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Abstract

The optimal reactive power dispatch (ORPD) problem plays a key role in daily
power system operation. This thesis presents a novel multi-period approach for the ORPD
that takes into account three operative goals. These consist on minimizing total voltage
deviations from set point values of pilot nodes as well as maneuvers on transformers taps
and reactive power compensators. The ORPD is formulated in GAMS (General Algebraic
Modeling System) software as a mixed integer nonlinear programming problem, compris-
ing both continuous and discrete control variables and solved using BONMIN (Basic
Open-source Nonlinear Mixed INteger programming) solver. The most outstanding ben-
efits of the proposed ORPD model is the fact that it allows an optimal reactive power
control throughout a multi-period horizon, guaranteeing compliance with the pro-
grammed active power dispatch. Also, the minimization of maneuvers on reactors and
capacitor banks contributes to preserving the useful life of these devices. Furthermore, the
selection of pilot nodes for voltage control reduces computational burden and allows the
algorithm to provide fast solutions. Results on the IEEE 57 and IEEE 118 bus test systems
evidenced the applicability and effectiveness of the proposed approach.
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Chapter 1

Motivation and objectives

1.1 Introduction

The management of voltages and reactive power in large power systems are of great
relevance today, both at the planning and operating levels [1]. This problem has become
very critical in the last decade due to the lack of reactive power resources together with
the increase in demand and with it the increase in the needs for this power. Some aspects
that have contributed to this lack of investment in resources are the increase in energy
costs, the demands for a higher quality of service and the need to make better use of ex-
isting facilities [2].

The supply of reactive power to the grid is a very important issue in the power sys-
tems operation. The independent system operator (ISO) is in charge of managing the re-
active power resources available. Such resources include generators, capacitors, reactors,
transformers, VQ controls, SVCs, STATCOMs, lines, etc. [3].

In some systems the voltage regulation is carried out automatically, supported by
pilot nodes and voltage control areas [4,5], examples include France [6] and Italy [7] with
35 and 18 pilot nodes, respectively. This option has become very attractive for the ISO,
because in radial areas it simplifies and improves the voltage control, where the dv/dq is
easily known. However, current systems are increasingly meshed and in higher demand.
This makes the task of establishing voltage control areas difficult, as they may not be suf-
ficiently decoupled, resulting in significantly adverse interactions, making automatic sec-
ondary control difficult. Therefore, the voltage control is carried out manually by the ISO
[6]. However, today it is unsatisfactory because it relays on the operator’s experience, of-
fline predictions and operating conditions, which can often be different from those esti-
mated. Operating a power system with large number of variables increases the difficulty
of operating for the ISO. Therefore, a control based in optimization is necessary for a co-
ordinate voltage control [8].

The optimal reactive power dispatch (ORPD) consists on finding a proper adjustment
of reactive power resources whit the aim of minimizing an objective function. Therefore,
it is a tool that is quite well suited to the problem of voltages control. However, classical
model of ORPD is based on the principle of income maximization without considering
costs of control actions [9]. Under real-time circumstances, this sort of solution is not prac-
tical because the number of control actions would be too large to be executed in actual
power system operation [10]. Therefore, this new situation must be addressed, developing
an ORPD model that takes into account: 1, the variation in demand, this to plan and make
possible future actions. 2, the solution can be executed from the actual operation of the
electrical power system, that is, the number of actions should not saturate the limit capac-
ity of the system operator.

1.2 Main objective

To develop an optimal reactive power dispatch model that contemplates in its for-
mulation: the multi-period analysis, the minimization of the voltage deviation in a set of
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pilot nodes with respect to a reference, the number of maneuvers on the control devices
and the network operating constraints.

1.3 Specific objectives

a. To carry out a specialized literature review of the current optimal reactive power
dispatch models, which will be used as a basis for the construction of a multi-pe-
riod model.

b. To build a mathematical model that takes into account within its constraints the
number of maneuvers (transformers taps, shunt capacitors and rectors).

c. To implement the proposed mathematical model in an algebraic modeling lan-
guage to solve the optimal reactive power dispatch.

d. To compare the performance of the objective value between the multi-period base
case and the proposed formulation, to assess the adaptability of the proposal
within the actual operation.

1.4 Thesis contributions

In this work, a mathematical model for the ORPD problem is developed from a multi-
period approach considering multiple operative goals. The proposed formulation is pre-
sented as a MINLP problem. In this case, the maneuvers on shunt capacitors and reactors
are considered as binary variables, while the voltage set-points of generation units as well
as the transformer taps are modeled as continuous variables. However, the transformer
taps are post-processed so that they have a discrete representation for the user. The model
considers three operative goals composed in a weighted sum. In this way, the solution
found can be adapted according to the requirements of the system operators. The first
term refers to the voltage’s deviation on a set of pilot nodes. The reference values may
change in each period and represent safe values according to experience (the reference
value is generally obtained from the historical average in each period and type of day).
When the optimization is performed in a reduced set of total nodes, computation times
are improved and voltage profiles can be adapted according to the areas controlled by
each pilot node. The second term prevents excessive switching of shunt elements when
the system does not require it, which implicitly reduces the number of maneuvers that are
carried out and prevents the wear of these elements. The third term tries to conserve the
dynamic reserve of reactive power on the power system; dynamic reserve is the capacity
that generators must supply or absorb reactive power, proper margins of dynamic reserve
allow a quick response against contingencies. Power flows are modeled through a polar
power-voltage formulation (p-v), which is part of the set of Standard Line Power (SLP)
models; p-v is the formulation that presents the best computational performance accord-
ing to the bibliographic review. For the choice of pilot nodes, this thesis adopts the proce-
dure introduced by [11], which is derived from the voltage stability analysis by dividing
networks into control areas, so that the chosen nodes and their margins guarantee good
operating points. The developed model is implemented in the IEEE-57 and IEEE-118 test
systems with a 24-h demand curve for a typical spring weekday. This thesis presents a
novel approach to solve the multiperiod- optimal reactive power dispatch (MP-ORPD)
problem. The main features and contributions that differentiate this work from others re-
ported in the specialized literature are as follows:

e The proposed MP-ORPD is envisaged from the point of view of a power system op-
erator; in this case, a single objective function is not pursued as such; but instead, a
set of goals regarding minimization of deviations from desired operational values are
considered.
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e The main goal of the MP-ORPD is guaranteeing operative feasibility throughout a
given time horizon, while minimizing the number of maneuvers carried out in reac-
tive power devices and transformers taps, preserving their useful life and therefore
reducing eventual maintenance costs.

¢ Instead of considering all buses for enforcing voltage limits constraints, only a bunch
of pilot nodes are taken into account. Furthermore, dynamic limits are considered in
these buses to mimic real-life operation. This results in low computational effort
which encourages real-life applications of the methodology.

1.5 Thesis outline

This work is organized as follows. Chapter 2 presents a literature review of the cur-
rent context, provides the knowledge bases to understand the ORPD problem, the as-
sumptions adopted, the solution methods and highlights the relevance of developing
multi-period models for real power systems. Chapter 3 presents the proposed mathemat-
ical formulation (a full AC model under a MINLP approached). The model is broken
down and explained in detail. Chapter 4 presents the tests and results carried out with
two benchmark power systems: IEEE 57-bus and IEEE 118-bus test systems. The former
is an approximation of a depleted electrical network, while the latter is a larger system
that has all reactive control elements considered in the model. Chapter 5 presents general
conclusions and several suggestions for future work.

1.6 List of publications

The following paper encompassing the whole thesis was published as the result of
this research work:

e Moran-Burgos JA, Sierra-Aguilar JE, Villa-Acevedo WM, Lépez-Lezama
JM. A Multi-Period Optimal Reactive Power Dispatch Approach Consider-
ing Multiple Operative Goals. Applied Sciences. 2021; 11(18):8535.
https://doi.org/10.3390/app11188535.


https://www.mdpi.com/2076-3417/11/18/8535

Chapter 2

Theoretical foundations and literature review

2.1 State of the art

The ORPD can be seen as an AC optimal power flow (OPF) problem with a particular
set of control variables which include shunt compensations, transformer tap changers and
voltage generator set-points. In this case, the active power output of all generators with
the exception of the slack bus is kept constant [12]. The ORPD problem plays an important
role in the economic and secure operation of power systems since it is one of the ways to
face the problem of reactive power management and voltage control [13]. The main idea
behind the ORPD problem is finding an optimal scheduling of the reactive power control
devices within a network in such a way that operational constraints are met while also
optimizing a given objective function [14]. A bunch of ORPD formulations and solution
methods have been reported in the specialized literature to address specific instances of
the problem [15]. These include different objective functions, controls, and system con-
straints, as well as distinct mathematical characteristics and computational requirements
[16]. The resulting optimization problems go by many names depending on the particular
objective function being addressed and the constraints under consideration [17,18].

The common feature of the literature methodologies is the fact they approach the
static version of the ORPD problem [15,19,20]; that is to say, the optimization is carried
out over a single time period. Real-life ORPD problems must consider a dynamic or multi-
period approach and therefore are often significantly more challenging than the classically
considered problems [8]. Under real-time circumstances, solutions provided by tradi-
tional ORPD models may not be practical because the number of control actions would be
too large to be executed in actual power system operation [10]; furthermore, the compu-
ting time plays a key role in such applications. The MP-ORPD was originally proposed in
[21] and in some papers is called dynamic ORPD (DORPD); its main focus is dealing with
different loading conditions for a given future time interval instead of a single snapshot
of the power network. The set of desirable features for real implementations of the MP-
ORPD programs is extensive and can make the solution of the model a complex task. In
this case, the control actions must be valid within a given time horizon, the improvement
of voltage profile can be carried out resorting to pilot nodes and the number of control
actions must not be excessive. A compilation of such features is presented in [22]. Com-
pared with its traditional or static counterpart, the MP-ORPD is a more complex optimi-
zation problem having multiple local minima as well as nonlinear and discontinuous con-
straints [10].

The MP-ORPD is a hard problem to model and solve because its nature corresponds
to a MINLP problem which involves both continuous and integer variables and whose
objective function and feasible set are described by nonlinear functions [23]. Furthermore
the intertemporal constrains for the maneuvers over control devices increase in problem
complexity and computational time for its resolution, especially for large power systems
[15]. In order to facilitate the ORPD solution, a number of efforts have been proposed for
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handling discrete variables [12,24,25]. The simplest approach for handling discrete varia-
bles is based on the round-off strategy. In this technique, there are three steps: in the first
step, the ORPD relaxation is solved by treating all variables as continuous. In the second
step, at the optimal solution already found, the discrete variables are rounded-off to their
nearest discrete value. In the third step, the discrete variables are frozen and the continu-
ous variables are determined by re-solving the ORPD. Although it may lead to poor
suboptimal solutions or infeasible ones. Some deficiencies were already pointed out in
[26]: for instance, since the ORPD problem is in general highly nonconvex, solving its con-
tinuous relaxation with a local optimizer in the first step may lead to a poor local solution
which, after round-off in the second step, may lead to a very poor solution in the third
step.

There are relatively few studies that approach the dynamic or MP-ORPD. Most cases
correspond to new solution techniques or new simplifications that are tested under the
classic mono-period ORPD problem. The contemporary works that have relevance in the
current referencing for the construction of a solution to a MP-ORPD problem are pre-
sented below.

In [27], a dynamic optimal reactive power flow is carried out taking into account
voltage stability. In this case, the problem is solved by means of a branch and bound pri-
mal-dual interior point method and different areas are considered. The amount of dy-
namic reactive power reserves is used as a measure of voltage stability in each area of
power system. In this work, the solutions were compared when using discrete variables
vs continuous variables, and it is shown that the result of continuous optimization makes
the discrete control devices adjust continuously, which is inconsistent with the real situa-
tion of the power systems. The proposed model was applied to IEEE 30 and 118-bus test
systems and the computational times were 177.94s and 12603.44s, respectively.

In [28], a three-stage programming approach is proposed to achieve a fully decen-
tralized solution to the DRPO problem of the multiarea power system. This preserves the
control independence and information privacy of the distributed subnetworks. A for-
ward-backward-pass dynamic programming approach is implemented to solve the step-
wise fitting problem. This solution method does not require a central coordinator, in-
volves only minor boundary information exchange between the subproblems, and can
handle discrete variables. The solution time much higher with respect to the centralized
solution method; however, they implemented a parallel implementation which was not
fast but turned out to be competitive.

In [29] and [2] a day-ahead reactive power dispatch is presented. In [29] wind plants
are considered within a distribution network, the method of solutions is “Pre-Coarse-
Fine” based in a genetic algorithm. The simulations were carried out in the IEEE 33-bus
distribution test system and the average solution time is 260s. In [2], an ancillary service
procurement problem is presented. This as a bi-objective MP-ORPD that seeks to mini-
mize the cost and voltage deviation under wind power generation uncertainties in a pool-
based deregulated system. The voltage deviation is evaluated only in the load buses, with
respect to 1 p.u value. The problem is solved using a developed Pareto-based multi-objec-
tive artificial electric field algorithm (MO-AEFA). This methodology is tested in the IEEE
30-bus and IEEE 118-bus test systems and the average solutions time are 66.86s and 272.8
s, respectively. The capacitors are assumed to be switchable with steps of 1 MVAr, which
is not often found in the current operation of power systems. Furthermore, in both cases
[29] and [2] transformer tap changers are not considered as a control variables or within
the power flow equations.

In [30], a multi-objective ORPD model that provides, in terms of weighting factors,
trade-offs between minimal active power losses in transmission systems and minimal
number of control adjustments in generator voltages, tap ratios and shunt controls is fea-
tured. The problem is implemented in GAMS and is solved by translating the original
MINLP problem into an NLP problem; this by using a bipolar sigmoid function for the
binary variables. However, the study only considers the static version of the problem (a



Chapter 2. Theorical foundations and literature review 6

single analysis period); The authors caution that the use of the sigmoid approximation in
multi-period problems with coupled time constraints has not yet been tested.

In [8], a coordinated voltage control scheme is treated as a MP-ORPD with voltage
security constrains. The voltage control strategy is formulated as a MINLP problem and
is solved by means of the Generalized Benders decomposition (GBD). The concept of volt-
age safety refers to satisfying the chargeability margin defined in a previous study. The
proposed methodology is examined through case studies conducted on a simple 6-bus,
the IEEE 118-bus, and 1180-bus test systems. The authors do not include the transformer
taps within the Y-bus matrix for the AC power flow model, this because a multi-period
representation makes repeated calculation of the Y-bus matrix be hard.

In [10], a hybrid metaheuristic is used for solving the dynamic optimal reactive
power dispatch (DORPD) problem; note that DORPD and MP-ORPD are the same prob-
lem. The described hybrid method employs the Message Passing Interface (MPI) based
parallel computation and particle swarm optimization (PSO) algorithm are combined to
form the parallel particle swarm optimization (PPSO). Their simulations show that a time-
coupled formulation reduces the number of maneuvers in the system, this with respect to
individual optimizations. Although the authors mention that the parallelization technique
improves computational performance, this is only valid when comparing with other non-
deterministic algorithms. Finally, the model of the shunt elements does not represent re-
ality, those elements taking such a small step.

In [9], the authors presented a ORPD with time-varying loads where the objective
function is to minimize the power losses and the cost of adjusting the control devices. The
solution method used is metaheuristic kwon as ‘Cataclysmic Genetic Algorithm’. The au-
thors collected five aspects to be introduced into the MP-ORPD model. These factors are
related to the investment of control devices and payments to operators related to reactive
power control. In the formulation of the problem, a term is introduced to minimize the
number of maneuvers on the tap transformer; however, the way in which the term was
posed, finds an average value (a more plane value) of the tap position, instead of mini-
mizing the number of maneuvers without restricting the moving range. Finally, the small
scale of the test system does not allow to have solid conclusions about the results shown.

Some other researchers presented that the artificial intelligence can deal with the dis-
crete variables and the limitation of the number of actions in reactive power optimization
[31-33]. However, the algorithms employed in their research show low efficiency and un-
stable optimization results.

2.2 Theoretical framework

2.2.1. The Problem of Optimal Reactive Power Dispatch

The control of reactive power must meet their demand and provide voltage support
in the electrical network, both in normal operation and in contingencies, maintaining the
quality of the service and seeking efficiency criteria in the operation.

The power system operator together with stakeholder agents coordinate the control
of voltages in the different areas; thus, reactive power requirements are guaranteed from
a global perspective and satisfying the particular needs of each area. Coordination is car-
ried out through maneuvers that keep the voltages within the permitted ranges and close
to the assigned reference values. These target stress values are different for each node of
the system and in each period; that is, a node will have several reference values during
one operation day; differences that are due to the changing behavior of time varying load
and the characterization of the operation in the control area.

One task covered by the planning and coordination of the operation is the correct
schedule of the reactive power dispatch. The purpose of the reactive power dispatch
model is to determine the configuration of the control variables. Usually with the aim of
maintaining a safe voltage profile while meeting network constraints. The model takes as
control variables the taps of transformers, the set-point of generators, the reactors, and the
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capacitors. The input data is the active power dispatch schedule (which ideally should not
be altered).

In the optimal dispatch of reactive power, one or more objectives can be set, and the
constraints of the problem guarantee the nodal balance, respect the limits and parameters
of lines, generators, capacitors, reactors and transformers. In the literature [34-36] the ob-
jectives developed with the highest recurrence are of three types:

e Minimization of losses, generally associated with the sum of total active
power losses through the connection elements.

¢ Voltage stability index, which evaluates long-term voltage stability.

e Deviation functions (function: voltage and/or operation of control elements).

Traditionally, the reactive power dispatch problem was solved by the system opera-
tors using techniques based on their experience and sensitivity of the analysis network (a
method that continues to be applied in several control centers). However, given that in
real systems there are a large number of supervised elements, the network is constantly
expanding, and operating maneuvers may vary according to the operator's experience,
this makes it necessary for the problem to be solved by optimization techniques. The op-
timization process should ensure that the solution:

e Corresponds to the actual operating conditions of the system.

e Use the experience of the operator and particular conditions of the network.

e Ensure quality of supply and safe operation.

e The computation times are within the range of analysis and operational
planning horizon.

In addition to the above, some relevant aspects of the network must be taken into
account. For example, equipment that works in a coordinated manner, such as transform-
ers working in parallel and generators in the same plant, dynamic reactive power reserves
and hours of greatest need for these reserves; thus, the particularities of the network must
be appropriately characterized within the mathematical model. The operation of electrical
power systems involves a certain heuristic component, such as the preference in the use
of controls or restrictions on the number of operations of a piece of equipment or devices
in a period of time. The knowledge of possible operating scenarios (demand, generation,
and topology) allows making early decisions coupled with optimization. These issues
should be included in the formulation of the ORPD so that its solution is useful for oper-
ators.

2.2.1.1 General structure

Most ORPD formulations are usually represented using the following standard form:

min f(u, x)
s.tg(u,x) =0
h(u,x) <0

The objective function f (u, x) represents the optimization objective of the system. f
is a scalar function, but in multi-objective ORPD it can be interpreted as a vector function.
The vector functions g(u,x) and h(u, x) represent equality and inequality constraints re-
spectively. Depending on the selection of f,g and h, the ORPD can be a non-convex and
nonlinear problem, a nonlinear problem or a nonlinear mixed integer problem.

In general, the computational challenge of solving an ORPD formulation increases
substantially with the accuracy of the system representation. The presence of non-convex-
ity in the targets and constraints make ORPD problems especially challenging, both com-
putationally and theoretically [37]. Furthermore, structurally "complicated" constraints
are difficult to handle in random or stochastic search techniques.
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2.2.1.2 Variables

Control variables generally represent the configuration of the control device; These
can be continuous or discrete and differ widely between ORPD formulations depending
on the nature of the particular problem being considered. Table 1 summarizes the varia-
bles found in the literature together with representative references.

Table 1. ORPD problem variables

Variable Type Reference
Regulated bus voltage magnitude Continuous [13]
Transformer tap settings Continuous, Discrete  [38]
Switched shunt reactive devices Discrete [30]
Real/reactive power generation Continuous [13]
FACTS controls Discrete, Continuous  [3]
HVDC link MW controls Continuous [39]

2.2.1.3 Objetives

The ORPD can be formulated as a problem with one or more objectives whose pur-
pose is to determine the optimal configuration of the decision variables. System Operators
generally seek to meet a grouped set of requirements for the power system, which in the
optimization problem conflict, that is, the improvement of one objective occurs at the ex-
pense of the other objectives of the group. The way in which single-objective and multi-
objective problems are solved are different, since the solution of a multi-objective problem
does not have a single representation; instead, a cloud of solutions, representing trade-
offs of the different objectives is given. However, multi-objective optimization problems
can be formulated into a single-objective problem by introducing weighting factors that
transform the objectives into a single weighted objective. Table 2 summarizes the objective
functions found in the literature together with representative references.

Table 2. ORPD problem objectives

Objetive Reference

Active/reactive power loss [15]

Voltage stability index [20,40]
Number of controls [30]

Optimal voltage profile [13,20]
Total reactive power cost [2]
Reactive power reserve [41]
Loading margin [41]

Operation & maintenance cost of wind farm  [15]

2.2.1.4 Constraints

The ORPD constraints can be classified into equality constraints and inequality con-
straints, summarized in Table 3. The equality constraints g(u,x) include the power flow
equations and any other equilibrium constraints. In the literature there are three standard
models for AC power flow equations (standard line power): "polar power-voltage", "rec-
tangular power-voltage" and "rectangular current-voltage" and additionally there is an
alternate model " Y-bus "; which are both nonlinear and nonconvex.

The inequality constraints & (1, x) includes minimum and maximum limits on the
control and state variables, such as the voltage at the nodes and the magnitudes of the

current through the lines. However, other types of restrictions are also modeled within
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this set, which can be used to represent stability or the number of control actions, among
others.

Table 3. ORPD problem constraints

Constraints Reference
Full AC power flow [12]
Active/reactive power generation limits  [40]
Demand constraints [30]
Bus voltage limit [13]
Branch flow limits [13]

2.2.2 Pilot nodes

Real power systems are required to keep an appropriate voltage profile throughout
the transmission network in face of the hourly evolution of the load and topological
changes. In real-life applications a direct voltage optimization of every bus within the en-
tire power system is impractical [42]. Satisfying the objective in a larger node system takes
more time and it is not possible when the tolerance margins in each are not well defined,
while a representative set is more manageable. A pilot node can be defined as one that
represents a set of nodes and their behavior in terms of voltage sensitivity against reactive
power sources [11]. A characteristic of a pilot node is its poor relationship with other pilot
nodes, so that independence between voltage control areas can be approximated. To find
pilot nodes, different authors have developed techniques based on: optimization, statis-
tics, metaheuristics, empirical, unsupervised classification, combinatorial problems,
among others [43]. A detailed description of these methodologies is out of the scope of the
present work. Therefore, the pilot nodes reported in [11] are used, which presents the
identification of voltage control areas based on voltage stability for some IEEE test system.

2.2.3 About the solution methods

The ORPD solution has three ways to be approached, this is through deterministic,
non-deterministic and hybrid methods (which are usually categorized within the set of
non-deterministic methods). Each of these three categories is extensive and contains a sub-
set of major methods, which in turn result in variations and improvements on the original
methods. Research in solving techniques for optimization problems is a field that is in
continuous development.

Given the non-linear and non-convex nature of the ORPD problem a bunch of tech-
niques have also been proposed for its solution; a detailed classification of metaheuristic
and comparison can be consulted in [36]. However, all the metaheuristics discussed tend
to be computationally intensive. As a result, the scalability of non-deterministic OPF
methods often lags that of well-developed deterministic OPF methods, even for MINLP
formulations [44]. For example, Biskas et al. [45] showed that dynamic PSO and enhanced
GA were slower and achieved inferior solutions than using relaxation methods to solve
MINLP OPF formulations using commercially available NLP solvers. Some methods are
more sensitive to the parameter and penalty choices than others, affecting their computa-
tion time as well as theoretical convergence properties. This makes comparisons between
methods difficult, as poor parameter selection may make a certain method appear artifi-
cially slow in comparison to its peers [22]. A detailed description of the techniques applied
to the ORPD problem is outside the scope of this document.



Chapter 3

Proposed mathematical modeling

To solve an optimal reactive power flow problem, it is necessary to formulate an AC
power flow model, since the characteristics of the DC power flow approaches do not allow
control over the variables related to voltage and reactive power. Within the AC power
flow model, power transmitted through lines may experience loss, and this is reflected in
the calculations of active and reactive power. Regarding power balance constraints there
are several formulations for AC power flow equations, the most popular are three:

e Polar power-voltage (P) uses the polar form of complex quantities and explicitly

uses sines and cosines in the power flow constraints.

e Rectangular power-voltage (R) uses the rectangular form of complex quantities,
resulting in quadratic power flow constraints with respect to these quantities.
Unlike the polar formulation, the sines and cosines are of constant parameters
and the bus voltage is separated into real and imaginary parts.

e Rectangular current-voltage (IV) considers the flow of current instead of power
on a line. Therefore, the model computes real and reactive current on a line, in-
stead of the real and reactive power on a line. Like the rectangular power-voltage
model, the IV formulation uses the rectangular form of complex quantities.
Therefore, the line flow constraints are once again quadratic in nature with con-
stant sine and cosine quantities.

Each formulation has two versions to construct the problem, one uses the admittance
matrix, which is known as Y-bus and the other one uses a summation of transmission line
power flows to calculate power balance equations at every node. While the Y-bus matrix
formulation benefits from eliminating the line flow parameters in the bus balance con-
straints, the benefit is lost when the line flow variables still need to be defined to maintain
the line flow limits. For this reason, Standard Line Power (SLP) models (P, R, IV) typically
outperform Y-bus models due to the additional calculation required. A detail description
of these models can be consulted in [46].

The model of the AC power flow equations presented in the thesis is taken from the
work of Lisa Tang and Michael Ferris of the University of Wisconsin (2015) [46]. They
conclude that “Polar power-voltage formulation with the SLP version shows the best per-
formance in terms of the convergent speed, and rectangular current-voltage formulation tends
to find a different local solution for some cases but converges to an optimal solution
slightly slower than the polar power-voltage formulation”. In addition, the University of
Wisconsin elaborated a comparison of the results of the objective function of the AC polar
optimal flow model vs. Matpower, where in both cases the same objective value is reached
for the IEEE 57 and IEEE 118 systems. This information on the comparison is available in
the "neos-server" web page in the "opf-matpower-comparison" section [53]. The above al-
lows us to validate the model proposed in this thesis, since it uses the same equations as
the AC polar power flow model.

The proposed MP-ORPD is subject to equality and inequality constraints [3]. The for-
mer consider the definition of power flows as well as the power balance equations derived

10
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from the Kirchhoff’s laws, while the latter impose physical limits of variables, and in-
cludes additional considerations regarding the maneuvering of equipment (inequality
constraints). In this case, the maneuvers of equipment are limited in each period, and a
maximum daily limit of movements is also considered.

3.1 Nomenclature

The nomenclature used through the document is provided here for quick references:

3.1.1 Sets

Set of buses in the transmission network

Set of generators in the transmission network
Set of connections in the transmission network
Set of interfaces

L 093

Set of periods

Set of branches in the transmission network

Set of transformers with tap charge 7 belonging to set of branches £
Set of maneuverable shunt elements

NS S
In
h

Set of non-maneuverable shunt elements

G,EG Subset of generators § connected to busi € V'

Gsiack € G Subset of generators G connected to slack bus slack € V'

S;€ES Subset of maneuverable shunt elements § connected to busi € NV
L; €L  Subset of lines £ belonging to interface [ € H

Np €N Subset of nodes V' belonging to pilot nodes P € V'

3.1.2 Parameters

Gfie»Bfi.  Conductance and susceptance on line ijc € £

Gf,Bf Shunt conductance and susceptance at bus i € V'

Bfic, ¢ijc Branch charging susceptance and angle on line ijc € £

Vrer it Reference voltage at busi € Ny for period t

Bj Shunt susceptance of shunt element k € §

N§ Maximum number of steps of element k € §

DE,D?  Real and reactive power demand atbus i for period t

P, PR, Lower and upper active power injection limits of generator g € G
Q,Q,  Lower and upper reactive power injection limits of generator g € G
ZVL Voltage magnitude lower and upper limits at bus i € V'

@ije, % Lower and upper limit tap position of transformer ijc € 7

F?c Real power limit on line ijc € £

F* Real power limit on interface | € H

Uge Status of generator i € § in period t

M Maximum number of maneuvers allowed in set of periods

B1, B2, B3 Penalty factors associated to objective function

3.1.3 Variables

u?jct Maneuver on tap transformer ijc € 7in period t
(1: Control action performed)
uj, Maneuver on shunt element k € § in period t

(1: Control action performed)
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Vit Voltage at bus i € V' in period ¢

0;; Angle atbus i: (ijc) € L in period t

Qijet Ratio of tap transformer ijc € 7 in period t

Ny, Step number of shunt element k € § in period t

flice flfc . Active and reactive power flowing on line ijc € £ in period ¢

pg o qg . Active and reactive power generated by generator g in period ¢

3.2 Objective function

In section 2.2.1.3 of the theoretical framework, the set of objective functions typically
used in the reactive power optimization problem is presented. These are adapted accord-
ing to the needs or particularities of the power system and to the decisions made by oper-
ating engineers (who are delegated the task of coordinating the maneuvers for voltage
control). The proposed objective function (OF), given by equation (1) is made up of three
elements described in equations (2), (3) and (4); the intention of each term is that the ac-
tions taken are aligned with the decisions made in a real operation control room and each
term minimizes the deviations of the control variables period to period. The first term
labeled as TVD (Total Voltage Deviation) complies with the voltage reference of the pilot
nodes, where the target value is usually the historical average for each hour and day,
which reflects the safe condition in which the power system has already operated and it
is therefore the desired value. The second term labeled as TQS (Total Reactive Shunt De-
viation), seeks to reduce the maneuvers of shunt elements between continuous periods,
the purpose of which is to enable the power system operator to carry out voltage control
with as few and non-trivial operations as possible. Finally, the third term, labeled as TQG
(Total Reactive Generators Deviation), aims at keeping reactive power reserves, that is,
the generation units are at a floating point of reactive power to be able to act (quickly) in
the event of a system contingency. Thus, although in different works loss minimization is
addressed as a test objective function, we have decided not to include it to give relevance
to the actions that are usually taken within the real operation of the power system. In this
case, f1, f, and B3 are penalty factors associated with each objective; v;, is the voltage
magnitude at pilot bus i at time ¢; V,..r;; is the reference magnitude of pilot bus 7 at time
t; ny, and ni(t_l) are the step number of shunt element k € § in period t and period
t—1; qgt is the reactive power generated by generator g in period t; finally, 7',§ and
Np are the sets of periods, shunt elements and pilot nodes, respectively.

Min (8,TVD + B,TQD + B5TQG) @
TVD = z Z (vie — Vref,it)z (2)
teT (N,
TQD = ) > (nfe — np)’ @)
teT keS
QG = > > (a5)* @)
teT geg

3.3 Equality constraints

In the proposed MP-ORPD model a set of equality constraints are taken into account
regarding power flows in branches and power balance constraints in buses. Equations (5)
and (6) define power flow in branches. In this case, fj., and fj., represent the active
power flow from bus i to bus j and vice versa; while fi?a and fj?ct in equations (7) and
(8), represent the reactive power flows from bus i to bus j and vice versa, respectively.
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Note that the power flow equations are different at each end of the line; this is because the
tap ratio transformer a;j,, is taken account. Gf,B5., Bf;. and ¢;;. are conductance, sus-
ceptance, branch charging susceptance and the angle on line ijc € £, respectively.
Equations (9) and (10) represent, respectively, the active and reactive power balance
constraints derived from the Kirchhoff’s laws. Where ngt and pgt are respectively, the

fixed and variable active power of generator g at time t; Df; and Dg are respectively, the

active and reactive power demand at busi for period t; Gf and Bf are the shunt con-
ductance and susceptance at bus i € IV, respectively; finally, B; is the shunt susceptance
of the shunt element k € S.

1 1

P _ L2 L Lo

fijct e . Gijcvie — et Uit”jt(Gijc C05(9it =0 — ¢ijc) + Bjj. Sln(eit -0 — ¢ijc))
ijc

Vijce LiteT (5)

1
b = GEvy ——— v, (GE, cos(0;: — 0ic + ¢yjc) + B sin(0;; — 6 + ¢y
f;l(]t ijc¥jt ijer it ]t( ijc ( jt it ¢l]c) ijc ( Jt it ¢UC)) ,Vijce L;teT (6)

1 BE 1
Q _ ijc .
fijet = _E<Bi£jc + > >vi2t - Evitvjt(Gich cos(Bir — 0 — Pijc) — B, sin(6;r — 0 — dijc)) VijceLteT (7)

BE 1
fj?ct == (Bich + ;C> ijt - f”itvjt(afjc C05(9jt — O + ¢ijc) - B{Cjc Sm(ejt — O + ¢ijc))

Xijct ,Vijce L;teT (8)
gt gt ijct jict it it Yi .
9E€Gi(izslack) 9€G5tack (jo)jceL (je)jicer NIEN;tET  (9)
g 2 S8 Q Q Q 2pE _
Z Age + Vie Z Biniee — Z fijer — z fiice = Dig +vie"By =0 ViEN;teT (10)
IE ke S; (je):ijceLl (je):jiceL

3.4 Inequality constraints
3.4.1 Generators constraints

Equation (11) corresponds to the reactive power limits (Q_g maximum and @ mini-
mum) on the set of generators and FACTS (flexible AC transmission systems) devices on-
line. In this case, Uy, represents the state of generator g, where 1 indicates on line and 0
otherwise. Equation (12) corresponds to the active power limit (F, maximum and P, min-

imum), on the set of slack generators on-line (which guarantee the active power balance).
The rest of the generators are considered as fixed sources of active power.

Ugt& < qgt < Uth_g ,VgEGteET (11)

Ugehy < ch < UyePy VI EGsiacii t€ET (1)

3.4.2. Voltage angle constraints

Equation (13) represents is the angular difference between two connected nodes. This
constraint guarantees the stable-state limits for a line power transfer. In the case, the angle
values are set lower than the theoretical reference of /2.

A
—5S 60— 6 <

M

N(ij):ijc €L; teT (13)
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3.4.3. Transformer constraints

Equation (14) indicates the maximum (a;;)

and minimum (a;;,) limits of the ratio
transformer («;;.;). Equation (15) is activated when the tap transformer is operating (u;‘jct,

1: represent a maneuver, 0 otherwise).

aijc < aijct < ch ,VijC ETLET (14)

[@ijee = Xijee-n) | S Wjer WVYcETLET  (15)

3.4.4. Shunt constraints

Equation (16) sets limits for the number of steps in shunt elements, where ng, is the
step number of shunt element k € § in period t and N is the maximum number of
steps of element k € §. Equation (17) is activated when the number of steps from one pe-
riod to another one changes, it indicates an action control on the shunt element (ug,, 1:
represent a maneuver, 0 otherwise).

0<n§, <NJ VkeS;teT  (16)
Inke = M-y | < uReN VkESILET  (17)

3.3.5. Security constraints

Equation (18) determines the limits of voltage magnitude v;; for each bus at every
time interval ¢ (V;maximum and V;minimum). Equation (19) defines the active power

limit (Fl_jf) for interface I. Equation (20) indicates the maximum value of active power al-

lowed by each transmission line (F/,).
Vi<ve <V, NIEN;tET  (18)
P H
fijet < Fi NVIEH;teT  (19)
ijc,jiceLy
—Fl!]’.C < fii.’ct < Fil;c ,2LET ijceEL (20)

3.3.6. Operating times constraints

Equation (21) indicates that the total number of maneuvers on capacitors, reactors
and transformer taps must not exceed the maximum set in one day of operation. In this
case, u;’jct is the maneuver on tap transformer ijc € 7in period t, ujy,, is the maneuver
on shunt element k € § in period t, and M indicates the maximum number of maneu-
vers allowed.

Z Zu?jct‘FZuit <M LWV teT;keS; ijceT (21)

teT \ ijceT kes

The MP-ORPD model presented in this document is a non-linear, non-convex opti-
mization problem classified as a mixed-integer nonlinear programming (MINLP) problem
as it handles continuous, integer, and discrete control variables. A MINLP problem is said
to be convex if its continuous relaxation, i.e. the problem obtained by dropping the inte-
grality constraints, is a convex optimization problem; otherwise, it is said to be nonconvex.
Note that in this case, equality constraints include the multiplication of variables as well
as sine and cosine functions of voltage angles. Also, absolute values are included in equa-
tions (15) and (17).
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Tests and Results
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4.1 Description of the test systems

Several simulations were performed on the IEEE 57-bus and 118-bus test systems
(original models without FACTS devices). The data for these systems can be consulted in
[48]. All tests were carried out on a personal computer equipped with an Intel Core i5
(Quadcore) 1.8 GHz processor and 8 GB of RAM memory. The proposed MP-ORPD
model was implemented in General Algebraic Modeling System (GAMS, version 24.8.5),
using BONMIN solver [49]; the algorithm used in our case was BONMIN-DiveMIPFrac-
tional. The algorithms in BONMIN are exact and ensures global optimal when both the
objective function and constraints are convex, otherwise they are heuristics [49,50] which
is the case in the ORPD problem. Since BONMIN uses branch-and-bound based algo-
rithms which utilize NLPs for bounding, it often finds good solutions (but not necessarily
global) also for nonconvex problems [49]. This is in contrast with pure outer approxima-
tion-based algorithms which may easily run into infeasible linear or mix integer program-
ing relaxations due to wrong cutting-planes [50].

The MP-ORPD contemplates time-varying loads. In this document, load conditions
are featured through a load curve of a spring weekday available in [51]. The behavior of
the 24-h load curve for both test systems is illustrated in Figure 1, where each of the four
colors, represents a load condition with which the reference voltage value was chosen for
the pilot nodes; these are: purple (minimum-load), blue (medium-load), orange (high-
load) and gray (low-load). Figure 1 illustrates the time varying load of the IEEE 118-bus
test system. A scale factor of 0.2947 is used to obtain the load of the IEEE 57-bus test sys-
tem.

1 2 3 4 5 6 7 8 9 0 1 12 13 14 15 16 17 18 19 20 21 22 23 24
(h)

Time

Figure 1. 24-h load curve performed of IEEE 118-bus test system
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4.1.1 IEEE 57-bus test system

The IEEE 57-bus test system consists of 62 branches and 26 control variables; these
include 7 generation units, 16 transformers and 3 capacitors. The single-line diagram of
the system is depicted in Figure 2, where each color represents a different voltage control
area with a single pilot node. The total active and reactive load demand is 1250 MW and
336 MV Ar for period 11 on 100 MV A base. The initial output of active and reactive power
of generators comes from the solution of the Unit Commitment (UC) problem reported in
[46]. Also, the initial settings of the tap transformers are in the nominal ratio and all shunt
elements are connected.
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Figure 2. IEEE-57 Single-line diagram, annotated with pilot nodes and voltage control areas

Minimum and maximum limits of control variables for the IEEE 57-bus test system
are as follow: each transformer ratio varies from 0.9 to 1.1 per-unit (p.u) in equal steps of
0.01. Shunt elements are between 0 and its MV Ar parameter, these have no steps. Voltage
set-points of generators vary in the range [0.85, 1.1] p.u (except for lower voltage limit of
the pilot nodes, which are reported in Table 4). Table 4 shows the shunt MV Ar parameter
as well as lower voltage limits for pilot nodes taken from [11]. In this case, the maximum
number of maneuvers allowed in a day (M) is set to 150.
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Table 4. Lower voltage limits of pilot nodes and MV Ar parameter of shunt elements (IEEE 57-bus
test system).

Pilot Node Lower voltage limit (p.u) Shunt MVAr

Vap1 0.9097 Qcis 10
Vapa 0.9177 Qczs 25
Vhp1o 0.9244 Qcss 53
Vip12 0.9252
Vnp13 0.9039
Vnp22 0.8927
Vip29 0.9274
Vap31 0.8500
Vhp3e 0.8640
Vipat 0.9119
Vhpas 0.9038

4.1.2 IEEE 118-bus test case

Several simulations were performed on the IEEE 118-bus test system, which has 186
branches and 77 control variables; these consist of 54 generation units, 9 transformers, 12
capacitors and 2 reactors. The single-line diagram of the system is depicted in Figure 3,
where each color represents a different voltage control area with a single pilot node. The
total active and reactive base loads are 4242 MW and 1438 MVAr for period 11 on 100
MVA base. The initial output of active and reactive power of generators comes from the
solution of a UC problem reported in [46]. Also, the initial settings of the tap transformers
are in the nominal ratio and the state of shunt elements are all connected.

118 buses (16 pilot nodes *)
186 branches

99 loads

9  transformes

2 reactors

14 capacitors

54 generators

T
Figure 3. Single-line diagram of the IEEE118-bus test system with pilot nodes and voltage control areas.
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Minimum and maximum limits of control variables for the IEEE 118-bus test system
are as follow: each transformer ratio varies from 0.9 to 1.1 p.u in equal steps of 0.01. Shunt
elements are between 0 and its MVAr parameter, these have no steps. Voltage set-points
of generators vary in the interval [0.9, 1.1] p.u (except for lower voltage limits of pilot
nodes, these are reported in Table 5). Table 5 shows the shunt MV Ar parameter and lower
voltage limit for pilot nodes taken from [11]. In this case, M is set to 100 in all operation
day.

Table 5. Lower voltage limits of pilot nodes and MV Ar parameter of shunt elements (IEEE 118-bus
test system).

Pilot Node Lower voltage limit (p.u) Shunt MVAr

Vnpeo 0.935 Qus -40
Vaps 0.9481 Qcas 14
Vnp3z 0.9276 Quay 25
Vipss 0.9427 Qean 10
Vap77 0.9349 Qeas 10
Vapss 0.90 Qeas 10
Vapas 0.9341 Qeas 15
Vapzs 0.90 Qcra 12
Vipi2 0.932 Qcro 20
Vap70 0.9434 Qce 20
Vap17 0.90 Qcss 10
Vhpe3 0.90 Qci1os 20
Vhpso 0.954 Qc1o7 6
Vaps 0.9655 Qe11o 6
Vipao 0.9542

Vnp32 0.90

4.2 Results

The schedule of control variables for the MP-ORPD (on IEEE 57-bus and 118-bus test
systems) is reported in Appendix 4, it indicates the settings for capacitors, reactors, trans-
formers and generation voltages period to period. It was possible to verify that all the
variables were kept within their operative ranges. All results below subsections corre-
spond to the complete OF (TQG+ TVD+TQD) given by equation (1). In each study case we
compared the optimization result vs. a base case. The base case represents the system con-
dition where only the active power dispatch has been optimized; therefore, there are no
objectives related to the voltage setpoint, nor to the reactive power management in the
compensation elements and generators. The base case is taken as a reference to show the
difference between the result of the MP-ORPD optimization and the system input infor-
mation, which allows to understand how the control variables have changed.

4.2.1. IEEE 57-bus test system

Figure 4 depicts the voltage profile curves of four pilot nodes. Note that the voltage
control implemented in this system fits the reference curve proposed for each pilot node.
The shape of the voltage profiles of the pilot nodes is in accordance with the operational
strategy that increases the reference values of these nodes at peak demand in order to
guarantee the voltage stability of the system.
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Figure 4. Voltage profiles of pilot nodes (48, 29, 36 and 31) for IEEE 57-bus system.

The proposed system has a high reactive power demand and must meet the voltage
profiles required in the pilot nodes as shown in Figure 4. In addition, of the 26 control
elements, only 10 have the capacity to provide reactive power and of these, 7 are genera-
tion units and 3 capacitors. This evidences that the IEEE 57-bus test system is quite limited
for an adequate reactive power dispatch. Figure 5 shows the reactive power output of all
generators of the system per period. In periods of low demand, in order to obtain the
desired voltage in the pilot nodes, it is necessary to increase the amount of reactive power
injected, while for periods of medium and high demand, a smaller increase in reactive
power injection is observed. This behavior is an indicator of depletion of reactive power
reserves, and provides signals for expansion of reactive power sources. Additionally, from
the results of the optimization Table Al of Appendix A, it is possible to understand that
when there are capacitors and reactors with little or no movement, these elements do not
contribute to the flexibility of the network, but they solve a specific need. Expansion must
be accompanied by flexibility, points with little flexibility tend to have a low-quality volt-
age regulation; the contingency in any of these compensation elements may result in volt-
age objectives out of range or greater use is made of the reactive power reserve in the
generators.

OF

Base case

200

Q (MVAr)

100

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (h)

Figure 5. Absolute reactive power output of generators per period for IEEE 57-bus system
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Figure 6 shows the operation of the taps for four randomly selected transformers.
They behave according to the demand of the control area of each pilot node and the avail-
ability of shunt elements and generators. The area controlled by transformer T10-51 has
this one as the only control element; therefore, its behavior features a greater number of
maneuvers, while transformers T24-26 and T7-29 have internal or nearby control elements
such as shunt compensation, generation and the transformers themselves, which is why
the number of maneuvers for these elements is lower.
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Figure 6. Tap position settings in one operation day (values expressed in p.u) for the IEEE 57-bus test system

4.2.2. IEEE 118-bus test system

One of the objectives within the MP-ORPD is to maintain adequate voltage profiles
on the set of pilot nodes. In this document, four settings of voltage values were defined
for an operation day: minimum, low, medium and high voltage; which are characterized
by the demand behavior and user requirement. Figure 7 shows the reference voltage pro-
files and the voltage after optimization, this for a sample of pilot nodes (5, 63, 46 and 8).
Additionally, as a particular case, bus 5 was set with a higher voltage profile in the peak
periods (0.058 p.u, with respect to its minimum reference and a 138 kV voltage base). The
results show that even with an "aggressive” voltage profile it is possible to follow the
voltage reference value.
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Figure 7. Voltage profiles of pilot nodes (5, 63, 46 and 8) for the IEEE 118-bus test system.



Chapter 4. Test and results 21

The maximum error between the reference and the optimized voltage is less than
0.95kV as shown in Figure 8, where the indicated period is not the same in each node, but
the period with the greatest difference; in Figure 8 the pilot node 49 at period 11 has an
error of -0.94 kV, this difference is not constant in the other periods has a lower absolute
value.

0.5

Vnp - Vref (kV)

-1
5 8 12 17 23 32 37 46 49 56 63 66 69 70 77 80

# Pilot node

Figure 8. Maximum error between reference and optimized voltage in pilot nodes (kV) for the IEEE 118-bus test system.

The sum of reactive power in absolute value of the set of generators at each period is
a way of representing the use of the dynamic reactive power reserve, which in a power
system is necessary to manage uncertainty and contingencies [52]. Figure 9 presents the
dynamic reserve of reactive power in the base case (orange) and its subsequent optimiza-
tion (blue). In this case, reactive power reserves after optimization represent only 31.3%
of the base case. This is important since it allows the system operator to better react in face
of disturbances and uncertainty, also, maintaining sufficient reactive reserves at the most
quickly and effectively VAR sources is intrinsic requirement for proper corrective control
actions.
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Figure 9. Absolute reactive power output of generators per period for the IEEE 118-bus test system.
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In this case, compared to the 57-bus system, there are about three times as many
elements to control the reactive dispatch, so the system is able to follow the voltage profile
of the pilot nodes.

Figure 10 presents the reactive power output per generator, this for a sample of the
set of generators in a random period (in this case: gen 4, 10, 59, 69, 77 and 90; period 11).
It is observed a significant reduction in reactive power in the optimized case (blue) vs the
base case (orange).

100

OF
Base case
50
§ 0
o
-50
-100
4 10 59 69 77 90
# Generation bus
Figure 10. Reactive power output of generators (4, 10, 59, 69, 77 and 90) at period 11 for the IEEE
118-bus test system.

Figure 11 shows the variation of tap positions (expressed in terms of ratio) per trans-
former throughout a day of operation. It is observed that the number of maneuvers on the
tap is greater during periods with high demand and high voltage profiles; nonetheless,
the maximum number of maneuvers is kept as indicated in equation (21).

These results evidence the relationship between the number of transformer opera-
tions and the availability of additional elements for reactive power control. When in a
given area there are other elements for reactive power control, apart from the transform-
ers, the number of maneuvers in these elements is reduced. This is the case of transformers
T81-80 and T8-5, which are located in small control areas with other elements that provide
reactive power control, resulting in lower transformer maneuvers.
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0.9 0.9
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&
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18-5 T26-25 138-37
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>0 0.94
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Time (h) Time (h) Time (h)

Figure 11. Tap position settings in one operation day (values expressed in p.u) for the IEEE 118-bus test system
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4.3 Sensibility of objective function components

Table 6 shows a sensitivity analysis of results for the IEEE 57-bus test system. The
first row shows the total number of taps operations. The second row corresponds to the
total number of operations on shunt elements; while the third and fourth rows indicate
the reactive deviation of the generators and the voltage deviation with respect to the pilot
nodes, respectively. When evaluating a single objective, the proposed approach manages
to reduce the objective function considerably. For the case of reactive deviation, the for-
mulation that only considers TQG is the lowest of all the cases analyzed, while the lowest
number of maneuvers is achieved with the TQD formulation, with a total value of 51 ma-
neuvers; similarly, it is observed that the lowest voltage deviation with a value of 0.18 is
obtained with the TVD formulation. It was already mentioned that this test system needs
a higher reactive power support. This fact is evidenced when comparing the maximum
and minimum values of the reactive power deviations in generators and the voltage de-
viations of the pilot nodes. The last column in Table 6 (TQG+ TVD+TQD) indicates the
best trade-off in the use of elements for reactive power control; these are results shown in
the preview figures, Figures 4-6.

Table 6. Sensibility of the objective function components for IEEE 57-bus system
TQG+ TQG+ TVD+ TQG+
TQD TVD TQD TVD+TQD

Casebase TQG TQD TVD

=
DU 0 117 51 141 118 118 135 118
Sud, 0 0 0 4 0 1 0 1
JTQG 4757 3928 4588 6965 3928 5101 7080 5101
TVD 1056 2994 1097 018 299 1.69 0.2 1.69

Table 7 presents a comparison of each component of the objective function and its
combinations, this in order to evaluate the individual and joint sensitivity on the objective
function. The following metrics are evaluated: the number of maneuvers carried out on
the transformer taps, the number of maneuvers on the shunt elements, the absolute value
of the reactive power used by the generators and the voltage deviation in the pilot nodes
with respect to the reference value; all information corresponds to operation day of 24-h.

Table 7. Sensibility of the objective function components for IEEE 118-bus system
TQG+ TQG+ TVD+ TQG+
TQD TVD TQD TVD+TQD

Casebase TQG TQD TVD

Tulj 0 85 20 51 72 71 54 78
Sus, 0 13 0 20 14 19 0 17
JTQG 33037 4493 35997 36509 4494 10337 37000 10341
TVD 1822 2098 737 8E06 2098 066  4E-12 0.66

For this system, there is a large reactive power reserve, which is evident when com-
paring the maximum and minimum values of the formulations illustrated in Table 7. For
this case, the compared values have a greater range of variation with respect to the IEEE
57-bus test system. The last column in Table 7 (TQG+ TVD+TQD) indicates the best trade-
off in the use of elements for reactive power control; these are results shown in the preview
figures, Figures 7-11. In this case, the simulation time was 100 s. Note that the use of dy-
namic reactive power reserves was reduced to more than a third of the base case; in addi-
tion, the results followed the voltage profiles successfully.

The simulation times obtained with the objective function given by Equation (1) for
the IEEE 57-bus and IEEE 118-bus test systems were 17.5s and 100s, respectively. Addi-
tionally, an experiment was performed in which the whole set of nodes was included in
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the optimization problem. In this case, the objective voltage profiles of the nodes corre-
spond to the values previously defined in each control area and that were represented by
the pilot nodes. The computation times in this experiment were 128s and 239s for the IEEE
57-bus and IEEE 118-bus, respectively. This evidenced that selecting a reduced set of
nodes (pilot nodes) improves the computational time of the algorithm.



Chapter 5

Conclusions and future work

5.1 General conclusions

The literature reviewed on the ORPD problem shows a trend of research aimed at
representing the real characteristics of the operation within the optimization models.
Some of the main aspects in the literature review are: the minimization of maneuvers, the
improvement of the voltage profile in the electric network, the representation of reactive
power costs in systems that remunerate ancillary services, and the scheduling of elements,
among others. There is a great variety in the techniques used for solving the ORPD prob-
lem, which provides flexibility to the user depending on the requirements of its imple-
mentation. However, it should be noted that the computation times of the non-determin-
istic techniques reported by the authors turn out to be greater than those that occurred
when deterministic solution methods are adopted. To deal with this issue, some authors
offer proposals based on the parallelization of the solution techniques, which improves
computation times, but continue to be behind the deterministic methods already devel-
oped that have implemented a handling of the variables of the integer type. On the other
hand, there is the fact that the models described do not have sufficient detail, for example,
a large part of the studies consulted omit the representation of the transformer taps in the
power flow equations, this being a key aspect to model reactive power flows. Some other
works handle the shunt elements as an almost continuous variable where the step is too
small, therefore, although there is an intention to bring the models closer to reality, the
mathematical representation is not suitable.

This thesis presented a novel approach to the MP-ORPD problem. A new formulation
considering three operative goals was described and implemented. The first goal under
consideration seek to keep adequate voltage profiles in all the power system through a
reduced set of buses (pilot nodes), where the values of the voltage set points are adjusted
dynamically; changing every period according to load conditions. The second goal avoid
excessive maneuvers on shunt devices, since a large number of these lead to lower life
expectation of devices and more maintenance under real-life circumstances. The third
goal was designed to maintain the dynamic reactive power reserves of the generators,
guaranteeing a fast response to control voltages on contingency scenario.

The main feature of the proposed MP-ORPD model lies on its applicability in real
power systems, since it does not follow conventional objective functions such as power
loss reduction; instead, it guarantees operative feasibility throughout a given time hori-
zon, while minimizing the number of maneuvers on reactive power devices. Several tests
carried out on the IEEE 57-bus and 118-bus test system allowed to prove the effectiveness
and applicability of the proposed approach. It was found that the method of weights al-
lows adjusting the priority of the objectives, providing flexibility to the needs of each sys-
tem under analysis. The decision to choose a set of pilot nodes significantly improves the
computation times, this with respect to the optimization on all the system nodes. The time
taken for the optimization was 17.5s and 100s for IEEE 57-bus and 118-bus test systems,
respectively, which allows concluding that the model can be used in coordinated voltage
control strategies, at instances of the day-ahead and very short-term operation planning.

25
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Although dynamic reactive power reserves are considered, voltage stability issues are not
explicitly integrated in the model.

5.2 Future work

The results of this research contribute to the current state of the art on MP-ORPD
models. It is expected in the future to clear up some additional problems found through-
out this work, among which the following stand out:

e Implement a multi-area MP-ORPD model.

e Explore the possibility of parallelization for reducing computational time.

e Use specialized dynamic programming algorithms.

e Explore convexification techniques to ensure global solutions.

e Explore and adapt algorithms and/or solution methods to improve model
computation times.

e Implement the proposed model in larger systems.

e Use alternatives to deal with integer variables.

e Consider security constrains about N-1contingencies.
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MP-ORPD schedule

A.1 Post-processing method in the transformer tap
The post-processing method employed consists of capturing the tap values resulting
from the optimization and approximating this to the closest discrete tap value established
(21 steps for each transformer). Then the new tap value is loaded to the GAMS model from
being a variable to a parameter, then the AC power flow is run and the deviation of the
results of the model run is measured. When the deviation is less than 5% (expert criterion)
its value is accepted, in case of being higher, a slack is given to the taps to make the opti-
mization again only with this as a variable. Then it is re-evaluated. casein the tested cases

in this work the values were always lower than 5% from the first optimization run.

A.2 MP-ORPD schedule and GAMS structure

The solution program was made in GAMS, it is composed of 4 files and it needs as
input a UC solved (the IEEE 57 and IEEE 118 cases, with the 24-h demand curve of chapter
4, are available in [48]), the structure of the solution program is shown in Figure 12. The
main file is called master and coordinates the other 3 files; The master contains the AC
power flow equations, the constraints, the calculation of the start point and the set of pilot
nodes (nodes, limits and set-point by period). The extract_data file gets the information
from the UC: network model, active power program, slack node, parameters of the reac-
tive power control devices and the limits of variables. The terms that make up the objec-
tive function are defined in the extract_data file, each term can be executed individually
for the sensitivity analysis or jointly through the weighted sum, the execution of the pa-
rameterization is carried out from the master. File save_solution saves the optimization re-
sults and organizes the information. The optimization results are summarized in a GDX
file with the input UC information + the result of the MP-ORPD.

4
extract_data Master (gms) objetive_function
(gms) - <-- - (gms)

A
Y

Y

save_solution

(gms)

\ 4

UC + MP-ORPD
schedule (gdx)

Figure 12. Structure of MP-ORPD solution program in GAMS.

27
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Table Ala—c and Table A2a—c present the full schedule over a 24 h horizon of the MP-
OPRD for the IEEE 57- and 118-bus test systems, respectively. Both tables indicate the
maneuvers and operational instructions of the control devices. The penalty factors were
adjusted as follows: IEEE 57-bus f,=3E4, (,=1E-1, and p3=1E2; IEEE 118-bus f;=3E5,
B,=1E-2, and (;=1E2). Table Ala shows that capacitors C25 and C53 are always con-
nected because there are few reactive power resources in the IEEE 57-bus test system. Ta-
ble A2a shows the optimal dispatch of shunt capacitors and reactors. At periods in which
the voltage target is low, reactors must be connected and capacitors disconnected; the op-
posite occurs in periods where the voltage target is high. Additionally, the shunt elements
do not show intermittence between continuous periods, which is due to the constraint
given by Equation (2). Table Alb and Table A2b present the optimal tap position settings.
Table Alc and Table A2c present the optimal voltage setpoints of the generators.
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Table A1. Schedule of control variables of the MP-ORPD for IEEE 57-bus system.
()

Shnt Period
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Qc1s 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Qes 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59 59
Qess 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63 63

(b)

Tef Period
Y "1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
TL,, 090 090 090 090 090 090 090 090 090 090 090 090 090 0.90 090 090 090 090 090 090 090 090 090 0.90
T2 .5 090 090 090 090 090 090 090 090 090 090 090 090 090 090 090 090 090 090 090 0.90 090 090 0.90 0.90
T, 5o 100 1.00 1.00 1.00 1.00 1.00 099 099 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.02 1.02 1.00
Tyes 101 1.01 1.02 1.02 1.02 1.01 1.08 1.07 1.06 1.10 1.10 110 1.06 1.06 1.07 1.07 1.07 1.06 110 1.10 1.10 097 099 1.01
Tyos; 092 092 091 091 091 092 093 094 095 095 095 095 095 095 094 094 094 095 095 095 095 094 094 0.93
Tyis; 100 1.01 1.01 1.01 1.01 1.00 1.00 098 097 097 097 097 098 098 098 098 098 098 098 097 098 097 098 0.99
Ty 4 100 1.01 1.01 1.01 1.01 1.00 1.00 098 097 097 097 097 097 098 098 098 098 098 098 097 098 097 098 0.99
Tis4s 090 090 090 090 090 090 092 093 094 094 094 094 094 094 093 093 093 094 094 094 094 093 093 0.92
Tisse 093 093 092 092 092 093 091 091 090 090 090 0.90 090 090 090 091 090 090 091 090 091 090 090 0.91
Tyess 098 099 1.00 1.03 1.02 098 1.02 098 094 094 094 094 095 095 096 097 096 095 095 095 095 093 095 0.99
T, 5 110 110 110 110 110 1.10 110 110 110 110 1.10 110 1.10 110 110 110 110 1.10 110 1.10 110 110 1.10 1.10
T4 s 104 1.04 1.04 1.04 1.04 1.04 110 110 110 110 110 1.10 110 110 110 1.10 110 110 1.10 110 1.10 1.05 1.05 1.05
Tass, 097 097 098 098 098 096 1.05 1.02 099 099 099 099 1.00 1.00 1.01 1.01 1.0l 1.00 1.00 099 1.00 097 098 0.97
Tyos, 090 090 090 091 091 091 092 096 097 097 098 097 097 097 096 096 096 097 097 097 0.97 098 096 0.96
Tiose 090 090 090 090 090 090 090 092 094 095 095 095 094 094 093 093 093 094 094 095 094 095 093 091

(c)
G Period

T2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Vo, 0964 0963 0.962 0.961 0.962 0.964 1.003 1.003 1.004 1.024 1.024 1.024 1.004 1.004 1.003 1.003 1.003 1.004 1.024 1.024 1.024 0.974 0.973 0.973
Vo, 0956 0.956 0.955 0.955 0.955 0.956 0.995 0.996 0.999 1.019 1.019 1.019 0.999 0.998 0.997 0.997 0.997 0.998 1.018 1.019 1.018 0.968 0.967 0.965
Vos 0944 0.944 0.944 0.944 0.944 0.944 0.984 0.985 0.986 1.007 1.007 1.007 0.986 0.986 0.985 0.985 0.985 0.986 1.006 1.006 1.006 0.955 0.955 0.954
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Vge 0.938 0.938 0.937 0.937 0.937 0.939 0.975 0.984 0.994 1.017 1.018 1.017 0.992 0.991 0.989 0.988 0.989 0.991 1.013 1.016 1.013 0.966 0.96 0.949
Vgg 0947 0.947 0.947 0.947 0.947 0.948 0.984 0.99 0.999 1.02 1.021 1.02 0.997 0.996 0.994 0.992 0.994 0.996 1.018 1.019 1.018 0.969 0.966 0.957
Vgo 0.933 0.934 0.934 0.935 0.935 0.933 0.972 0.974 0.976 0.998 0.998 0.998 0.975 0.975 0.975 0.974 0.975 0.975 0.997 0.997 0.997 0.945 0.944 0.941
Vgiz 0.944 0.944 0.944 0.945 0.945 0.944 0.985 0.985 0.984 1.003 1.003 1.003 0.984 0.984 0.984 0.984 0.984 0.984 1.004 1.003 1.004 0.954 0.954 0.955
Table A2. Schedule of control variables of the MP-ORPD for IEEE 118-bus system.
(a)
Sh Period
nt 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Qs 40 -40 -40 -40 -40 -40 -40 -40 -40 -40 -40 -40 -40 -40 -40 -40 -40 -40
Qc3a 14 14 14 14 14 14 14 14 14 14 14 14 14 14 14 14
Qr37 25 25 25 25 25 25 -25 -25  -25
Qcaa 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Qcas 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Qcue 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Qcus 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15
Qc7a 12 12 12 12 12 12 12 12 12 12 12 12 12 12
Qc79 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Qcs2 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Qcs3 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Qc1os 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Qc1o7 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
Qc110 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
(b)
Tef Period
. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Tg_5 098 098 098 098 098 098 098 098 098 093 093 093 098 098 098 098 098 098 0.93 093 093 0.98 098 0.98
Tore—_25 090 090 090 090 090 090 090 092 093 1.00 1.00 1.00 093 093 093 093 093 093 1.00 1.00 1.00 0.93 0.92 0.90
Tz0-17 093 093 093 093 093 093 093 094 095 098 099 098 095 095 094 094 094 095 098 098 098 095 0.94 0.93
Tzg_37 093 093 093 093 093 093 093 096 097 1.00 1.00 1.00 096 096 096 096 096 096 1.00 1.00 1.00 0.96 0.94 0.93
Te3—59 1.03 1.03 1.03 1.04 1.03 1.01 1.00 099 099 098 098 098 0.99 0.99 0.99 0.99 0.99 099 098 098 098 099 1.00 1.00
Tes_61 090 090 090 090 090 095 096 095 096 096 096 096 096 095 095 095 095 095 096 096 096 0.95 096 0.96
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Tes_ge 091 091 090 0.90 090 090 090 091 092 093 093 093 092 092 092 092 092 092 093 093 0.93 0.92
Tes—69 093 093 093 093 093 093 094 095 095 096 096 096 095 095 095 095 095 095 096 096 0.96 0.95
Tg1-80 090 090 0.90 090 090 0.90 090 090 090 091 091 091 090 090 090 090 0.90 090 091 091 091 0.90

0.91
0.94
0.90

0.90
0.93
0.90

(c)

Period

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

23

24

0965 0.965 0965 0965 0.965 0.965 0973 0971 0971 0983 0.983 0.983 0971 0971 0971 0970 0.971 0.971 0.983 0.983 0.983 0.964
0992 0.992 0992 0.992 0992 0.992 1.001 1.001 1.001 1.042 1.042 1.042 1.001 1.001 1.001 1.001 1.001 1.001 1.042 1.042 1.042 0.995
0.980 0.980 0980 0.980 0980 0.981 0.989 0.989 0989 1.011 1.011 1.011 0.989 0.989 0.989 0989 0.989 0.989 1.011 1.011 1.011 0.983
1.006 1.006 1.006 1.006 1.006 1.006 1.014 1.014 1.014 1.021 1.021 1.021 1.014 1.014 1.014 1.014 1.014 1.014 1.021 1.021 1.021 1.008
1.080 1.080 1.080 1.079 1.079 1.080 1.089 1.087 1.086 1.099 1.099 1.099 1.086 1.086 1.086 1.086 1.086 1.086 1.099 1.099 1.099 1.080
0978 0.978 0978 0978 0.978 0.978 0.986 0985 0984 0.999 0.999 0.999 0984 0985 0.985 0.985 0.985 0.985 0.999 0.999 0.999 0.979
0.967 0.968 0968 0.968 0968 0.967 0975 0973 0973 0981 0.981 0981 0.973 0973 0.972 0972 0.972 0.973 0.981 0.981 0.981 0.966
0964 0964 0964 0.964 0964 0964 0971 0970 0970 0977 0.977 0977 0970 0970 0.969 0969 0.969 0.970 0.977 0.977 0.977 0.964
0962 0.962 0962 0.963 0962 0961 0.969 0.967 0967 0975 0.975 0975 0.967 0967 0.967 0967 0.967 0.967 0.975 0.975 0.975 0.961
0986 0.986 0986 0.985 0986 0.986 0.995 0.998 0.999 1.008 1.008 1.008 0.998 0.998 0.998 0.998 0.998 0.998 1.008 1.008 1.008 0.993
1.023 1.023 1.022 1.022 1.022 1.023 1.032 1.033 1.034 1.035 1.035 1.035 1.034 1.034 1.034 1.034 1.034 1.034 1.034 1.034 1.034 1.028
0938 0.938 0937 0937 0.937 0.938 0.950 0969 0979 1.042 1.043 1.042 0977 0976 0975 0973 0975 0976 1.040 1.042 1.040 0.971
0.957 0.957 0957 0.956 0956 0.957 0964 0.964 0963 0970 0.970 0970 0.963 0963 0.964 0964 0.964 0.963 0.970 0.970 0.970 0.958
0945 0945 0945 0.945 0945 0945 0953 0.953 0.952 0.959 0.959 0.959 0.952 0952 0.952 0953 0.952 0.952 0.960 0.959 0.960 0.947
0.955 0.955 0955 0.955 0955 0.955 0.963 0.963 0.963 0.970 0.970 0.970 0.963 0.963 0.963 0963 0.963 0.963 0.970 0.970 0.970 0.957
0979 0979 0979 0.979 0979 0.979 0.987 0.988 0.987 0.995 0.995 0.995 0.987 0.987 0.987 0.987 0.987 0.987 0.995 0.995 0.995 0.981
0974 0974 0974 0975 0974 0974 0.982 0983 0982 0990 0.990 0.990 0982 0982 0.982 0.983 0.982 0.982 0990 0.990 0.990 0.977
0961 0.962 0962 0.962 0962 0961 0967 0.967 0973 0983 0.983 0983 0973 0972 0.971 0970 0.971 0.972 0.982 0.982 0.982 0.966
0972 0973 0973 0.973 0973 0972 0979 0.977 0985 0.995 0.995 0.995 0984 0984 0.983 0981 0.983 0.984 0.994 0.995 0.994 0.977
0.997 0.997 0997 0.997 0997 0.997 1.005 1.006 1.006 1.013 1.013 1.013 1.006 1.006 1.006 1.006 1.006 1.006 1.013 1.013 1.013 1.000
1.010 1.010 1.010 1.011 1.011 1.010 1.018 1.017 1.017 1.024 1.024 1.024 1.017 1.017 1.017 1.017 1.017 1.017 1.024 1.024 1.024 1.011
0948 0.948 0948 0948 0948 0948 0.956 0956 0956 0.962 0.962 0.962 0956 0956 0.956 0.956 0.956 0.956 0.962 0.962 0.962 0.950
0944 0944 0944 0944 0944 0944 0952 0953 0953 0.960 0.960 0.960 0953 0.953 0.953 0.953 0.953 0.953 0.960 0.960 0.960 0.947
0946 0946 0946 0.946 0946 0947 0955 0.955 0.955 0.962 0.962 0962 0.955 0.955 0.955 0.955 0.955 0.955 0.962 0.962 0.962 0.949
0.948 0.948 0947 0.947 0947 0950 0960 0.965 0964 0974 0.974 0974 0964 0964 0.965 0966 0.965 0.964 0.975 0.974 0.975 0.959
1.032 1.032 1.031 1.030 1.031 1.001 1.007 1.015 1.016 1.025 1.025 1.025 1.016 1.016 1.016 1.017 1.016 1.016 1.025 1.025 1.025 1.011
1.029 1.028 1.028 1.027 1.027 1.004 1.010 1.017 1.017 1.025 1.025 1.025 1.017 1.017 1.017 1.018 1.017 1.017 1.025 1.025 1.025 1.012
0962 0962 0961 0960 0.961 0.964 0.975 0984 0989 1.005 1.006 1.005 0.988 0.988 0.987 0.987 0.987 0.988 1.003 1.005 1.003 0.982

0.966
0.995
0.983
1.008
1.081
0.979
0.968
0.965
0.962
0.992
1.026
0.960
0.958
0.947
0.957
0.982
0.977
0.960
0.971
1.000
1.011
0.950
0.947
0.949
0.957
1.006
1.008
0.974

0.967
0.995
0.983
1.008
1.083
0.980
0.969
0.965
0.963
0.989
1.026
0.942
0.958
0.947
0.957
0.981
0.976
0.962
0.973
0.999
1.012
0.950
0.946
0.949
0.953
0.999
1.003
0.968
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Ve72
Ve73
V74
\(23
V77
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Vess
Ves7
Veso
VGoo
Vo1
Vo2
Vioo
VGlOO
VG103
VG104
VG105
VG107
VG110
VGlll
VG112
VG113
VG116

1.043
1.025
0.975
0.973
0.968
0.961
0.953
1.002
1.027
1.011
1.013
1.029
1.007
1.014
1.021
1.028
1.025
1.022
1.016
1.018
1.016
1.015
1.025
1.005
0.980

0.963

1.043
1.025
0.975
0.972
0.967
0.962
0.954
1.002
1.027
1.010
1.011
1.028
1.006
1.013
1.021
1.028
1.025
1.021
1.016
1.017
1.015
1.014
1.024
1.004
0.980

0.962

1.043
1.025
0.976
0.971
0.966
0.963
0.955
1.002
1.026
1.009
1.006
1.026
1.004
1.012
1.019
1.027
1.024
1.020
1.015
1.016
1.015
1.013
1.022
1.003
0.980

0.961

1.043
1.025
0.976
0.969
0.964
0.964
0.957
1.002
1.026
1.007
1.002
1.024
1.003
1.010
1.018
1.026
1.023
1.019
1.014
1.016
1.014
1.012
1.020
1.002
0.979

0.960

1.043
1.025
0.976
0.970
0.965
0.964
0.956
1.002
1.026
1.008
1.004
1.025
1.004
1.011
1.019
1.027
1.024
1.020
1.015
1.016
1.014
1.012
1.021
1.002
0.979

0.961

1.043
1.025
0.975
0.974
0.969
0.960
0.951
1.001
1.027
1.012
1.017
1.030
1.008
1.016
1.022
1.029
1.026
1.022
1.017
1.018
1.016
1.016
1.027
1.005
0.980

0.964

1.051
1.033
0.983
0.984
0.979
0.966
0.955
1.009
1.036
1.025
1.035
1.042
1.017
1.026
1.032
1.037
1.033
1.028
1.021
1.022
1.019
1.020
1.033
1.009
0.989

0.975

1.052
1.034
0.983
0.990
0.984
0.962
0.949
1.008
1.037
1.018
1.035
1.032
1.003
1.014
1.020
1.028
1.021
1.012
1.002
1.002
0.997
1.003
1.019
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0.990

0.983

1.052
1.034
0.983
0.992
0.984
0.966
0.949
1.007
1.037
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1.046
1.036
1.004
1.018
1.024
1.035
1.029
1.025
1.016
1.017
1.019
1.024
1.042
1.019
0.991

0.989

1.059
1.041
0.991
1.003
0.991
0.973
0.957
1.014
1.044
1.025
1.053
1.041
1.008
1.022
1.029
1.042
1.036
1.033
1.024
1.025
1.028
1.034
1.051
1.029
0.998

1.004

1.059
1.041
0.991
1.003
0.991
0.973
0.957
1.014
1.045
1.026
1.054
1.042
1.009
1.023
1.029
1.043
1.037
1.035
1.026
1.028
1.031
1.037
1.055
1.032
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1.005

1.059
1.041
0.991
1.003
0.991
0.973
0.957
1.014
1.044
1.025
1.053
1.041
1.008
1.022
1.029
1.042
1.036
1.033
1.024
1.025
1.028
1.034
1.051
1.029
0.998

1.004

1.052
1.034
0.983
0.991
0.984
0.965
0.949
1.007
1.037
1.019
1.043
1.035
1.003
1.016
1.022
1.033
1.027
1.022
1.012
1.013
1.014
1.019
1.036
1.012
0.991

0.987

1.052
1.034
0.983
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0.984
0.965
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1.008
1.037
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1.041
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1.003
1.015
1.022
1.032
1.025
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1.011
1.016
1.033
1.009
0.991

0.987

1.051
1.034
0.983
0.991
0.983
0.965
0.948
1.008
1.037
1.018
1.039
1.033
1.002
1.014
1.021
1.031
1.024
1.017
1.007
1.008
1.006
1.012
1.028
1.004
0.991

0.986

1.051
1.034
0.983
0.990
0.983
0.966
0.949
1.008
1.037
1.017
1.036
1.032
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1.013
1.020
1.029
1.022
1.014
1.004
1.004
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1.023
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0.991

0.986

1.051
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0.983
0.991
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0.965
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1.037
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1.033
1.002
1.014
1.021
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1.024
1.017
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1.028
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0.986
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0.991
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1.034
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1.039
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1.002

1.059
1.041
0.991
1.003
0.991
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1.014
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1.021
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1.023
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1.025
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1.058
1.041
0.991
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1.014
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1.019
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1.046
1.028
0.977
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1.013
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1.016
1.026
1.019
1.013
1.003
1.004
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1.008
1.025
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0.985

0.981

1.045
1.028
0.977
0.983
0.976
0.957
0.945
1.002
1.030
1.021
1.038
1.036
1.009
1.019
1.025
1.029
1.023
1.016
1.007
1.008
1.004
1.007
1.022
0.994
0.984

0.974

1.045
1.027
0.977
0.978
0.973
0.960
0.949
1.003
1.030
1.019
1.027
1.035
1.011
1.020
1.026
1.031
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