] Bid Price [$/MWh]

Roma Est 107 0.2313 36.8

Acciaiolo 109 0.2375 34.4

Rubiera 110 0.9667 35.2

Roma Ovest 111 0.8604 34.8

Ceprano 112 0.2000 35.6

S. Maria 113 0.3458 36.8

Patria 114 0.8750 37.2

Scandale 115 0.1146 36.4

Chiaramo 117 0.2396 35.2

Andria 118 0.4958 36.8

Mercallo 119 0.5563 36

Cagno 122 0.4479 34.4

Cislago 123 0.2188 36.8

Bulciago 124 0.7063 34.8

Brugherio 125 0.7417 37.2

Piancamuno 126 0.2812 34

Chiari 127 0.4354 36

Travagliato 128 0.3667 37.6

Roma Est 107 0.2313 36.8

Acciaiolo 109 0.2375 34.4

Rubiera 110 0.9667 35.2

Roma Ovest 111 0.8604 34.8
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Figure C.1: Daily-ahead load power demand in % for the 129-bus model of the

HV Italian network.
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