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Abstract

The higher levels of uncertainties in power systems operation because of the increasing
penetration of converter-based generators and controllers are a new challenge faced by system
operators. Under these operating scenarios, new state estimation methods are crucial for

monitoring, operating and controlling power systems in a real-time and reliable fashion.

Based on the information mentioned above, general frameworks for formulating and solving
the static and dynamic state estimation problems are proposed in this thesis. To fulfill these
goals, this dissertation focuses on the following three areas. First, the static co-estimation of
nodal voltages together with system parameters and unknown statuses of circuit breakers,
respectively, in a single frame of reference without modifying the general formulation of the
equality-constrained static state estimator. Secondly, the development of a new way for
including hard limits associated with control devices in the formulation of the transient stability
problem. This set of constraints is added to the rest of the equations representing the dynamics
of an electric power system for a unified framework of analysis, where hard limits are
simultaneously and automatically handled during the numerical solution of the transient
stability problem. Lastly, a wide area dynamic state estimator is proposed for the simultaneous
estimation of nodal voltages and dynamic states associated with synchronous machines and
their controller units. This approach is formulated in a structure-preserving framework of
analysis, performing the automatic check of the non-windup and windup controllers operating
limits and, when applicable, the automatic enforcement of these limits during the iterative

solution process of the state estimation.

Keywords: Complementarity constraints, generalized state estimation, hard limits,

optimization, transient stability.
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Resumen

Los mayores niveles de incertidumbre en la operacion de los sistemas de potencia debido a
la creciente penetracion de generadores y controladores basados en convertidores es un nuevo
reto al que se enfrentan los operadores del sistema. En estos escenarios operativos, las nuevas
metodologias de estimacion de estado son cruciales para supervisar, operar y controlar los

sistemas de potencia de forma confiable y en tiempo real.

A partir de la informacion anteriormente mencionada, en esta tesis se proponen marcos
generales para formular y resolver los problemas de estimacion de estado estatico y dindmico.
Para cumplir estos objetivos, esta tesis se centra en las tres areas siguientes. En primer lugar,
la co-estimacion estatica de los voltajes nodales junto con los parametros del sistema y los
estados desconocidos de interruptores de potencia, respectivamente, en un mismo marco de
referencia sin modificar la formulaciéon general del estimador de estado estatico con
restricciones de igualdad. En segundo lugar, el desarrollo de una nueva forma de incluir los
limites asociados a los dispositivos de control en la formulacion del problema de estabilidad
transitoria. Este conjunto de restricciones se afiade al resto de las ecuaciones que representan
la dindmica de un sistema eléctrico para obtener un marco de analisis unificado, en el que los
limites se manejan simultdnea y automaticamente durante la solucién numérica del problema
de estabilidad transitoria. Por tltimo, se propone un estimador de estado dinamico de area
amplia para la estimacion simultanea de los voltajes nodales y los estados dindmicos asociados
a las maquinas sincronas y sus controladores. Este enfoque se formula en un marco de anélisis
que preserva la estructura, realizando la comprobacion automatica de los limites operativos de
los controladores non-windup y windup y, cuando es aplicable, la aplicacion automatica de

estos limites durante el proceso de solucidn iterativa de la estimacion de estado.

Palabras clave: Restricciones de complementariedad, estimacién de estado generalizada,

limites restrictivos, optimizacion, estabilidad transitoria.
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Chapter

1 Introduction

1.1 Introduction

From the smart grid initiative viewpoint, applying advanced sensing, measurement and
intelligent control devices to existing electric power systems will be necessary for supporting
decisions in energy control centers (ECCs) concerned with increasing the utilization,
efficiency, quality and security of the power systems. These advanced applications will
transform the way in which most electric power systems (EPSs) have been operating. The
estimation of the electric power network’s states constitutes the main core of the on-line
security analysis and other energy management system applications. Power systems state
estimation is the process carried out in ECC to provide the best estimate of what is happening
in the system based on real-time system measurements and a predetermined system model.
A redundant set of real-time measurements are collected from the entire network through the
supervisory control and data acquisition (SCADA) system and phasor measurement units
(PMUs). These measurements are transmitted to the ECC and subjected to a statistical
analysis in order to assess the system state. Since transmitted measurements are usually
corrupted by errors, this erroneous data should be filtered to eliminate bad measurements and
minimize the effect of random measurement noise. This is accomplished with the help of a
supplementary function called bad data processing. If after this analysis all state variables
can be estimated using the available measurements, a system is said to be observable. Once
an accurate estimation has been performed, the entire system’s quantities, such as branch
power flows, line current magnitudes and nodal power injections, can be calculated. Even
though the number of PMUs installed in practical systems has gradually increased, the
transition for transforming the present transmission networks and control centers into smart
infrastructures will require many years to be completed and must be carefully planned and
executed. An important step forward, however, can be done in this long awaited transition if
the state estimators (SEs) used to operate electric power systems are upgraded by considering

the operation characteristics of the existing PMUs already installed in the network. Hence,



the development of suitable strategies for upgrade state estimators is the main objective of

this work to help in the transition towards smart control centers and transmission networks.

1.2 State of the art

1.2.1 Static state and parameter co-estimation

The state estimator correctness depends on the accuracy with which the transmission grid
parameters are known. In this context, if the database of transmission line parameters
contains erroneous values, the static state estimation (SSE) is biased from the real operation
state. A critical consequence of this biased estimation is that erroneous control actions can
be taken by the system operators or automatic controllers, which could jeopardize the correct

operation of the power system.

Different methodologies for performing parameter estimation in EPS have been proposed
in the literature, from which the simultaneous estimation of nodal voltages and network’s
parameters by using the weighted least squares (WLS) formulation is distinguished [Abur &
Gomez Exposito, 2004; Larson, et al., 1970; Liu & Lim, 1995; Alsac, et al., 1998; London,
et al.,2004; Zhu & Abur, 2006; Olarte & Diaz, 2008]. Alternative proposals to this approach
focus on estimating the system operating state and network parameters using the sequential
processing of several sets of measurements [Castillo, et al., 2009; Castillo, et al., 2011,
Castillo, et al., 2012]. This method uses the WLS approach in which for each set of
measurements nodal voltages are estimated by using a fixed set of values for transmission
line parameters. A subproblem is then formulated to update the parameters of transmission
lines at the end of the conventional estimation process. This sequential iterative solution
approach is repeated until the difference of updated values of the estimated variables in two
sequential solutions is below a specified tolerance. The main disadvantage of this sequential
methodology, however, is the large number of sets of measurements required to obtain good
results. Another variant of this approach is to use the Kalman filter theory, which is a
minimum variance estimator that processes several sets of measurements [Debs, 1974;
Slutsker, et al., 1996; Zhang & Larsson, 2010; Mishra, et al., 2015]. This approach first
predicts nodal voltages and some parameters of the EPS, then the resulting values are

corrected by processing each set of measurements for a sampling time in a finite period of
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time. A drawback of this approach is associated with the right initialization of the covariance
matrix of parameter errors in order to achieve a good performance from the Kalman filter.
Other methodologies focus on estimating transmission line parameters at the local level by
simultaneously processing several sets of measurements [Liao, 2009; Liao & Kezunovic,
2009; Du & Liao, 2012; Davis, et al., 2013]. The main drawback of this formulation,
however, is that only the parameters of transmission elements connected between two buses
of the system can be determined. Similarly, other methodologies focus on estimating
conductor temperatures, based on environmental data to which transmission lines are
exposed [Bockarjova & Andersson, 2007; Rakpenthai & Uatrongjit, 2017]. Note that these
methodologies require additional data that are not completely available in the current
databases of control centers. Finally, there are robust methodologies that use the minimum
absolute value criteria in which the estimator is not only able to reject erroneous
measurements but can also estimate some network parameters [Ozdemir & Gol, 2015; Lin &
Abur, 2017; Lin & Abur, 2018]. These types of methodologies, however, demand a long
computing time for converging to an optimal solution, so they are not used in current control
centers. Even though this drawback can be overcome by using parallel processing techniques
[Donmez & Abur, 2020] and gradient-based approaches [Venkatraman, et al., 2019], this

topic is out of the scope of this thesis.

Considering that the WLS-based SSE is the formulation currently used in energy control
centers, the most convenient methodology for static state and parameter co-estimation is the
simultaneous approach [Abur & Gomez Exposito, 2004; Larson, et al., 1970; Liu & Lim,
1995; Alsac, et al., 1998; London, et al., 2004; Zhu & Abur, 2006; Olarte & Diaz, 2008]
under the on-line processing of a single set of measurements [Abur & Gomez Expdsito, 2004;
Larson, et al., 1970; Liu & Lim, 1995; Alsac, et al., 1998; Zhu & Abur, 2006], unlike those
simultaneous approaches reported in [London, et al., 2004; Olarte & Diaz, 2008] that require
different sets of measurements and must be applied off-line. The most important difference
between different approaches for the on-line estimation of parameters and state variables
consists of the type of parameters added to the original vector of state variables to be
estimated. For instance, in [Larson, et al., 1970] and [Zhu & Abur, 2006], the admittances of
transmission elements are directly used as state variables to be estimated. The normalized

lengths of transmission lines are used in [Abur & Goémez Expdsito, 2004] to estimate
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transmission lines parameters considering a m circuit model. Changes in the branch power
flows associated with parameter errors are used in [Liu & Lim, 1995] to correct the series
impedance value of a transmission line, but no other parameter of the © model is estimated.
On the other hand, in [Alsac, et al., 1998] power flows of transmission lines are used as
variables to be estimated in such a way that the impedances of the m circuit could be
determined. Apart from the theoretical differences between the different methodologies for
simultaneously estimating parameters and state variables reported above, there is a need to
perform a comparative numerical study among these methods to assess which one provides

the best estimates of transmission line parameters.

1.2.2 Static state and topology co-estimation

Static state estimation (SSE) is a fundamental tool for power system static security
assessment, which is applied to a bus level network model under the assumption that the
network topology provided by a network configurator is known and without any uncertainty
associated with circuit breaker (CB) statuses in power substations. An incorrect network
topology provokes inaccurate state estimation results due to an erroneous bus-branch model,
which does not correctly represent the current connectivity of transmission elements in the
grid [Abur & Gomez Exposito, 2004]. These connectivity failures are known as topology
errors and can be classified as branch status errors and substation configuration errors. The
second ones are associated with switching devices arrays in power substations and can be
further subdivided into split and merging errors. The first occurs when two connected electric
buses are modeled as two independent buses, while the second corresponds to the opposite
modeling scenario. All these errors produce large deviations of estimated values of
magnitudes and phase angles of nodal voltages and control actions being taken by system
operators that may compromise the static security of the EPS. To overcome this problem, the

SSE formulation must be enhanced to correct substations configuration errors.

Different methodologies have been proposed to cope with substation configuration errors,
which are described below. Monticelli [Monticelli, 1993] extended the nonlinear
WLS-based SSE to consider the status of circuit breakers (CBs). All CBs with known statuses
are modeled by operational constraints and included in the SSE problem as
pseudo-measurements with assigned high weights. An open breaker is represented by setting
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the active and reactive power flows through it to 0. In contrast, the voltage phase angle
difference and the voltage drop at both ends of a circuit breaker are set to 0 to represent its
closed operating condition. No operating constraints are proposed, however, for handling
CBs with unknown statuses. In this case, the breaker is modeled by considering the active
and reactive powers that flow through it as state variables to be estimated. A methodology to
determine the unknown operating status of a CB is proposed in [Monticelli, 2000] that is
based on a hypothesis testing procedure applied to a linear equality constraint. Since this
constraint is not included in the formulation of the state estimation problem, the proposed
testing approach is applied after estimating the operating state. A process to identify topology
errors in substations is proposed in [Clements & Costa, 1998] based on a constrained WLS
formulation of the state estimation problem. All CBs are assumed to have known statuses
such that the pseudo-measurements proposed in [Monticelli, 1993] are incorporated into the
state estimator through operational equality constraints. Once the state estimation has been
obtained, the topology error identification is performed by comparing the normalized
Lagrange multipliers’ values associated with those constraints with respect to a proposed
statistical threshold. If the assumed known status of a single circuit breaker is identified as
being incorrectly reported to the state estimator, this status is changed at this post-processing
stage, and the state estimation is again performed. Hence, the Lagrange multipliers’s values
associated with these constraints are statistically tested to determine which statuses have been

incorrectly reported to the state estimator.

In [Abur, et al., 1995], a two-stage approach based on the minimum least absolute value
(LAV) state estimation method is proposed to identify errors in CBs with assumed known
statuses. In the first stage, the nodal voltages and power flows associated with CBs are
estimated using a bus-level system model. The normalized residual test is then applied to all
inconsistent measurements rejected by the estimator to identify suspected measurements. In
the second stage, the substation associated with the bus in which the highest number of
suspected measurements are incident is modeled in detail and added to the system model.
Based on this updated network, a new state estimation study is performed to assess the
substation topology based on the power flows through the CBs. Note that this proposal avoids

modeling the entire system at the substation level.



[de la Villa Jaen & Exposito, 2001] demonstrated that considering only the power flows
through CBs with unknown statuses is not a sufficient condition for estimating their correct
operating statuses. The possible inaccuracy in the results is prevented by adding two equality
constraints to the state estimation problem for every CB with unknown status [de la Villa
Jaen & Exposito, 2001]. One of the constraints is given by the product of the active power
flow and the difference of voltage phase angles at both ends of the CB, while the other is
stated by the reactive power flow times the voltage drop in the CB. The enforcement of both
constraints determines the operating status of the CB: closed or open. Two different
approaches for identifying topological errors are reported in [Pereira, ef al., 2001]. The
method proposed in [Clements & Costa, 1998] is also used in [Pereira, et al., 2001], but it
uses a hypothesis testing to identify topology errors based on Bayes’ theorem. The other
method relies on representing the unknown status of CBs by topology variables, which are
added to the state estimation problem’s state vector. For each topology variable, a quadratic
constraint is also included in the problem formulation to ensure that its estimated value is 0

for an open CB and 1 when it is closed.

Based on the work reported in [Abur, et al., 1995], a LAV-based method is proposed in
[Donmez, ef al., 2019] to estimate nodal voltages and statuses of CBs simultaneously. The
estimation is achieved by considering the power system bus-branch model and a detailed
model of all substations making up the network. A linear estimation approach in rectangular
coordinates is formulated to reduce the problem dimension of incorporating detailed
substation models under the assumption that the node-breaker model is entirely observable
by phasor measurement units (PMUs). The states of CBs are defined by their current flows,
while the operating constraints of closed and open breakers are given by zero voltage drops
and zero current flows, respectively. Even though the LAV-based estimation rejects bad data
and topology errors, a statistical analysis of all CBs states is performed after the estimation

process to identify which CBs had erroneous statuses.

To avoid the use of hypothesis testing for determining topology errors [Clements & Costa,
1998], a methodology relying on the application of collinearity tests between the vector of
Lagrange multipliers and the covariance matrix is proposed in [Lourenco, et al., 2006]. This

permits the identification of all CBs with an incorrectly assumed operating status from a set



of CBs with a suspected operating status. The latter is obtained based on the normalized
Lagrange multiplier test [Clements & Costa, 1998] considering that analog measurements
are free of gross errors. In this case, all CBs are assumed to have a known status, and a state
estimation is performed based on a node-breaker model. All those CBs with normalized
Lagrange multiplier values larger than a specified threshold are assumed to be suspicious
with an incorrect operating status. The collinearity test is then applied in two stages. The first
stage ensures that all CBs with an incorrectly assumed known status are already included in
the set of suspicious CBs. In the second stage, all CBs incorrectly identified with an erroneous
status are removed from the suspect set to only have breakers with a wrongly assumed status.
Lastly, all these statuses are changed at this post-processing stage, and the state estimation is

newly performed.

The proposal of [Lourenco, et al., 2006] is extended in [Lourenco, et al., 2015] to consider
the simultaneous presence of topological and multiple bad data errors in a reduced network
model, which is referred to as an anomaly zone model. In this case, the suspected set of bad
data and erroneous statuses of circuit breakers is obtained by sequentially applying the
normalized Lagrange multiplier test and geometric test. This iterative identification process
continues until the geometric test is satisfied in terms of the collinearity concept. A debugging
process is applied to detect and identify each topology error from the resulting suspected set
by using the geometric test. Once the erroneous statuses of circuit breakers are corrected, the
state estimation is again performed, and another suspected set of errors is obtained. This
sequential process is repeated until the suspected set is only composed of measurements with
gross errors. At this stage of the solution process, any bad data analysis can be applied to
identify erroneous measurements in order to estimate the correct operating state of the
reduced network model. The main disadvantages are that the statuses’ identification process
is subsequently performed to the state estimation and requires several state estimation

processes to identify several errors of switching devices.

An alternative approach [Vosgerau, et al., 2010; da Silva, et al., 2016] formulates a
bi-objective optimization problem that merges the WLS approach and the weighted least
absolute value (WLAYV) criterion. The former is associated with analog measurements, while

the latter reflects the statuses of circuit breakers. The proposal is applied to a detailed model



of the anomaly zone: the network region where the existence of topology errors are identified.
In this case, the few substations of the anomaly zone are modeled in detail; furthermore, other
parts of the network could be included using the conventional bus-branch level. A DC model
of the network is employed in [Vosgerau, ef al., 2010] to reduce the computational burden,
while the full nonlinear approach is adopted in [da Silva, et al., 2016]. These approaches
require an appropriate specification of the objective function weighting parameters to achieve
convergence towards the solution. The WLS residual terms are weighted in the usual manner,
while the LAV terms are weighted by a scalar value heuristically obtained. The power flow
through circuit breakers is added to the set of state variables to be estimated, and it is also
used to determine the circuit breaker statuses through a hypothesis testing procedure reported
in [Clements & Costa, 1998]. Unlike [Clements & Costa, 1998], the tests are applied to the
power flow through the circuit breakers. If the absolute value of the power is greater than a
threshold, the breaker is closed; otherwise, the breaker is considered open. The identifications
of topology errors and bad data analysis are performed in two nested loops: inner and outer
loops. The former consists of solving two mutually related problems: the state and topology
co-estimation as well as the detection and correction of topology errors, respectively. These
two problems are sequentially solved until correcting all topology errors. A bad data analysis
of analog measurements is then performed, and the inner loop is newly executed after
removing measurements with gross errors. The correct estimation of state variables and
network topology is achieved when all topology errors and bad data have been properly

identified.

Lastly, the co-estimation of network states and substation topology reported in [da Silva,
et al., 2016] is performed in [Meneghetti, ef al., 2020] by using the maximum correntropy
criterion, which robustly estimates nodal voltages and power flows of circuit breakers by
using a single objective function. Similar to other works, the operational constraints are
related to the assumed statuses of circuit breakers, while structural conditions enforce the
Kirchhoff laws in the detailed representation of circuit breakers and bus sections. All these
constraints are treated as pseudo-measurements. The solution process relies on two stages:
inner and outer loops. In the former, the state variables are estimated considering fixed values
of variances. In the outer loop, the value or width of the kernel variance is adjusted to ensure

the automatic rejection of outliers. Suppose the residual of the k-th operational constraint,
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which is considered as a pseudo-measurement, is greater than the corresponding kernel
variance. In that case, the measurement is tagged as a potential outlier, and the kernel variance
value is reduced to eliminate the effect of this measurement on the objective function. Once
all suspected measurements are obtained, a hypothesis testing procedure similar to the one
reported in [da Silva, et al., 2016] is performed to assess the correct statuses of circuit
breakers associated with those suspected measurements. Lastly, before applying the
procedure mentioned above, referred to as the information theoretic generalized state
estimation, a conventional state estimation is performed in which all bad data associated with

analog measurements are eliminated by using the LNR test.

Keeping in mind that the WLS-based state estimation formulation is the one currently used
in control centers, this work proposes a new, different and general approach to
simultaneously estimate nodal voltages and the current statuses of all circuit breakers at

power substations explicitly incorporated in the electric power system.

1.2.3 Static state and temperature co-estimation

One important source of errors during the state estimation process is associated with the
database of network parameters, which is one of the most challenging problems to be
identified because those parameters are supposed to be known and error-free. In this context,
as shown in [Bockarjova & Andersson, 2007], the series resistance parameter of overhead
transmission lines is dependent on conductive material properties, the current flow through
the line, the surface conditions, and the environmental conditions to which the lines are
exposed. These factors can affect the series resistance found in electric companies databases,
which in turn biases the state estimation results and degrades the reliability and accuracy of
all analyses and applications by conducting at a post-estimation stage. This problem can be
overcome by estimating nodal voltages and some network parameters, for instance, the series
resistance of transmission lines. In [Rakpenthai & Uatrongjit, 2017], it is proposed to
estimate the overhead line conductors temperature using a three-phase estimator and
environmental data to which the system lines are exposed. On the other hand, a formulation
of the temperature-dependent power flow of overhead conductors is proposed in [Frank, et
al., 2013], based on the information of transmission line ratings and data about the material
of lines, which is available information in control centers. Therefore, the temperature-
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dependent equations of [Frank, ef al., 2013] can be used in the SSE formulation to estimate
transmission lines temperatures and correct series resistance parameter values of
transmission lines. This novel idea is mathematically developed and implemented for the first

time to formulate the static state estimation problem.

1.2.4 Transient stability considering hard limits in dynamic states

Currently EPSs operate under more stressful conditions because of the need to increase the
power transfer capability of existing transmission lines at the lowest possible cost. These
operating conditions make a power system more vulnerable to large disturbances because of
the likelihood of losing stability increases, making the transient stability problem a major
concern for system operators. In this situation, the modeling of hard limits of control devices
is of the utmost importance because a constrained state variable may reach one of its limits
during the system transient evolution, which can have a significant influence on the overall

system behavior.

The inclusion of hard limits of control devices in a transient stability program is generally
performed by using conditional tests, which are the guiding principle for conducting limit
revisions [Milano, 2010]. This approach has been recently applied for incorporating
VSC-based energy storage systems [Ortega & Milano, 2016] and multi-terminal high-voltage
direct current converters [Moawwad, et al., 2018] in transient stability studies. In this
method, the hard limits are checked at each time step of the time-domain simulation, and if
one limit of a non-windup controller is reached at a given time step, the controller’s
differential equation is replaced by an algebraic equation to maintain the state variable at the
limit value. In this case, the solution process must be reinitialized from that time step because
of the change in the system dynamic structure. The hard limits have also been represented by
using saturation functions [Pico, et al., 2017], where some parameters of these functions must
have to be adjusted to properly approximate the limiters. A different approach to directly
include hard limits of controllers in transient stability studies is proposed in this research
based on complementarity constraints. Note that this approach has not been previously

proposed.
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1.2.5 Dynamic state estimation

The control and operation of power systems are experiencing an increasing complexity
because of the high penetration of converter-based nonsynchronous generation and
controllers, which results in stochastic behaviors and nonlinear dynamics for which the power
system did not plan [Zhao, et al., 2019; Zhao, et al., 2020]. Within this context, accurate real-
time estimates of nodal voltages and dynamic state variables are essential for the reliable
operation of electric power systems, which must tend to a foresighted operation instead of

the current reacting operation.

Using SCADA, measurements with sampling rates and communication delays in the order
of seconds have been employed to track the quasi-state evolution of nodal voltages in power
systems [Chen, et al., 2014]. A tracking state estimator suitable for assessing how the nodal
voltages evolve in time based on the processing of both synchronized phasor and SCADA
measurements according to as and when they are received in the control center is also

proposed in [Alcaide-Moreno, et al., 2018].

The continuous capture of the system dynamic responses at fast sampling rates under
normal and abnormal operating conditions has been possible through the availability of
PMUs and advanced computing technologies. This has allowed the development of several
types of dynamic state estimation (DSE) methods to estimate and continuously track dynamic
state variables associated with synchronous machines and their corresponding controller

units using PMUs’ measurements and the dynamic models of those devices.

Several methodologies have been proposed for DSE in which the predominant formulation
is the nonlinear Kalman filter theory. The Kalman-based estimator is a minimal variance
estimator that estimates dynamic variables from PMU measurements [Singh & Pal, 2019].
Initially, the filter performs a prediction stage in which state variables are predicted from a
mathematical model that describes the components involved in the dynamic process. A
correction stage is then conducted in which the processing of PMU measurements improves
the predicted values of state variables. There are different variants of the nonlinear Kalman
filter to perform DSE, which are outlined and compared in [Zhou, et al., 2015; Liu, et al.,
2020]. The extended Kalman filter (EKF) linearizes the dynamic process nonlinear functions
and measurement equations for performing the prediction and correction stages. The
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unscented Kalman filter (UKF) seeks to approximate the assumed Gaussian probability
density functions of the prediction and correction stages from a small set of samples called
sigma points obtained in a deterministic manner. The ensemble Kalman filter (EnKF) also
approximates Gaussian probability density functions from many samples called ensembles;
it is calculated with a Monte Carlo approach. The cubature Kalman filter (CKF) matches
Gaussian probability density functions from a set of cubature points. This set of points is
obtained from a spherical-radial rule approach. Finally, the particle Kalman filter (PKF)
seeks to approximate the probability density functions of the prediction and correction stages
that do not follow a Gaussian distribution. Robust versions of the Kalman filter have also
been proposed in which the following are outstanding: Robust iterated extended Kalman
filter (RIEKF) [Zhao, et al., 2017; Zhao, et al., 2017], robust unscented Kalman filter
(RUKF) [Zhao & Mili, 2019], h-infinite extended Kalman filter (HIEKF) [Zhao J. , 2018],
h-infinite unscented Kalman filter (HIUKF) [Zhao & Mili, 2019], constrained robust
unscented Kalman filter (CRUKF) [Zhao, et al., 2019] and adaptative unscented Kalman
filter for systems with unknown inputs (AUKF-UI) [Zhao, et al., 2020]. The RIEKF and
RUKEF are robust against outliers present in the process and measurements. Furthermore,
these estimators simultaneously process both predictions and observations from a generalized
maximum probability estimator in which outliers are attenuated from a process called
statistical projection. The HIEKF and HIUKF are robust against outliers present in the
process, measurements and dynamic model parameters. The main difference between these
estimators relies on the manner of making the prediction stage: while RIEKF and HIEKF use
the EKF prediction stage, RUKF and HIUKF perform the prediction stage from sigma points.
The CRUKF extends the capabilities of the RUKF and addresses inequality constraints on
dynamic states, control inputs and parameters from a proposed project operator, which brings
the sigma points that exceed their specified limits to the boundaries of the feasible region.
By the same line of reasoning, AUKF-UI is robust because it handles bad data in the process,
measurements and unknown inputs to synchronous machines by applying the statistical
projection process to a generalized maximum probability estimator. This approach
additionally includes cross-correlations between unknown inputs and dynamic states.
Recently, the p-norm square root unscented Kalman filter was proposed in [Wang, et al.,

2020], which adds a p-norm term to the UKF’s objective function. Sigma points are generated
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by using the square root of the estimation error covariance to handle outliers in
measurements. Lastly, the artificial neural networks theory is applied in [Tian, et al., 2020]
to estimate rotor angles and angular speeds of synchronous machines from phasor

measurements of nodal voltages.

Despite the appropriate performance of all DSE formulations mentioned above, their most
significant drawback is that all of them estimate dynamic variables locally in generation
buses, disregarding algebraic variables associated with the transmission system. The local
estimation of dynamic variables provides a tool to supervise rotor angle instabilities of
synchronous machines. Note, however, that it is impossible to know if nodal voltages are
within operational limits or if power flows in transmission lines do not exceed their nominal
ratings. Another open area of research is the treatment of inequality constraints in dynamic
states. Even though [Zhao, et al., 2019] applies constraints to dynamic variables of
synchronous machines in the RUKF approach, it does not present cases when non-windup
and windup limiters set dynamic variables in their physical limits from the state estimation
framework. Consequently, it is essential to develop a new generalized formulation that
incorporates both the transmission system algebraic variables and the treatment of

controller’s limiters. Note that such an estimator has not been previously proposed.

1.3 Justification

Power system state estimation plays a core part in the operation and control of electric
power systems in terms of providing accurate information of the power system operation

state, which is used to perform security assessment studies in a reliable way.

Currently, electric power systems are experiencing unprecedented operational complexity
because of the increasing use of nonsynchronous generators with random natural behavior,
the necessity of performing wide area monitoring and control, the integration of synchronized
measurement units with SCADA systems, and the aging of electric components forming the

transmission grid.

Based on the information mentioned above, the state estimators on which power engineers
rely to make real-time operation and control decisions must be upgraded to fit the actual and

future operating scenarios of power systems. Hence, new proposals to formulate static and
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dynamic state estimators are presented in this thesis, which are expected to help in the

transition from a reacting system operation to a farsighted system operation.

1.4 Objective

The main objective of this thesis is to develop innovative formulations for the static

co-estimation of nodal voltages, parameters of transmission lines, statuses of circuit breakers

and operating temperatures of transmission lines as well as for the dynamic co-estimation of

nodal voltages and dynamic states of synchronous machines and their controllers.

To achieve this objective, the following goals must be achieved:

To develop a new set of operating constraints to simultaneously estimate nodal
voltages and unknown operating statuses of circuit breakers in a unified framework
of analysis.

To include the temperature dependence of transmission lines’ parameters in the static
state estimation formulation through a set of equality constraints that relates the
temperature at which a transmission line is exposed with its corresponding active
power losses.

To apply the complementarity theory for directly including the inequality constraints
of non-windup and windup limiters in the transient stability problem’s formulation
and solution.

To formulate and implement a wide area dynamic state estimator to track the system’s

dynamic and algebraic states in a structure-preserving framework of analysis.

1.5 Main contributions

The main contributions of this thesis are listed as follows.

A new and general methodology that simultaneously estimates the system operating
state and the current statuses of all circuit breakers at power substations is proposed.
A new state estimation methodology capable of estimating transmission line

temperatures from a hybrid set of SCADA and PMU measurements is proposed.
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e A fundamentally different, comprehensive and general approach for directly
including hard limits of controllers in the formulation and solution of the transient
stability problem is proposed.

e A new wide area dynamic state estimation (WADSE) methodology that is capable of
simultaneously estimating algebraic variables of system nodal voltages, as well as

dynamic variables of synchronous machines and their controls, is proposed.

1.6 Methodology

The methodology that has been adopted in this thesis is described as:

e A full review of previous works in the co-estimation of static nodal voltages and
transmission line parameters, operating status of circuit breakers, and temperatures
at which transmission lines are subjected. A survey is also done to study transient
stability considering hard limits on dynamic states and dynamic state estimation.

e The implementation of the following power flow programs: conventional power
flows, power flows that includes explicitly modeled power substations [Lourenco,
et al.,2010], temperature-dependent power flows [Frank, et al., 2013] and transient
stability considering hard limits on dynamic states [Romay, et al., 2021]. These
programs are used to build ideal measurement sets to which random noise is added
to perform static and dynamic state estimation studies.

e To perform a comparative study of state and parameter co-estimation
methodologies already proposed in the literature to assess the proposal that
provides the best parameter estimations of transmission lines from a hybrid set
SCADA and PMU measurements.

e To develop a new complementarity-based operational constraint for unknown
statuses of circuit breakers. This constraint is incorporated in the formulation of the
WLS-based static state estimation problem for the co-estimation of nodal voltages
and the unknown statuses of switching devices.

e To add temperature-dependent constraints associated with active power flow losses
in the static state estimation formulation to estimate series resistance values of

transmission lines.
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e To develop a complementarity-based unified framework of analysis for the
transient stability problem, where hard limits of controllers are simultaneously and
automatically checked and, when applicable, enforced during the transient stability
solution process.

e To formulate a new complementarity-based wide area dynamic state estimation by
including the set of differential-algebraic equations associated with synchronous
machines and their controllers in the tracking state estimation problem.

e To test the proposed approaches considering electric power systems of different

sizes and topological structures.

1.7 Thesis outline

This thesis is organized as follows.

Chapter 2 presents a generalized static state estimation methodology to determine the
system operating state and identify the parameters and operating statuses of electrical
components. First, a comparative study of three state and parameter co-estimation methods
based on a hybrid set of SCADA and PMU measurements is presented. Next, a new
complementarity approach is proposed for co-estimating nodal voltages and unknown
statuses of circuit breakers using a set of measurements provided by a SCADA system. The
proposal effectiveness is numerically demonstrated considering different substations’
configurations and several unknown switching devices’ statuses. Lastly, a new methodology
for state and temperature co-estimation based on a hybrid set of SCADA and PMU

measurements is detailed.

Chapter 3 presents a new way of including hard limits associated with control devices in
the formulation of the transient stability problem. First, the dynamic modeling of power
systems with constrained states is described, and the operation of non-windup and windup
limiters is explained through if-based conditional tests. Secondly, the new representation of
hard limits based on the complementarity theory is detailed. Subsequently, a

complementarity-based formulation of the transient stability problem is proposed to treat
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hard limits in dynamic states. Finally, the effectiveness of the proposal for preventing the

controllers’ dynamic states from exceeding specified limits is numerically demonstrated.

Chapter 4 presents a new generalized approach for the wide area dynamic state estimation
of power systems by only processing PMU measurements. Firstly, the conventional
formulation of dynamic state estimation from the unscented Kalman filter is described.
Secondly, the modeling of a synchronous machine and its controls are presented. Thirdly, the
tracking state estimation problem is detailed and extended by including the constraint-based
dynamic equations associated with synchronous machines and their controllers, which results
in the WADSE approach. Finally, the effectiveness of the WADSE approach is numerically

demonstrated and validated.

Chapter S reports the general conclusions of the research topics presented in previous

chapters and recommendations for future research work are given.
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Chapter

2 Generalized static state estimation

2.1 Introduction

This chapter focuses on presenting a generalized formulation of the static state estimation
problem at the transmission level based on the weighted least squares approach with equality
constraints. This generalized approach is capable of estimating nodal algebraic state variables
together with other quantities of interest such as parameters of transmission lines, circuit
breaker statuses and conductor temperatures of transmission lines. Within this context, three
main specific contributions are presented as follows. Firstly, a comparative study of three
methodologies for estimating transmission lines parameters together with nodal voltage state
variables at the system level is reported. Secondly, two new operational constraints are
proposed to model circuit breakers with unknown statuses in electric substations. These new
constraints are included in the static state estimation optimization problem by using
complementarity constraints. Lastly, a set of equality constraints that relate line temperatures
with active power losses is added to the static state estimation problem to estimate operating

temperatures of transmission lines.

2.2 Conventional formulation of the static estimation problem

The process of determining the value of a set of algebraic state variables of an electric
power system from a given set of physical measurements in a given time instant is referred
to as static state estimation [Abur & Gomez Exposito, 2004]. The conventional formulation

of this problem considers that an electric power system is composed of a set of buses

N, ={1,2,...,N,} interconnected through a set of transmission elements

7,:= {1, 2,...,N, } . Additionally, the algebraic state variables to be estimated correspond to

the values of magnitudes and phase angles of nodal voltages. These variables are grouped in
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T T
the vectors V=[V1---VNJ eR" and ,0=[6’1---9N ] eR", respectively, and in turn

these vectors are grouped in a single vector denoted by
x,=[V 6] eR™. 2.1)

On the other hand, the set of physical measurements of electrical variables are obtained

from the subsets of observable buses A/, ={1,2,....N,} > A, <. and observable

oe*

transmission elements 7, := {1,2,...,N}, } > 7,7, ,respectively (where 3> means such

oe

that). The measurements provided by a SCADA correspond to nodal voltage magnitudes:

SCADA SCADA
Vv, 0

, nodal injections of the active and reactive powers PkSCAD 4 and A , respectively,

and the branch active and reactive power flows P>*"and Q7¢*P | respectively. All these

. MSCADA
SCADA measurements are grouped in the vector z°“** e R"¢

e

T
SCADA SCADA SCADA SCADA SCADA SCADA
S = AR e 4G i AR s 4O e, | - 22)

Similarly, the measurements provided by PMU devices correspond to nodal voltage

magnitudes ¥,V nodal phase angles 6", branch current magnitudes I and phase

angles of branch currents 0;"". All these PMU measurements are grouped in the vector

km

PMU
PMU M
z, R

T
PMU PMU PMU PMU PMU
M = e A0 e T e, 07 e, | 23)

The total set of measurements in the power grid is represented by the vector
T . .
V4 Z[zes cabA zePMU] eR" that commonly contains random errors. Hence, the mathematical

representation of these physical measurements is through the nonlinear model:

z=2(x,)+¢, (2.4)

A 2N . . .
where Z(x,):R¢ — R" is a vector of nonlinear functions commonly referred to as the

vector of estimated measurements, which mathematically relate the values of physical
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measurements Zz to the estimated values of algebraic variables x,. Furthermore, £ e R is

the vector of uncorrelated measurement errors with a Gaussian probability distribution and

Z€ro mean.

Based on the information mentioned above, the static state estimation problem is
formulated in this work as an equality constrained-based optimization problem: the
minimization of the sum of the weighted squares of the differences between each physical
measurement and its corresponding estimated measurement. Hence, the weighted least
squares with equality constraints (WLS-EC) is mathematically expressed as

argmin  J(r)= %rTWr

subject to: c(x,)=0 (2.5)
r—z+3(x,)=0,

where J(r):R” — R is the objective function from the WLS approach and {};}Zl is the

vector of measurements residuals, which are considered as explicit decision variables

together with the components of vector x,. The residuals are weighted by the diagonal matrix
. 2 M M . . . . . .
W = dlag{l/ o, }~—1 , where {Ui}i:1 is the i-th standard deviation that reflects the i-th meter’s
level of accuracy. Furthermore, the estimated measurements of active {f’k Yren , and reactive
“"the

{Qk}ke,1.-;be power injections must be equal to 0 at transition buses A/, =={1.2,...,N, }, as

reported in Egs. (C.5) and (C.6) of Appendix C, such that A/, < A . Hence, these zero
injection measurements are grouped in the vector of equality constraints

c(x,): R™e — R

2.3 Complementarity constraints

Let a € R" and b €R" be a pair of real vectors; the complementarity condition [Rosehart,
et al., 2005] must then satisfy the linear complementarity problem (2.6). This problem is
referred to as a strict complementarity condition when ¢ =0 and b#0 or when a #0 and

b =0; otherwise, it is a non-strict complementarity condition, i.e., a=0 and b=0
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a=>20 b=>0 ab=0 Vi=l,..n. (2.6)

Generally, the complement operator “_ L as well as inequality operators are jointly used

to simplify the notation of complementarity conditions, so Eq. (2.6) equals 0<a L b>0. By

the same line of reasoning, let A(x):R" —>R" and w(x):R" —>R" be two nonlinear

functions; the complementarity condition is then expressed as a nonlinear complementarity
problem given by

h(x)=0 w(x)=0 A(x)w(x)=0 Vi=1l..n. (2.7)

The complementarity conditions denoted by (2.6) and (2.7) can be transformed into the
equality constraints (2.8) and (2.9), respectively, by using the Fischer-Burmeister merit

function [Fischer, 1992], where the square root terms consider the positive square roots:

(pi(ai,bi)=4/a12+bi2—ai—biZ() Vi = 1,..,n, (2.8)

@, (h(x),w(x)) =B (x)+ W (x) = h(x)—w(x)=0 Vi = L..,n. (2.9)

The key idea of this thesis is to incorporate the equality constraints provided by Fischer’s

function in the context of the proposed generalized static and dynamic state estimators.

2.4 Static state and parameter co-estimation

The co-estimation of states and parameters consists of simultaneously estimating the
operating condition of an electric power system and the values of some transmission lines’
parameters making up the database. The most important difference between different
approaches to achieve this co-estimation consists of the type of parameters added to the

original vector x, given by (2.1). The mathematical formulations of three different

methodologies are described in the following sections, considering that there is a set of

transmission lines 7, :={1,2,...,. N,  >7 < 7 with doubtful parameters that must be
eb feb eb e p

estimated: series conductance {gmkm}(sekm)e.feb , series susceptance {b_wkm}(sekm)e.,eb and shunt

Susceptance {bshkm }(Shkm)e'feb .
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2.4.1 Methodology 1: Estimation of conventional parameters of

transmission lines

In this methodology, the magnitudes and phase angles of nodal voltages are simultaneously

estimated together with the parameters of N 7, suspected transmission lines [Larson, ef al.,
1970]. Therefore, the augmented vector of algebraic state variables is given by (2.10), where

VeRY, R R74 b cR 7 and b, eR ‘-
(S 5 (S 5 gsekm (S 5 (S an shkm (S .

sekm

T 2N, +3N-

xe-eb = [V 0 gsekm b bshkm ] € R < . (2 10)

sekm

The optimization problem to be solved is represented by (2.11), where the measurement’s

2N _+3N.
.. . .. . e 7 2N, a
vector of zero injections at transition buses is ¢(x, ,):R v >R (P}, v
“"the

Ne+3N7

A 2
Oben, NV =1L2,....N,,} (see Egs. (C.5) and (C.0)), and Z(x,,,): R ¢ —RY

represents the vector of estimated measurements:

arg min J(r)= %rTWr
Xe-eb>"

subject to : c(x,,,)=0 (2.11)

r-z+z(x,,)=0.

2.4.2 Methodology 2: Estimation of normalized lengths of

transmission lines

The main goal of this methodology reported in [Abur & Gomez Expdsito, 2004] is the

N.
estimation of the normalized lengths of transmission lines {Lm}izlfd’ , defined as the ratio

N.
between original lengths {L }l.;‘fb , which are obtained from the system database, and real

org,i

N.
lengths {L,_,,.}, f"b , which are the actual lengths due to either system operating conditions or

aging conditions:

LN,,:%% Vi=l..,N; , (2.12)

‘real ,i
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where N 7, 1s the number of transmission lines with parameters that are to be estimated.

Note from (2.12) that the normalized length is equal to 1 if and only if the real length is
equal to the original length. Since a variation in the real length affects the normalized length,
it is reasonable to consider the normalized length as a state variable. Hence, the state variables
to be estimated by this formulation are magnitudes and phase angles of nodal voltages
together with normalized lengths of transmission lines with parameters that are suspected of

being erroneous. Hence, the augmented state vector is represented by

2N, +N
el

X,w=[V 0 Ly] €R 7@, (2.13)

N.
where ¥ e R, #cR" and L,eR “e s the normalized length’s vector.

The optimization problem to be solved by methodology 2 is the one given by (2.11). The
main difference between methodology 1 and methodology 2, however, corresponds to the set
of decision variables for the optimization problem. Once the parameters and nodal voltages
have been estimated, the series and shunt parameters of the i-th transmission line are

calculated using the estimated normalized length [Romay, et al., 2019]:

err

gA.sekm,i:giekm’i Vl:l) - ‘>N}T s (2 14)
LN,i eb
L bvee'lgm i :
bsekm,i: A Vl:la"'aN}T)b ) (215)
‘N i ¢
bAshkm,i: ;;/Zm,ii’N,i Vl:l: . ‘:N'feh ) (2 16)

R N,?— N,?— A N,?— N,?—
where {g ...}, and {g7, .}, (vesp. b}, and {b;, .}, )are the calculated and

N.
. . . - 7
erroneous series conductance (resp. susceptance), respectively, while {b, .}, and

N.
- 7 .
(b5} are the calculated and erroneous shunt susceptance, respectively.
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2.4.3 Methodology 3: Estimation of transmission lines power flows

This methodology simultaneously estimates nodal voltage magnitudes, phase angles and
power flows through transmission elements with parameters that are unknown [Alsac, et al.,
1998]. The circuit model used for representing unknown transmission elements is shown in

Fig. 2.1, while the vector of variables to be estimated in this model is given by:

2N +8N.
< e (217)

QS t BSS

X..=[V 0 P, 0. P, 0, P, 0, <R

N. N.
By considering the i-th unknown transmission line, {Vebk’[}l.;e” and {Hebk,i}[j’” (resp.
Voom. 1}1 leb and{@,,,;}; T"b ) are voltage magnitude and phase angle at sending bus £ (resp. at
Nz
receiving bus m), respectively. Furthermore, { m}l ]d’ and {Qm}, 1‘—’1’ (resp. {B,;},,* and
Ny . . . .
{O0,.},5," ) are the active and reactive power flows from internal node s to internal node ¢

(resp. from internal node ¢ to internal node s), respectively. Lastly, { s“}l 16” (resp. {F,,}; Te”

N. N.
) and {st)i}iff’ (resp. {Qtt,i}i:;reb ) are the active and reactive power flows through the shunt

branches connected at the internal node s (resp. ?), respectively.

Ist,[ Its,[
k l . St t_S i ) 1 m
. fl;esb_km,i Ky 5t gsekm i + J sekm,i Qts i t aeb%ksi . —I_
7 3 ¢ 0 ;_' o
(+) eblom, i l 55,0 2258 ,i ss i tt i =it i 11 ebmk i n
o Ijebkm i (+) . (+) ‘ I)ebmk,i ( ) |
Ve O, pom i 4 l_eﬂ?c,l- |:| Esnim,i T I Osnian i |:| Vt,[e,lﬁf..- Oy ‘Vebm’iefgebm,i
4+ )
(_) (_) gSh'Vlk,l ]bshmk,t (_) (_)

Fig. 2.1 Unified branch model representing the i-th transmission element.

Mathematical equations relating the series and shunt parameters to power flowing through

the 7 circuit representing the i-th transmission line are obtained from Fig. 2.1. The operating
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conditions based on the branch currents injected at the internal buses are given by [Romay,

etal., 2019]

P, . _
st,i coS (ed)k’i ) + Qst,z
a V

st,1 V
ebkm.i ¥ ebk i Qoptomi ¥ evk.i

Re[[ : +1m:| = Sin(gebk,i)

. Vi=1..,N, , (2.18)
+ ts,i cos (0 ) n st,i sin (Hebm,i ) =0

ebm,i

Dot Verrs Dot Verrs

P, 0. .
st : st
Iml:lst,i + ]ts,i:| = a sim (eebk,i ) - a COS (gebk,i)
ebkm,i” ebk i ebkm,i” ebk i .
Vi=l..N, . (2.19)
Bs,i . Qts,i ¢
e Lo (0, -— 2 cos(B,,,)=0
a a

ebmk,i” ebm,i ebmk,i” ebm,i

where N7b is the number of transmission lines with unknown parameters. The variable
e

N. N.
{Ist’i}i;‘—’b (resp. {/, }l:eb ) denotes the complex current flowing from bus s to bus ¢ (resp.

from bus ¢ to bus s). Lastly, Re[.] (resp. Im[.]) represents the real (resp. imaginary) part of

the complex current.

On the other hand, the operating conditions of shunt branches in terms of power flows

[Romay, ef al., 2019] are represented by

P P

S8,1 1t _ L
Re| Voni = Vomis | == =0 Vi=L..N, . (2.20)
ebkm,i” ebk,i aebmk,i ebm,i
Im — Y + O =0 Vi=1l.,N (2.21)
Ysim,i = Vimki | =773 v oy =L..N, .
aebkm,i ebk i aebmk,i ebm,i

N. N.
where { yshkm’i}l.;eb (resp. { yshmk’i}i;g” ) is the complex admittance connected to the internal

bus s (resp. ?).
The optimization problem to be solved by this methodology is given by (2.22), where

N. N
Re[1,(x, )+ 1 (x,,)]eR " (resp. Im[1,(x,.,)+1(x,,,)]€R " )is the vector with

elements given by the sum of the real (resp. imaginary) part of the complex currents injected

at both terminals of the series branches of unknown transmission lines as given by (2.18)
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N.
(resp. (2.19)). Similarly, Re[ Yion Xeop) = Vo (Xop)] €R Zeb (resp.

N.
0] Yy (KXo 05) = Vs (%o p)] € R 7 ) s the vector with elements given by the differences

of the real (resp. imaginary) part of the complex admittances connected to both internal buses
as represented by (2.20) (resp. (2.21)). All other variables and functions have previously been
described:

. 1
arg min J(ry==r'Wr
xe_eb S 2
subject to: c(x,,,)=0

r—z+z(x,,)=0
Re[1,(x,,)+1,(x,,)]=0
Im[Ist (xe-eb) + Its (xe-eb)] =0
Re [yshkm (Xee5) = Vo (X0t )] =0
Im[yshkm (Xes) = Vomi (xe-eb)] =0.

(2.22)

Once the optimization problem (2.22) has been solved, the magnitude and phase angle of
the voltage measured between buses s and ¢ of the i-th transmission element are obtained by

means of (2.23) and (2.24) [Romay, ef al., 2019], respectively:

n ~ A ~ ~ 2
I/st,i = |:|:aebkm,il/ebk,i COS( ebk i ) - aebmk,il/ebm,i COS( ebm,i )i|
Vi=1..N, , (223)

12
. . N 2
+ |:aebkm,iVebk,i S (eebk,i ) = oppui Vepm,s ST (eebm,i )} :|

aehkm,il/ebk,i s (eebk,i ) - aebmk,i ebm,i sm ( ebm,i )

a I} ACOS(éebmJ)—a I} -COS(A )

ebkm,i” ebm,i ebmk,i” ebm,i ebm,i

~

0

st,i

-1

= tan Vi=1,...,N,fb . (2.24)

Finally, parameters of the i-th unknown transmission line can be determined by the

following set of equations [Romay, et al., 2019]:
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St,i A . A
+ a I} I} Cos(est,t)snl(ebkz)
ebkm,i” ebk,i" st,i .
) Vi=1..N, . (2.25)
st,i A . A
+ I} = Sln( st,i ) sin (eebk i )
aebkm,i ebk,i” st,i

St,i : A A
— W Sin ( st ) COS ( bk i )

ebkm,i ebk,il/st,i

p Vi=l..N, . (2.26)
st,i A A
(9, Jes( )
aebkm,i ebk,i” st,i
Qst,i . A . A
—Tsm( o )sin(6,,)
ot i¥ ebke,i? st.i
ST Vi=1,..,N. 227
gshkm,i - 2 I} 2 1= LEEEE] :’reb ’ ( . )
ebkm,i” ebk,i
A _ T s, .
shkm,i — 9 V", B Vi= 19'~'9N‘feb . (228)
Qebion,i¥ eb.i

2.4.4 Case studies

The performances of methodologies described in Sections 2.4.1 to 2.4.3 are evaluated by

using the IEEE-14 bus benchmark system [University of Washington, 2018]. The

mathematical programming language AMPL® [Fourer, et al., 2003] is used for the

implementation of the optimization problems, which are solved by using the Knitro® solver

[Ziena Optimization LLC, 2014] with an interior point algorithm and a convergence tolerance

of 1x10®. The choice of AMPL is due to its capability to express and solve highly complex

nonlinear optimization problems using an algebraic notation, which substantially facilitates
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the implementation and validation of proposed optimization problems. The set of ideal
measurements is generated from a power flow study. A Gaussian random error is added to

each ideal measurement considering a zero mean and the following standard deviations

[Alcaide-Moreno, et al., 2015]: {UVSCADA =0.004} , {UPSCADA =0.008} ,
k km

ke (km)e7
oe oe

{O-QSCADA = 0.008} ) {O-PSCADA = 0.01} , {O-QSCADA = 0,01} ,
km k k

(km)e7 ), ke ke

oe oe

{UVPMU =0.002} o {aIPMU
k ke,

km

= 0.002} and {O'QPMU = 0.0017} . The PMU
(km)e7,, Tkm ()7,

current equations are handled in rectangular form. Therefore, the corresponding standard

deviations are derived using the error propagation theory [Zamora-Cérdenas, ef al., 2014] as

shown by (2.29) and (2.30):

r 2 . 2
{U PMU :\/ O-IPMU Cos(elkm)} +|:69PMU]kmSIH(01km) } , (2.29)
Irealkm L km Ikm |
(realkm)e ?;)e
r (0 2 0 T2
o, = e o [l SR
mag L m a
(imagkm)e?;e

Methodologies 1 and 2 consider initial values of parameters that are to be estimated at
30% with respect to (w.r.t.) the nominal database values; this agrees with the error level
reported in [Kusic & Garrison, 2004]. Furthermore, the active and reactive power flows are
initialized in 1.0 p.u. and 0.0 p.u., respectively, in methodology 3. This is due to the best
parameter estimations being obtained by using these initial conditions. Three case studies are
performed using the hybrid set of measurements (SCADA and PMU) as depicted in Fig. 2.2,
which is composed of 83 SCADA and PMU measurements.
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<} Load
O— Generator

B Voltage magnitude (SCADA)

@ Active and reactive power flow (SCADA)

A Active and reactive power injection (SCADA)

% pmu
Fig. 2.2 Measurement diagram of IEEE 14-bus power system.
All case studies consider that there is a set of suspected lines 7, := { L,2,....N. ./.)b} with

parameters that must be corrected through an estimation process. Apart from the system state

estimation, the parameters of the following transmission lines are also estimated. In Case

Study 1, the parameters of lines 1-2, 1-5 and 2-3 are estimated such that Nfb =3. Two

suspected transmission lines are added in Case Study 2 such that Nfb =5, and the

parameters of the following transmission lines are estimated: 1-2, 1-5, 2-3, 2-4 and 2-5.

Lastly, the parameters of lines 1-2, 1-5, 2-3, 2-4, 2-5 and 3-4 are estimated in Case Study 3

so that Nfb =6. Even though these transmission lines are electrically close to each other,

they are selected as suspected electric components because of their location at the

transmission level and for their greatest values of {x,, / Vem(emye7~ TAtios, which implies that

they have the highest power transfer capacities. Lastly, the redundancy coefficients for each
case are presented in Table 2.1. These redundancies are obtained by the division of the
number of measurements by the number of state variables to be estimated. Table 2.1 clearly
shows that methodology 2 offers the best redundancy level, while the opposite occurs with
methodology 3. This is because the smaller the number of transmission line parameters added

to the original state vector, the better the level of redundancy.
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Table 2.1 Measurement redundancy for each case.

Methodolo
Case I > 8 3
2.305556 | 2.766667 | 1.627451
1.976190 | 2.593750 | 1.238806
3 1.844444 | 2.515152 | 1.106667

The relative errors of estimated parameters w.r.t. nominal database values are reported in
Table 2.2 to Table 2.4 for the Case Studies 1 to 3, respectively. Each Case Study is solved
by using all state and parameter estimation methodologies described in Sections 2.4.1 to
2.4.3. Cleary from the results, not all methodologies can provide relative errors of the
suspected transmission lines per case below 30%, which corresponds to the error level of
parameters that electric companies commonly have in their databases [Kusic & Garrison,
2004]. Methodology 2 yields the best performance because it provides the smallest
percentage of relative errors for all cases studies despite both the number of parameters to be
estimated and the closeness of transmission lines under consideration. In a comparison of the
errors reported in Table 2.2 for methodologies 1 and 3, it can be noticed that both
methodologies offer almost the same percentage errors of parameter estimations.
Methodology 1 performs better than methodology 3, however, when the number of

transmission line parameters to be estimated increases, as shown in

Table 2.3 and Table 2.4, then these two methodologies provide very poor parameter
estimates because their percentage of relative errors are higher than 30% w.r.t. nominal
database values: these methodologies provide relative errors significantly higher than those

reported in [Kusic & Garrison, 2004].

Table 2.2 Percentage of relative errors of parameter estimations for case 1.

Bus | Bus Methodology
Parameter k m 1 2 3
Sor 1 2 6.11182598 | 0.35916704 | 5.40516278
ceries ] 5 | 21.92342596 | 0.08533360 | 33.65179756
resistance
2 3 | 10.26654699 | 035234107 | 9.19576839
St 1 2 1.00232600 | 0.35916704 | 0.82020975
eries 1 5 079529887 | 0.08533360 | 2.41345285
reactance
2 3 0.53596500 | 0.35234107 | 0.97771660
o 1 2 | 1858795178 | 0.35916704 | 18.52873965
unt 1 5 | 100.00000000 | 0.08533360 | 186.90284172
susceptance
2 3 | 26.65483057 | 035234107 | 25.55636024
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Table 2.3 Percentage of relative errors of parameter estimations for case 2.

Bus Bus Methodology
Parameter K m 1 ) 3
1 2 53.13114185 2.22625351 307.53338797
Series 1 5 7.97429645 1.30585164 834.84282118
resistance 2 3 39.19100042 1.06816057 323.06341859
2 4 38.04667823 4.87373194 359.46478384
2 5 67.47757602 6.96658394 319.02131259
1 2 9.78431679 2.22625351 16.21187305
- 1 5 2.04447145 1.30585164 430.01254175
eries 2 3 2.38017919 1.06816057 | 25.05925175
reactance
2 4 6.38276318 4.87373194 38.88703141
2 5 12.16517391 6.96658394 73.13636512
1 2 7.84209462 2.22625351 70.92538220
sh 1 5 99.92530009 1.30585164 91.98136804
unt 2 3 32.86198084 1.06816057 155.14263500
susceptance
2 4 19.09312531 4.87373194 87.80916629
2 5 57.20182083 6.96658394 92.80301586

Table 2.4 Percentage of relative errors of parameter estimations for case 3.

Parameter Bus | Bus Methodology
k m 1 2 3

1 2 4.67166320 | 4.54421732 | 4225.85958697

1 5 19.82396461 | 0.24475548 324.56518137
Series 2 3 45.70198275 | 3.59890420 1234.51995792
resistance 2 4 6.01631147 | 1.73308003 2034.59091167
2 5 31.28260930 | 9.01220620 3777.00419996

3 4 42.50632704 | 8.29681225 683.79760761
1 2 10.58824717 | 4.54421732 2727.30774328

1 5 0.59416680 | 0.24475548 215.44772930
Series 2 3 45.11319579 | 3.59890420 1947.75496631
reactance 2 4 12.28230117 | 1.73308003 2662.90732500
2 5 4.40249284 | 9.01220620 | 2758.52471518

3 4 111297536549 | 8.29681225 221.42638251
1 2 39.71374409 | 4.54421732 1501.05759383

1 5 99.26001047 | 0.24475548 11.40247213

Shunt 2 3 100.00000000 | 3.59890420 172.58468712
susceptance | 2 4 23.88065266 | 1.73308003 831.35616878
2 5 | 254.03394970 | 9.01220620 1352.02904341

3 4 99.90033614 | 8.29681225 973.44626656

As the name implies, the observability concept regards observations or physical
measurements embedded in the power system. A system is said to be observable if enough
information is obtained from the set of measurements to directly estimate the system

operating state [Abur & Goémez Exposito, 2004]. An observability analysis can be performed
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before solving the optimization problems (2.11) and (2.22) to ensure that a state estimation
study is possible. For Case Studies 1 through 3, the observability of state and parameters is

assumed from the set of measurements in Fig. 2.2.

Table 2.5 Values of objective functions and Chi-squared tests for each case.
Methodology

Case - 2 3

Jr) | IO | | I |
22.447 | 32.001 | 25.234 | 35.497 | 22.191 | 23.097
2 16.252 | 28.471 | 21.561 | 34.335 | 16.251 | 13.148
3 16.331 | 26.692 | 18.365 | 33.752 | 16.232 | 7.754

Estimation theory indicates that the objective function should follow a Chi-square
distribution, so a statistical test can be performed on the resulting objective function to verify
this property. The statistical test used is the Chi-square test which determines a threshold
value for the objective function, if the resulting objective function is below this value then
the results are considered as reliable, if the objective function exceeds this threshold value

then the results provided are not reliable. The optimality function’s value J(r) of the

estimation process as well as the Chi-squared y° test’s value are shown in Table 2.5 for each

Case Study. The Chi-squared test is performed by using a significance level of 0.05 [Abur &
Gomez Exposito, 2004] and degrees of freedom obtained as the difference between available
measurements and state variables. Note that the objective function values of methodology 1
do not exceed the Chi-squared test values in any of the Case Studies. Nevertheless, estimates
of parameters are completely incorrect for methodology 1 as reported from Table 2.2 to Table
2.4. This represents its main drawback because it minimizes the WLS-based objective
function below the Chi-squared test value and one may erroneously consider the provided
parameter estimates as correct. On the other hand, methodology 3 shows a completely
different behavior because the objective function surpasses the Chi-squared limits in cases 2
and 3, as reported in Table 2.5. In addition, for Case Study 1, the resulting value of the
objective function of methodology 3 is almost the same as the Chi-squared limit. Therefore,
from the Chi-square test, the results provided by this methodology are not reliable, which can
be verified from Table 2.2 to Table 2.4. This behavior is a consequence of the poor
redundancy generated by methodology 3 when the number of transmission line parameters

1s augmented. Lastly, methodology 2 offers the best performance because their objective
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functions do not exceed the limit of the Chi-square tests per case, as shown in Table 2.5, and
the relative percentage errors are below 30%, which is the level of error encountered in the

electric companies databases [Kusic & Garrison, 2004].

2.5 Static state and topology co-estimation

The static state and topology co-estimation refers to simultaneously estimating the system
operating state and all circuit breakers statuses at explicitly modeled power substations in the

power grid. To formulate this co-estimation problem, it must be considered that in addition

to the set of system transmission buses A/ = {1,2,...,Ne} interconnected through

transmission elements 7, := {1,2,...,N., }, there exists a set of buses A/, = {1,2,... N }

explicitly modeled at power substations that are interconnected through a set of circuit

breakers 7'617::{1, 2,...,N?»h}. In this case, the number of circuit breakers is given by

N, =N, +N, +N, ,where N, and N, correspond to the number of circuit
ch cch och uch cc och

b

breakers with known statuses: closed and open breakers, respectively. Furthermore, N., ,

denotes the number of circuit breakers with unknown statuses. Lastly, the active

{P,} . and reactive {0, } (kmjers POWeErS that flow through these breakers are

considered as state variables that are to be estimated. Therefore, the augmented state vector
N. N.

is represented by (2.31), where V' e R g e R " | P,cR 7 and 0,<R Teb

2N _+2N +2N.1,—
e se b

x,.,=[V 0 P, 0,] €R (2.31)

In [Monticelli & Garcia, 1991; Monticelli, 1993; Monticelli, 1993; Alsac, et al., 1998], the

use of operational constraints for circuit breakers with known statuses is proposed by

7, and  open

cch

assuming  subsets of closed 7 _,:= {1,2,...,N., b} > 7.

c 7, circuit breakers, respectively. Furthermore, the closed

0 och

Zowi={L2 N, 157,
and open breakers are connected to the following subset of nodes:

Ny ={L2,.. N} >N N, and NV, ={1.2,....N,,} > N,

och

< N, respectively.
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If the i-th closed breaker is connected between nodes & and m, the voltage drop across its

terminals must be null such that the breaker’s operating conditions are mathematically
defined by

(2.32)

OCccb (xe-cb)j = lgk_gm:l = {O] v {k’ m} < "/‘/ccb’

V=V, 0 Vie7,

m ceh®

On the other hand, the operating conditions for the i-th open circuit breaker connecting

nodes k and m are given by the zero power flow through it:

P v {k
0C,,(x, ), =| " |= 0 , o € Vo (2.33)
ka 0 VZET

och*

Based on the conditions mentioned, a new set of constraints are proposed to estimate the

unknown statuses of circuit breakers composing the subset

c 7, and which are interconnected through the subset of nodes

uch

7= {1, 2,...N,

U
uch

}37

N, ={1,2,..,N,,} > NV, = A, . In this context, circuit breakers are considered with

unknown statuses if their operating statuses are not explicitly known or if the power system’s
operator does not have absolute confidence in the breaker statuses provided by the network
configurator. These operating conditions are derived from applying the concept of
complementarity constraints to Egs. (2.32) and (2.33). The first stage of this derivation results
in the complementarity constraints (2.34) and (2.35) associated with the i-th breaker with an
unknown status connected between nodes k£ and m. Note that these equations include
quadratic terms in order to fulfill the non-negativity condition associated with these types of

constraints:

(2.34)

uch °

0<(6,-6,) LB, >0, Vi{kmleN,
0<(,-V,) 10,20, Vikmje N,,. (2.35)

The main drawback of directly using (2.34) and (2.35), however, is that in a substation
with several breakers with unknown statuses the estimated values of active and reactive
power flows can be 0 for some circuit breakers that are actually closed. Similarly, the

estimated values of power flows through breakers that are actually open can be different than
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0. Hence, the estimated state variables may take values that do not correctly represent the
real operating conditions of circuit breakers with unknown statuses. The incorrect estimation
of the active and reactive powers that flow through breakers with unknown statuses is
because of the decoupling of complementarity conditions (2.34) and (2.35). Hence, it is
necessary to couple all state variables composing the complementarity conditions

representing the breaker’s unknown status.

The drawbacks mentioned above are overcome by formulating a single complementarity
constraint that simultaneously considers the two possible breakers’ operating statuses: open
or closed. In the former operating condition, both active and reactive power flows are 0,
which can be mathematically represented in one single constraint expressed in terms of the

apparent power:

D, (x, ), =P +0;, =0, VikmleN,, VieZ,

uch *

(2.36)

On the other hand, the voltage drop and voltage phase angle difference are both 0 when the
breaker is closed. These two conditions can be merged in a single constraint expressed in

terms of the rectangular components of both nodal voltages:

[y (%) = Re(V) =Re(V],))* +(m(V,) ~Im(V,))* =0, ¥ {k,m}e N, Vie 7,

uch? uch

(2.37)

The merging Eqgs. (2.36) and (2.37) with the complement operator “_L” results in the

proposed nonlinear complementarity constraint for breakers with unknown statuses:

s, Y tem e Mo ) )
Vie7,

uch*®

OC,;,(%,.), =0<(P,+0;,) L

\.—V—J
(Dm:b (xa-cb )i

(Re(V,)-Re(V,))’
+(Im(V,) - Im(V,))’

r uch (xf-l.‘b )i

The complementarity condition (2.38) correctly represents the possible open or closed
operating condition associated with an unknown status of a circuit breaker because only one
of two constraints equals 0. Including (2.38) in the state and topology co-optimization
problem for the simultaneous estimation of all state variables associated with this type of

breaker requires transforming (2.38) into an equality constraint by using the
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Fischer-Burmeister merit function [Fischer, 1992], where the square root term considers the

positive square root:

(2.39)

uch *

Ocucb (‘xe—cb)[ = \/q)(xe-cb)zz_'_r(xe-cb)lz - (D(xe-cb)[ - F(xe-(_-b)[ = 0 b VZ‘ € 7

Based on the information mentioned above, the static state and topology co-estimation is
performed by solving the optimization problem given by (2.40), where three possible breaker

statuses are considered: closed, open and unknown:

argmin J(r) = %rTWr

Ye-ch"
subject to: . (X,.) =0 . (x,.,): RV 2Nt 2Ny, 2N 2N

Pt (Xe) =0 (X, ) RTINS RY (2.40)
0C,,(x,,) = 0 OC,,(x,,,): R 5 R*"7
ocC,,(x,,) =0 OC,,( be):Rzl\umﬁzN,m RV

0oC,,(x,,) =0 OC,(x,_,):R

2N, +2N,, 42N, N RN,M
b

where J(r):R"” — R is the objective function from the WLS approach and r e R" is the

vector of measurements’ residuals, which are considered as explicit decision variables
. M
together with the components of vectorx, ,. The diagonal matrix W =diag {1/ of}'_l

weights vector r, where {0'.}?: is the i-th standard deviation that reflects the i-th meter’s

level of accuracy. Furthermore, c,(x,_,) corresponds to the set of structural constraints
associated with the zero injection measurements at the transitions’ buses located in the
transmission system and explicitly modeled substations. The mathematical representation of
these zero injection measurements are reported in Egs. (C.5) and (C.6) of Appendix C. The

operating constraints OC_, (x,_,) , OC,,(x, ) and OC_,(x,_,) correspond to the closed,
open and unknown statuses of circuit breakers, respectively. Lastly, the set of physical and

. . T . .
estimated measurements are given by z = [zSCADA 7" MU] eR"Y andZ(x,_,), respectively.

e e e-ch

In order to identify unknown statuses of breakers from estimated power flows, a
comparative test is proposed in this thesis. After the optimization problem of (2.40) is solved,

the absolute values of estimated active and reactive power flow through those breakers are
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compared with the values of three times the active and reactive power flow measurements’

standard deviations: 3GPkSC Ly and 30'Q;§C .4 » Tespectively. This proposed comparison is based
m m

on the fact that power flow measurement errors follow a normal distribution [Abur & Gomez
Exposito, 2004] with mean values equal to 0 and standard deviations of measurement devices

which are equal to T scapi and O scapa Thus, 99.73% of random values of this distribution
km km
are clustered within the range of 130 scups and i3O'QSC o4 » Tespectively. Consequently, it is
km fm

acceptable to consider 30 scapa and 30QSC .py as limit values that can adopt power flows of
km km

circuit breakers in the open condition. Therefore, if the estimated active and reactive power
flows of the corresponding switching device are lower than these values, that circuit breaker
is identified as open. If at least one of them is greater than the limit value, that circuit breaker

is identified as closed.

It is important to mention that the static state and topology co-estimation requires explicitly
incorporating the substations in a node-breaker model, which results in an increase of the
state vector dimensionality according to the number of power substations. Note that this
eventually limits its application in large-scale electrical systems. Even though this can be
overcome by modeling only a few selected substations at the bus-breaker level [Simoes
Costa, et al., 2007] or applying decentralized state estimation at substation level [Silva, et

al., 2013], this issue is beyond of the scope of this thesis.

2.5.1 Case studies

The performance of the proposed methodology is evaluated by using the IEEE 24-bus
power system [Probability Methods Subcommittee, 1979; Billinton, et al., 1985] and the
COPEL-55 bus power system that supplies the metropolitan area of Curitiba, Brazil
[Vosgerau F. , 2011]. The mathematical programming language AMPL® [Fourer, et al.,
2003] is used for the proposal’s implementation as well as the Knitro® solver [Ziena
Optimization LLC, 2014] with a quadratic sequential programming algorithm for the
optimization problem solution. This is due to the best estimations being obtained by using
this solution algorithm. The case studies and the corresponding numerical results for each
power system are described in the following sections.
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2.5.1.1  1EEE-24 bus power system

The substations at buses 14 and 16 of the IEEE 24-bus benchmark system [Probability
Methods Subcommittee, 1979; Billinton, et al., 1985] are modeled at the physical level. The
former is composed of a ring configuration, while the substation at node 16 has a breaker and
a half configuration, respectively. The total number of switching devices included in these
substations is 13. The measurement scheme is shown in Fig. 2.3, which is composed of 143
SCADA measurements: 23 nodal voltage magnitude measurements, 46 active power flow
measurements, 46 reactive power flow measurements, 16 active power injection
measurements and 16 reactive power injection measurements. Furthermore, the breaker

statuses shown in this figure correspond to the true topology.

HA 18

IA?ZI HA| 22

t |

17

23

—- Open circuit breaker
—J- Closed circuit breaker

<} Load

O— Generator

H Voltage magnitude (SCADA)
® Active and reactive power flow (SCADA)
A Active and reactive power injection (SCADA)

Fig. 2.3 Measurement diagram of the IEEE-24 bus power system with substations 14 and
16 modeled at the section level.
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All SCADA measurements are generated by adding Gaussian random noise to the solution
of a power flow program that explicitly considers substation models as described in

[Lourenco, et al., 2010]. The measurements’ standard deviations used by the random number

generator are as follows [Andreoli, et al., 2014]: {GVSCADA =0.005} ,
k

ke, N,
O scuu =0.03} , {G sci =0.03} , {0' :0.03} and
{ Fim (P,fanDA)e'fe T Oim™ " (Q/frsADA)E’re’fcb R ke, N,
O scapy =0.03 . A tolerance of 1x10™" is considered for the sequential quadratic
% keA” N

algorithm convergence and the nodal voltage magnitudes, and phase angles are initialized at
flat start. This tolerance is used because the algorithm produces estimations more quickly
than if a smaller tolerance is used. For closed switching devices, initial values of 1.0 p.u. are

used for active and reactive power flows. On the other hand, the initialization of active and

reactive power flows through open and unknown circuit breakers is set at 1x10” p.u.,
respectively. Lastly, three case studies are simulated to verify the performance of the

proposed optimization problem which are described below.

The first case assumes unknown operating statuses for breakers B1 and B5, while the others

have the statuses given in Fig. 2.3 such that N, . =2, N, , =8 and N, . =3. The

objective is to estimate the statuses of Bl and B5 from the proposed optimization problem
represented by (2.40) and the redundancy given in Fig. 2.3. In order to validate the
effectiveness of the proposed methodology, the results are compared with the ones obtained
by the methodology described in [da Silva, et al., 2016]. For this purpose, this methodology
was also implemented in AMPL® by using the same standard deviations previously

described, a weighting factor of k&, =0.01 and an interior point algorithm with a convergence

tolerance of 1x107*. The estimated power flows and unknown statuses for unknown breakers
by using both methodologies are reported in Table 2.6, which also shows the absolute errors
in the active and reactive power flows estimations obtained from both methodologies. The
values of these absolute errors clearly show that estimated flows of B1 and B5 by the

proposed approach are very close to those given by the methodology described in [da Silva,
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et al., 2016]. Furthermore, the proposal correctly estimates the unknown statuses of circuit

breakers for the given simulation conditions.

Table 2.6 Results for case 1 of IEEE-24 bus power system.

Estimated values Error
da Silva, et al., 2016] Proposed
Break | 2 2 m m
T P Qin | Satus | Pl Qun | Status (5.’;1.) (1%;1.)
(p-u.) (p-u.) (p-u.) (p-u.)
Bl -3.69 0.06 Closed -3.71 0.06 Closed 0.02 0.00
B5 -3.79 -0.41 Closed -3.78 -0.41 Closed 0.01 0.00

The second case assumed that breakers B8, B9 and B10 have unknown statuses, while the

others are known (as seen Fig. 2.3) such that N, , =3, N, , =8 and N, , =2. The

proposed optimization problem and the methodology proposed in [da Silva, et al., 2016] are
used to determining those statuses as well as the entire system operating condition. Table 2.7
reports the results for breakers B8, B9 and B10 from which it is concluded that the estimator

obtains correct estimated values of power flows and statuses of unknown circuit breakers.

Table 2.7 Results for case 2 of IEEE-24 bus power system.

Estimated values Error
Breaker |da Silva, et al., 2016] Proposed Pun Ot
Plan Qi Status Pim Oim Status (p.u.) (p-u.)
(p-u.) (p-u.) (p-u.) (p-u.)
B8 1.20 -0.26 Closed 1.20 -0.26 Closed 0.01 0.00
B9 0.00 0.00 Open 0.00 0.01 Open 0.00 0.00
B10 -3.24 -0.36 Closed -3.24 -0.36 Closed 0.00 0.00

Lastly, the third case regards all breakers at the substations of Fig. 2.3 as unknown, such
that N, = 13, N, = 0 and N, = 0. Hence, the objective is to estimate all switching
devices statuses based on the available measurements by using the proposed methodology as
well as the methodology reported in [da Silva, ef al., 2016]. The power flows and statuses

estimations of all circuit breakers are reported in Table 2.8, which newly validate the

effectiveness of the proposed approach.

41



Table 2.8 Results for case 3 of IEEE-24 bus power system.

Estimated values Error
Breaker [da Silva, et al., 2016] Proposed Pin Ot
Plan Oim Status Pim Qion Status (p.u.) (p.u.)
(p.u.) (p.u.) (p.u.) (p.u.)

Bl -3.69 0.06 Closed -3.69 0.06 Closed 0.00 0.00
B2 1.96 0.38 Closed 1.96 0.38 Closed 0.00 0.00
B3 0.02 0.20 Closed 0.02 0.20 Closed 0.00 0.00
B4 -0.03 0.00 Open -0.03 0.00 Open 0.00 0.00
B5 -3.79 -0.41 Closed -3.79 -0.41 Closed 0.00 0.00
B6 0.00 -0.01 Open 0.00 0.00 Open 0.00 0.01
B7 1.29 -0.46 Closed 1.29 -0.46 Closed 0.00 0.00
B8 1.20 -0.26 Closed 1.20 -0.26 Closed 0.00 0.00
B9 0.00 0.00 Open 0.00 0.00 Open 0.00 0.00
BI10 -3.24 -0.36 Closed -3.24 -0.36 Closed 0.00 0.00
Bl11 2.58 0.66 Closed 2.58 0.66 Closed 0.00 0.00
BI12 -1.01 -0.60 Closed -1.01 -0.60 Closed 0.00 0.00
B13 1.51 0.70 Closed 1.51 0.70 Closed 0.00 0.00

2.5.1.2  COPEL-55 bus power system

The substation at bus 55 of the COPEL 55-bus power system [Vosgerau F. , 2011] is

explicitly considered for this case study with a total number of circuit breakers equal to

N, =30. The entire system as well as the measurement scheme are shown in Fig. 2.4,

chb
where the latter is composed of 305 measurements: 30 nodal voltage magnitude
measurements, 103 active power flow measurements, 103 reactive power flow
measurements, 54 active power injection measurements and 15 reactive power injection
measurements. SCADA measurements are generated by adding Gaussian random noise to

the power flow results, while the measurements’ standard deviations are considered as

follows [Alcaide-Moreno, et al., 2015]: {O‘VSC A = 0.004} ,
k ke, N,
=0.008 =0.008 =0.01 d
{0' SCADA =0.0l} . The same convergence tolerance and circuit breakers’ initial
%k ke, A,

conditions for the sequential quadratic algorithm as described in Section 2.5.1.1 for the IEEE

24-bus benchmark system are used. The extreme case where all breakers at the substation 55
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are unknown is simulated, so that N, = 30, N, = 0 and N, = 0. The objective is to

estimate all switching devices statuses based on the available measurements through the
proposed approach and the one reported in [da Silva, ef al., 2016]. For that purpose, the latter

is implemented in AMPL® by using the standard deviations previously described with a

weighting factor of k, =1x10° and solved by employing an interior point algorithm with a

convergence tolerance of 1x10™. The estimation results of power flows and breakers’
statuses are reported in Table 2.9. A comparison of these results as well as the absolute values
of the differences between active and reactive power flow estimations obtained from both

methodologies demonstrate the validity of the proposed approach.

4 14

SE_55 59 61 64 67

~} Open circuit breaker B Voltage magnitude (SCADA)

—.- Closed circuit breaker @ Active and reactive power flow (SCADA)
< Load & Active power injection (SCADA)
O— Generator @ Reactive power injection (SCADA)

Fig. 2.4 Measurement diagram of the COPEL-55 bus power system with substation 55
explicitly modeled.
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Table 2.9 Results for COPEL-55 bus power system.

Estimated values Error
Breaker [da Silva, et al., 2016] Proposed Pin Ot
P Qi Status Pim Qi Status (p.u.) (p.u.)
(p-u.) (p-u.) (p-u.) (p-u.)

Bl 3.74 0.48 Closed 3.74 0.48 Closed 0.00 0.00
B2 0.00 -0.01 Open 0.00 -0.01 Open 0.00 0.00
B3 0.37 0.09 Closed 0.37 0.09 Closed 0.00 0.00
B4 1.40 0.36 Closed 1.40 0.36 Closed 0.00 0.00
BS 0.00 0.00 Open 0.00 0.00 Open 0.00 0.00
B6 0.94 0.26 Closed 0.94 0.26 Closed 0.00 0.00
B7 0.00 -0.01 Open 0.00 -0.01 Open 0.00 0.00
B8 0.00 0.01 Open 0.00 0.01 Open 0.00 0.00
B9 0.59 -0.22 Closed 0.59 -0.22 Closed 0.00 0.00
B10 0.00 0.01 Open 0.00 0.01 Open 0.00 0.00
Bl11 0.17 -0.19 Closed 0.17 -0.19 Closed 0.00 0.00
B12 0.45 -0.04 Closed 0.45 -0.04 Closed 0.00 0.00
B13 0.01 0.01 Open 0.01 0.01 Open 0.00 0.00
Bl14 0.00 0.00 Open 0.00 0.00 Open 0.00 0.00
B15 -0.91 0.05 Closed -0.91 0.05 Closed 0.00 0.00
Bl16 0.01 0.01 Open 0.01 0.01 Open 0.00 0.00
B17 -0.50 -0.07 Closed -0.50 -0.07 Closed 0.00 0.00
B18 1.47 0.01 Closed 1.46 0.01 Closed 0.00 0.00
B19 0.00 0.00 Open 0.00 0.00 Open 0.00 0.00
B20 0.00 0.00 Open 0.00 0.00 Open 0.00 0.00
B21 0.07 -0.08 Closed 0.07 -0.07 Closed 0.00 0.00
B22 0.00 0.00 Open 0.00 0.00 Open 0.00 0.00
B23 -0.51 -0.09 Closed -0.51 -0.09 Closed 0.00 0.00
B24 0.49 0.15 Closed 0.49 0.15 Closed 0.00 0.00
B25 0.00 0.01 Open 0.00 0.01 Open 0.00 0.00
B26 0.00 -0.01 Open 0.00 -0.01 Open 0.00 0.00
B27 -0.01 0.00 Open -0.01 0.00 Open 0.00 0.00
B28 0.01 0.01 Open 0.01 0.01 Open 0.00 0.00
B29 1.73 -0.03 Closed 1.73 -0.02 Closed 0.00 0.00
B30 0.20 0.00 Closed 0.20 0.00 Closed 0.00 0.00

2.6 Static state and temperature co-estimation

The proposed approach in this section regards the static state and temperature co-estimation

of system nodal voltages and transmission lines’ temperatures in a single frame of reference.

For this purpose, a set of system transmission buses A/ = {1,2,...,Ne} interconnected
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through transmission elements 7 := {l, 2,...,N, } is considered. Furthermore, some of these

elements have temperature dependent parameters 7, db::{1,2,...,N7db} 5> 7,,=7, such
fe

that their corresponding conducture temperatures {7}, }, ., must be estimated.

Considering the i-th transmission line connected from bus & to bus m, the corresponding

temperature dependent series resistivity of the metallic conductor 7, (7,,.):R—>R is
represented by (2.41). In this case, {r,,,,,.} ff‘”’ is the corresponding conductor resistivity, and
N7 C
{7 opiomi 1 stands for conductor resistivity at the reference temperature. Furthermore,
Ny .
{T, kml}l 7 denotes the conductor temperature, { T i i 18 the reference temperature and

T i " represents the temperature constant that depends on the conductor material

[Frank, et al., 2013]:

Lo+ T,
vekmz( kmz) refkmz]"kml—'_—kal V _l N . (241)

refkm, 1+Tka i tdb

The series conductance g, .(7;,,): R — R and series susceptance b, ;(7,,.): R —>R

of the i-th transmission line as a function of conductor temperature are expressed by (2.42)

N.
and (2.43), respectively, where {xsekm,l.}i:lf’db is the series reactance:

gxekm,i (nm,i) Qekm je(];n—vk:n(l )k—r'n_ I)ekm ; Vi:lr'-aN?'tdb s (242)
_ xsekm i -,
sekmz(T;cml) Sekml(Tkm,)+ Sekm, Vl—la---aNﬁidb . (243)

The active power flows at both ends of this i-th transmission line are represented by (2.44)

and (2.45), respectively:

Pthkmﬂ' = I/tbk i gvekm z( km, z)
I/tbk tI/tbm zgsekm z( km, l)cos(etbk i tbm z) Vi= 1 N Tap ° (244)

V;bk zI/tbm lbvekm 1( km 1)S1n(0tbk i tbm z)
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Ijtbmk,i = I/tbm,izg-se‘km,i (];cm,i)
- V thk,igsekm,i (];m,i) Cos(etbm,i - chk,i) Vl = 19 e N:rtdb N (245)

thm i

ViV Bsctoni T, i) IO, s = Oy ;)
Consequently, the transmission line’s active power loss is given by

P

Losstb,i

=Py P Vi=l.,N

thkm,i ft db

(2.46)

On the other hand, the nominal active power loss of the i-th transmission line can be

N N
I 1
atingkm,i }[=1 and {Z basekm i }[=1

calculated [Frank, et al., 2013] from (2.47), where {/,

represent the current line rating and the base impedance, respectively. Note that these data

can be obtained from the system database:

P

72 L
RatedLossth,i — IRatingkm,i’/;‘efkm,iZbasekm,i VZ - 1’ et thdb . (247)

Similarly, the ratio of the rated temperature rise to the rated active power loss is referred

to as thermal resistance [Frank, et al., 2013], which is mathematically expressed by (2.48).

N.
. 7 . .
In this case, {7,z o stands for rated temperature rise above the ambient temperature,

N.
7 .
and { By irosmi i denotes the rated active power loss:

RH,[ _ TRatedRisetb,i vl — 1’ s N? X (248)

P RatedLosstb,i tdb

Neglecting the heat gain caused by solar radiation in the heat balance equation as described
in [Frank, et al., 2013], an equation for the conductor temperature that only depends on the

transmission line’s active power losses is obtained:

Tkm,[ _]Zz,i —-F

Losstb,i

R, =0 Vi=l..N, , (2.49)

o 1db

N.
where {7:1’,.}1.:'17’””’ is the ambient temperature that is considered a known parameter from the

system database.
. . . N7
Based on the information mentioned above, the conductor temperature {7},,.}, ;" can be

estimated for each transmission line by including the set of equality constraints (2.49) in the
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formulation of the static state estimation problem. In this context, the augmented state vector

is given by (2.50), where @ € R is the vector of nodal phase angles, V € R stands for

N.
the vector of nodal voltage magnitudes and 7,, € R 7 is the vector of transmission line
temperatures:

2Ne+NT

Xw=[V 0 T,] cR * T (2.50)

Finally, the proposed optimization problem to be solved for the static state and temperature

co-estimation is given by (2.51). In this case, J(r):R" — R is the objective function of the
weighted least squares approach, r € R" is the vector of measurements’ residuals and

. M, C - . .
W= dlag{l/ O'f} 18 the measurements’ weighting matrix. The set of structural constraints

i=

+N7

2N
is given by ¢(x,,):R © @ — R*?¢ | which denotes the set of zero power injections at

the transition buses A/, :={1,2,...,N, } > A/,

. ", < . (see Egs. (C.5) and (C.6) in Appendix
C). Furthermore, z € RY is the vector of SCADA and PMU physical measurements, which

are obtained from the subsets of observable transmission buses A/, ={1,2,...,N, } and

?" Toe

2N =N
observable transmission elements 7~ ::{1,2,...,N,, }, while 3(x,,):R © “@ > R"

oe

2NE+N N.
stands for the vector of estimated measurements. Lastly, T'(x,_,):R Tr _y Rt

represents the set of constraints imposed by temperatures of transmission, as shown in (2.49)

argmin J(r) = %rTWr

Xe-tdb>"
subject to: c(X,) =0 (2.51)
r—2+2(Xp ) = 0
T(x,uw)=0.

2.6.1 Case studies

The general scheme of the Mexican interconnected power system (MIPS) [PRODESEN,

2018] 1is presented in Fig. 2.5, which encompasses seven regional control areas. The
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performance of the proposed methodology is shown by analyzing a MIPS 7659-bus model.
The proposed approach is implemented by using the mathematical programming language
AMPLP [Fourer, et al., 2003], while the constrained optimization problem (2.51) is solved
through the Knitro® solver [Ziena Optimization LLC, 2014] with an interior point algorithm

considering a convergence tolerance of 1x107*. SCADA and PMU measurements are
generated by adding Gaussian random noise to the solution of a power flow program that
includes conductor temperatures. This program was developed following the approach

reported in [Frank, et al., 2013]. On the other hand, the material used to build the transmission
N.
lines is aluminum such that {7}, = 228.1°C}[={"”’ . Additionally, all transmission lines are
N.
subjected to an ambient temperature of {7, =25°C}i=f"”’ , and the parameters’ reference
temperature given in the database is equal to the ambient temperature of system lines:

N. N.
T i = Ta,,-},-jdh . Lastly, the rated temperature rise of {Ty,.ipienr: = 35°C}i;’d” above the

ambient temperature is considered for all transmission lines.

Control regions:
1) Center
2) East
3) West
4) Northwest
5) North
6) Northeast
7) Peninsula
] 8) Baja California
9) South Baja California
10) Mulegé

— — =Mexican Interconnected System
— — = Baja California System

South Baja California System
= = = Mulegé System

Fig. 2.5 Mexican interconnected power system.

In order to perform the state and parameter co-estimation, the measurement scheme is
composed of 32,687 measurements: 2553 nodal voltage magnitude measurements, 9286
active power flows measurements, 9286 reactive power flow measurements, 5106 active
power injection measurements, 5106 reactive power injection measurements, 192 PMU
measurements of nodal voltage magnitudes, 192 PMU measurements of voltage phase
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angles, and 483 PMU measurements of real and imaginary components of branch currents,
respectively. Since 15,317 algebraic variables must be estimated, the system has a

redundancy coefficient of 2.1340. Within this context, the following measurements’ standard

deviations are considered [Alcaide-Moreno, et al., 2015]: {U,,SCADA =0.004} ,
k ke,

=0.008 =0.008 =0.01
{O'p]ngDA }(P]g’?ADA)eTE 5 {O'QZ;?ADA }(Q,f,SADA)e‘fe 5 {GP];S‘CADA }ke_ v 5
{anSCADA =o.01}k R {GV{MU :o.ooz}k N {angU =o.ooz}k R {GIQMU :0.002}
el, e, e, ‘Ilgﬁl\dU e?;

and {GHPMU = 0.002}

I
m PMU
0 "7 €7,

To verify that the proposed temperature estimator provides accurate values, Table 2.10
shows the results of estimated values of temperature and series resistance values of the
transmission lines that exceed their power ratings with respect to those provided by the
temperature-dependent power flow study [Frank, et al., 2013]. The relative percentage errors
of the temperatures and series resistances are also shown. As can be observed, the highest
temperature error presents a value of 0.8805% and the highest series resistance error is equal

to 0.1923%, which implies that the proposed estimator obtains accurate estimates.

Table 2.10 Comparison of temperature-dependent power flow and temperature estimation

methodologies.
Power flow Pr(.)pose‘:d
Co-estimation
. Error Error
Line
number Tim Fkm Tim Fkm T "l
o o (%) (%)
©C) (p-u.) ©C) (p-u.)
530 52.7237 0.0013 52.9409 0.0013 0.4118 0.0773
531 52.7237 0.0013 52.9409 0.0013 04118 0.0773
1942 60.4434 0.0152 60.8614 0.0152 0.6916 0.1449
2139 36.9074 0.0043 36.979 0.0043 0.1941 0.0270
2144 63.2329 0.0038 63.2304 0.0038 0.0040 0.0009
2917 63.7336 0.0014 64.2948 0.0014 0.8805 0.1923

The estimated values by the proposed approach associated with the operating temperatures

and temperature-dependent series resistance parameters are reported in Table 2.11. For the
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sake of space and the size of the system under analysis, these reported results only correspond
to those transmission lines exceeding their nominal ratings. For comparison purposes, the
estimated power (MVA) flowing through the overloaded lines according to both the proposed
approach and the conventional static state estimation given by (2.5) is also shown in Table
2.11. Within this context, the series resistances in the system database and the power rating
value (MVA) of the corresponding transmission line are shown in this table of results. Lastly,
the relative percentage error of the estimated value of temperature-dependent series
resistance to the value given in the system database is also reported. These results permit us
to be aware of the error when considering the database parameters to performing power

system studies.

As expected, the line with the highest percentage error of series resistance corresponds to
the line with the highest estimated conductor temperature: line 2917. Furthermore, the
computed MV A power exceeds some transmission lines’ nominal ratings when the operating
temperatures are considered as state variables, unlike the results obtained when using the
conventional static state estimation. Therefore, it is essential to include conductor
temperatures within the state estimation process to monitor transmission line nominal ratings
because it can assist control center operators in detecting an electric power system’s insecure

operating condition.

Table 2.11 Results of the proposed temperature estimator for the Mexican-7659 bus power

system.
Estimated values Estimated power
. Database Error .
Line Fiom Fiom Without With Rating
number Tim Fikm o (MVA)
(p.u.) (OC) (p u ) ( A)) Tkm Tkem
o (MVA) (MVA)
530 0.0012 52.9409 0.0013 11.0395 59.1970 62.3447 61.9506
531 0.0012 52.9409 0.0013 11.0395 59.1970 62.3447 61.9506
1942 0.0133 60.8614 0.0152 14.1689 70.8344 74.9609 74.1151
2139 0.0041 36.9790 0.0043 4.7329 115.6092 121.6621 121.3410
2144 0.0033 63.2304 0.0038 15.1049 422.5479 445.0359 443.7594
2917 0.0012 64.2948 0.0014 15.5254 166.0968 178.0187 173.3217
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2.7 Conclusions

First, a comparative study of three WLS-based simultaneous state and parameter estimation
methods at the system level has been performed in this thesis by using a hybrid set of SCADA
and PMU measurements. The main difference between these methodologies is the type of
variables incorporated into the optimization problem of static state estimation. Methodology
1 uses admittances of the m model of transmission lines. Furthermore, methodology 2 uses
normalized line lengths, and methodology 3 uses power flows of the associated & circuit as
variables to be estimated. Numerical results showed that methodology 2 is the best approach
for estimating parameters of several transmission lines because it provides the smallest
percentage error values of parameter estimations with respect to the nominal database values.
In addition, methodology 2 does not significantly increase the size of the state vector to be
estimated; consequently, it provides the best redundancy level of all methodologies

considered.

On the other hand, a static estimator that simultaneously estimates the system’s operating
state and breakers’ statuses by using a hybrid set of SCADA and PMU measurements is
proposed in this thesis. The novelty of this proposal is as follows. Firstly, two new operating
constraints for each breaker with unknown status are proposed based on the complementarity
approach. Secondly, the proposed breakers’ operating constraints are directly included in the
static state estimation problem as equality constraints derived by employing the
Fischer-Burmeister merit function. Lastly, the unknown statuses of breakers are directly
estimated together with nodal voltages in a unified framework of analysis. The results
numerically demonstrate that the proposed approach can satisfactorily estimate the breakers’
statuses considering a given measurement redundancy, even though all circuit breakers at

power substations included in the system are initially considered as unknown.

Finally, a methodology is proposed for the state and transmission line temperature
co-estimation by using a hybrid set of SCADA and PMU measurements. This is achieved by
including a temperature-based equality constraints to the static state estimation problem. The
numerical results show that some lines violate their nominal transmission ratings by
regarding the effect of temperature compared with the case where this variable is not

considered within the static state estimation. These results validate the need to consider the
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temperature dependence of transmission lines for the appropriate power system security

assessment.
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Chapter

3 Transient stability assessment considering hard

limits on dynamic states

3.1 Introduction

This chapter centers on presenting a fundamentally different, comprehensive and general
approach for directly including hard limits of controllers in the formulation and solution of
the transient stability problem. Within this context three main specific contributions are
presented as follows. Firstly, hard limits are simultaneously and automatically checked and,
when applicable, enforced or liberated at each step of the time-domain simulation. Secondly,
the solution process is not reinitialized at the time at which a non-windup controller changes
its control operating mode because the system’s dynamic structure remains unaltered during
the entire time-domain simulation: differential equations are not transformed into algebraic
equations and vice versa. Lastly, the proposal does not require adjustments of parameter
values to correctly represent hard limits, unlike the approach that uses saturation functions

for the treatment of limits.

3.2 Dynamic modeling of power systems

Power system stability is generally defined as [Kundur, 1994]: “the property of a power
system that enables it to remain in a state of operating equilibrium under normal operating
conditions and to regain an acceptable state of equilibrium after being subjected to a
disturbance”. Examples of large disturbances in power systems can be faults in the
transmission network or the shutdown of a major generating unit. In the area of rotor angle
stability, [Anderson & Fouad, 2003] stated: “If one of these large impacts occurs, the
synchronous machines may lose synchronism. This problem is referred to in the literature as

the transient stability problem”. This chapter is focused in this area of study.
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The power grid electromechanical dynamics with constrained dynamics states is
mathematically described by a set of differential-algebraic equations (DAEs) with double-
sided inequality constraints (DSICs) given by

7} — f(x, y,,B,r,y) f Rn+w+p+2Nwl N RMNW’
W = ot (9 BW) [ Rt R
0=2g(x,y,8) g:R™™ " 5 R”

y™" <y <y™

M S ps ™

xeX,cR" yeY, cR" ,BEBPECR” 3.1)

N, N N,
ye¥, <R 7eT, <R™ peM, cR™.
Wi Wi

nwl

In the parameter-state space of X, Y., B ., ¥, , T, and M, X is the vector of

ae? “pe? nwl w
dynamic states related to both generators and all controllers without non-windup and windup

limiters, while the vectors ¥ and 7 correspond to the controllers outputs with non-windup
and windup limiters, respectively. Furthermore u corresponds to the dummy variables’

vector located at windup limiters outputs which are used to obtain limited values of dynamic

states in a transient stability study. On the other hand, y is the vector of network’s algebraic
variables that change instantaneously with variations of dynamic states, while £ is a vector

of time-invariant parameters associated with control devices and electrical components of the

transmission grid. The rate of change of x, 7 and g is explicitly modelled by the set of
functions y = f(x, y, 8,7, ), while the dynamics of non-windup limiters’ outputs ¥ are
modelled by v, ., = f...(x.y,8,¥). All these dynamics evolutions are constrained by
algebraic equations 0= g(-)=g(x, y,#) representing both the power interchange between

synchronous machine stators and the transmission system, as well as power balance equations

in each network’s node. Furthermore, those dynamics are also constrained by the double-

X

sided inequality constraints ™" <y <yp™ and g™" < g < p™, which impose the upper

and lower physical bounds associated with non-windup and windup limiters, respectively.

These hard limits are shown in Fig. 3.1 (a) and Fig. 3.1(b), respectively.
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'7”1 max
ya H;
e Vi € T /- H;
——{Controller—— — Controller _/ >
min—/ lu;nm
v, (a) (b)

Fig. 3.1 (a) i-th non-windup limiter and (b) i-th windup limiter.

When the controller’s output of the i-th non-windup limiter reaches one of its limits, it is
set at the violated limit until the derivative of y, changes sign [Milano, 2010]. As long as the
value of y, remains constant, the system dynamics reduce its dimension in one: dy, /dt =0.
On the other hand, in the i-th windup limiter, the controller’s output 7, is not limited, but if

its value is out of the range of limits, the dummy variable g, is set to the violated limit: if

min __ , max

(resp. 7, <u™), i = 1™ (resp. w, = p™ ). The limitation ceases as soon as the

max

T
value of 7, is back within limits: if #™" <7, <™ such that g =r,. Note that all the

aforementioned operations are traditionally performed based on “if” conditional tests, which

are the guiding principle for conducting limit revisions in transient stability simulations.

3.3 Representation of hard limits on dynamic states

By applying the concepts described in Section 2.3, the new representations of non-windup
and windup limiters based on complementarity are obtained as shown in Fig. 3.2 (a) and Fig.

3.2 (b), respectively.

Controller p— —>|Controller

’ (a) (b)

Fig. 3.2 (a) i-th complementarity-based non-windup limiter and
(b) i-th complementarity-based windup limiter.
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Consequently, by applying the complementarity condition, the DSICs y™" <y <y™ are

replaced by (3.2) and (3.3), while ™" < g < 4™ are substituted by (3.4) and (3.5):

0<(y™ ~y, )L(uj“a")zo@(l//;m —y, Jo™ =0 Vi=1,., R (3.2)
0=<(y, —y/;m“)i(ujﬁn)m@(% —y o™ =0 Vi=1,., R (3.3)
0< (1™ ~u, )L(p;“a")zo@(u[max —4,)p"™ =0 Vi=1_ R™ (3.4)
0<(s, —yi‘m“)J_(p?ﬁ“)20<:>(yi —u™)p™ =0 Vi=1. R™ (3.5)

Note that the above equations consider four new vectors of complementarity variables:

max

o™, ™™ e R"™ for non-windup limiters and p™>, p™" e R™ for windup limiters. In the

complementarity representation of a non-windup limiter, the controller’s input e, is altered

ax

by including 0™ and v™", as shown in Fig. 3.2 (a), such that the new controller input o, is

max a;

equal to o, =e, +0™" —0™ . At the time at which y, > ™ during the numerical solution of

i

the transient stability problem, the values of the complementarity variables provided by the

solution are 0™ =0 and 0™ >0. Since V™ >0, y, is automatically set to the violated

limit to satisfy (3.2): w, =w,;™". In this case, the input o, is also reduced to a value

o, =e,—0™ that causes dy,/dt=0 to be satisfied for the period of time in which y,

1

remains fixed at the limit value. These numerical results are maintained until dy, /dt evolves

in a direction opposite to that which caused the limit violation, which occurs when 0™ is

newly 0. A similar line of reasoning applies when y, <y™.

On the other hand, the windup controller’s output 7, is not limited and is free to vary.

min max

Furthermore, the variables p™ and p™* change the dummy variable ; of the i-th windup
limiter such that the algebraic equation that relates x4 and 7, is

1

(w7, p)=1—7,—p™ +p"™ =0. Lastly, the limiter action is as follows. If
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min

H;

<t <™, p;mx = p?““ =0; however, if 7, > ™

1

(resp. 7, <u™), w=u™ and

and o™ >0) [Romay, et al., 2021]. Limiting ceases only when

n

P >0 (resp. g1, = p™

the value of 7, newly comes within limits.

Lastly, Egs. (3.2) to (3.5) are transformed to equality constraints (3.6) to (3.9) by applying

the Fischer-Burmeister merit function and considering positive square roots:

@ma"=\/(wima*—wi )2+(ufm")2—(w?“"—w,»)—(u%““)=o Vi=1...R"™,  (3.6)

1

o :\/('/’,- ) o) ) (or) =0 vi=LRY G

= =l T )0 e o

0 = =) (o) (=) ~(o7) =0 Vim1 R 69

3.4 Generalized formulation of the transient stability problem with
hard limits

The set of complementarity constraints (3.6) and (3.7) for non-windup limiters are grouped

. ) in T . . .
in a single vector @, , = [qp“‘“" q)m‘“] eR* _ while the complementarity constraints (3.8)

and (3.9) for windup limiters are merged in a vector ¢, = [¢“"‘" " ]T e R*" . Furthermore,
the vectors of complementarity variables for the non-windup and windup limiters are denoted
by v= [v""‘" o™" ]T eR™™ and p= [ o pm ]T eR*™ , respectively. Additionally,
N, € R™ is a vector that gathers the algebraic equations of windup limiters:
(7, p)=p—7,—p™ +p™ = O}Z ' . Based on the aforementioned, the proposed set

of differential-algebraic equations based on complementarity constraints is obtained for the

treatment of hard limits on dynamic states as follows:
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}; — f(x, y, ﬂ’T,/,[) f . Rn+w+p+2NWl N R”+Nwl
ht n+w+p+3N__ an
Vot = Lo (63, B9,0) [ (R R

Ozg(x,y’ﬂ) g:Rn+W+p SR
0 = nwl (T’ ﬂa p) nwl : R4NWZ - RNWI
0 = (inl (!//70) (inl : R&\HWI SN RZanl (3 10)
0 = ¢wl (ﬂ: p) ¢w . RSNWZ - RZNWI

xeX,cR" yer, cR" BeB, R’
ye¥, < R ¢ eTy c R HEM, < R

IN 2N
veU, cR ™ peP, R v,

nwl

where the DSICs w™ <y <y™" are replaced by the complementarity constraint equations
@,,, - Similarly, the set of DSICs g™ < g < g™ is replaced by @, , while the set of algebraic
equations 7, (7, &, p) relating to the output and dummy variables in the windup limiters, i.e.,

M and 7, has also been added to the set of equations (3.10).

The set of differential-algebraic equations (3.10) is converted into a set of
difference-algebraic equations, in which the trapezoidal rule is applied to algebraize all
differential equations, except the ones associated with non-windup controllers
Voot = S (X, ¥, B, 0) for a time-domain (TD) simulation. This last set of differential
equations requires special treatment to avoid possible inaccuracies in the calculated values
of {!//i}i]i’l"” , particularly during the switching operations that occur at the inception and
clearing of faults with values of the complementarity variables higher than 0. In this case,
fou (X, ¥, B, w,0)is split into two terms: f, () =u(x,y, B, w)+q(B,0), which is
algebraized by using the trapezoidal and backward Euler rules, respectively, for the entire
period of study [Romay, et al., 2021]. Based on the aforementioned, the resulting set of
nonlinear difference-algebraic equations are given by (3.11), where At is the integration time
step, and the superscripts k+1 and & denote the time instants ¢,,, and ¢, , respectively, at
which functions and variables are evaluated. Furthermore, the subscripts nw/ and w/ denote

non-windup and windup limiters, respectively. Lastly, N,

n

., and N , symbolize the number

of non-windup and windup limiters, respectively:
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(3.11)

This proposed approach directly incorporates the limits on controllers’ dynamic states as

part of the formulation of the transient stability problem. In this context, dynamic and

n+w+3 ]\nwl +4

algebraic state variables are grouped into the vector x,, € R Y1 as shown in (3.12)

, where x, ¥ and 7 are added in x, . On the other hand, y and g are appended to y,,,

while v and p are grouped into &, :

xtsa = [xde yae écc ]T ‘ (3 . 12)

By merging F,() and F,() in one single set of difference equations

Ir'c): RN Ny R M gnd all algebraic equations of 7,,(*), @,,,(-) and @,()

that are associated with hard limits in another one single set denoted by

3N +4N 2N 43N
nwl wi nwl Wi

O(¢):R ->R ", the Newton-Raphson (NR) algorithm provides a unified

solution of (3.11) for both dynamic and algebraic state variables x,, at a given time instant
k+1 by iteratively solving the linearized problem given in (3.13). In this case, the set
G():R"™"” - R" is composed of all algebraic nodal power mismatch equations and the

power exchanged between synchronous machines and the transmission system. Furthermore,

n+w+3 anl +4Nwl

the vector {F(x,)},. €R is given by (3.14), and the Jacobian matrix

] (n+w+3N__ S +4N. x(n+w+3N_ +4N ) . . . . . .
{J},., eR nwl w7l is given in (3.15), while the vector of increments in

Rn+w+3anl+4N

dynamic and algebraic variables {Ax,},. € *is reported in (3.16). Lastly,

{x,,}',, is updated by {x, )  ={x, 7 +{Ax},,, during the iterative solution process

until the convergence’s test max(abs({Ax,},.,)) <tol is satisfied:

tsa
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T A b = —(F ()Y (3.13)
(F(x,)ha=[TO GO @O, (3.14)

ar/oex, or*'/oy, or'/og,
Ul =06 Jox,, 0G* oy, 0 , (3.15)
o0 fox, 0@ [oy,, oD/,

i i, T
{Axtsa }k+1 = [Axa'e Ayae Afcc ]k+1 . (3 16)
Please note that the proposed transient stability problem represented by (3.13) increases

the dimension of the traditional transient stability problem given in (3.1) by 2N,

i F3N,
algebraic equations, where the system of equations is completely determined because the
same number of algebraic variables are added to the problem. The application of the proposed
approach implemented in a program using the MATLAB® platform, however, has been
satisfactorily performed by using a conventional computing system with Intel Core i7 @ 2.93

GHz and 8 GB of RAM memory.

3.5 Case studies

3.5.1 WSCC 3-Machine, 9-bus power system

The effectiveness of the proposed approach is numerically illustrated in the 3-machine,
9-bus WSCC system [Sauer & Pai, 1998], which is presented in Fig. 3.3. This system is
composed of 9 buses, 3 synchronous machines, 6 transmission lines and 3 power
transformers. The two-axis generator model [Sauer & Pai, 1998] adopted in this thesis is
equipped with the excitation system IEEE DC1A [IEEE Power and Energy Society, 2016],
a mechanical-hydraulic speed-governing system and a tandem-compound, single reheat
steam turbine [IEEE Committee Report, 1973]. The excitation system’s amplifiers have
non-windup limiters for maintaining their voltage magnitudes outputs within the range of
0<V,; <£2.5p.u., Vi=1,2,3. On the other hand, each governor-controlled valve at the inlet
of the steam turbine has a windup limitation in obtaining mechanical power between

specified limits of 0<P,_ . <1.7p.u, Vi=1,2,3.

gov,i
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Fig. 3.3 One-line diagram of WSCC 9-bus power system.

From a steady-state operating point obtained from a power flow study, a self-clearing fault
is simulated at bus 7 as shown in Fig. 3.3, which is incepted at /=10 s and cleared after 8
cycles. For this contingency, a transient stability study is performed by solving the proposed
Newton-based formulation (3.13) at each time instant £ +1 for a time period of 40 s with a

time step Az=0.01 s. The tolerance for the convergence’s test max(abs({Ax,,},.,)) <tol is

isa
set to tol=1x107. To validate the results obtained with the proposed approach, the case
study is also simulated in the Simulink® environment by using its own user models for
representing the aforementioned controllers and limiters. Please note that in the
Simulink®-based simulation, limits are checked by using conditional tests and the concept of

zero-crossing [The MathWorks, Inc., 1990-2004].
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Fig. 3.6 Voltage magnitude profile of the exciter’s amplifier in generator 1.
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Fig. 3.7 Voltage magnitude profile of the exciter’s amplifier in generator 2.
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Fig. 3.9 Evolution of the governor valve position in generator 2.

From the results of these studies, the relative rotor angle and voltage magnitude trajectories
shown in Fig. 3.4 and Fig. 3.5, respectively, clearly show that the system withstands the
contingency such that the pre-fault equilibrium point is transiently stable. On the other hand,
several controller outputs violated their output limits after the contingency occurred.

Regarding the excitation system’s amplifiers, the upper limit of V| for generator 1 is quickly
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reached during the period of time of 10.10<7<10.15 s. A similar behavior occurs for V ,
and V., of generators 2 and 3, respectively, but over a longer period of time:

10.01<¢<11.22 and 10.03<7<10.47, respectively. Within this context, the amplifier’s
outputs of the excitation systems embedded in generators 1, 2 and 3 are shown in Fig. 3.6,
Fig. 3.7 and Fig. 3.8, respectively. On the other hand, the governor valve position evolution

for generator 2 is shown in Fig. 3.9, where it is observed that the maximum level of P, , is

reached at different periods of time. Note from these figures that the same results were arrived
at by both the proposed approach and the Simulink®-based simulation but by using different
techniques to prevent the controller outputs from exceeding the specified limits of 2.5 for
non-windup limiters and 1.7 for windup limiters. This confirms that the proposed approach
accurately handles hard limits on dynamic states, independently of the type of limiter used
by the controllers, at each step of the time-domain simulation performed for solving the

transient stability problem.

3.5.2 Mexican 46-machine, 190-bus power system

In this section, the proposal is applied to an equivalent model of the Mexican
interconnected power system [Pizano-Martinez, et al., 2014] consisting of 190 buses, 46
synchronous machines, 180 transmission lines, 83 power transformers and 26 shunt elements,
with its schematic one-line diagram shown in Fig. 3.10. The models of generators and

controllers are those described in Section 3.5.1. In this context, the excitation system’s

46
i=1

amplifiers {VR,i}?fl have non-windup limiters with their lower limit set at {VR’f}in =0p.u}
and their corresponding upper limits specified as reported in Table 3.1. By the same token,
the governor-controlled valves at the inlets of the steam turbines {Pgw’i}ffl have windup

46
=1

limiters with lower limits that are {P™" =0 p.u.}

gov,i

and their corresponding upper limits are

presented in Table 3.2.
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Fig. 3.10 One-line diagram of the Mexican 190-bus power system.

Table 3.1 Upper limits of non-windup limiters for the Mexican 190-bus power system.

84
5

] 6,11,13,
Machine | 2,3,16, 442 5.24 15,21,28, 7 8,37-39 9 10
number 25,41 43.45
. Upper 20.0 5.0 7.0 8.0 4.0 8.4 6.0 9.4 14.0
limit (p.u.)

Machine 12 14 17 18 19 20 22 23 26

number

_ Upper 6.4 3.0 3.6 7.5 4.1 5.4 10.4 53 10.0
limit (p.u.)

Machine 27 29 30 31 32-34,40 35 36 44 46

number

. Upper 12.0 45 83.0 18.0 9.0 11.0 54.0 3.0 16.0
limit (p.u.)
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Table 3.2 Upper limits of windup limiters for the Mexican 190-bus power system.

Machine number 1-12,18,34 13-17,19-24 25-33,35-36 37-46

Upper limit (p.u.) 16 10 14 12

A self-clearing fault is applied at bus 182, as shown in Fig. 3.10, which is incepted at time

=10s for 8 cycles. For this contingency, a transient stability study is performed for a time

period of 30 s with a time step equal to Az =0.01 sand tol =1x10~ . After the fault clearance,
the system dynamics evolve to the pre-fault operating condition: the equilibrium point is
transiently stable for this disturbance. This transiently stable behavior is schematically shown
in Fig. 3.11 and Fig. 3.12 for the relative rotor angles and nodal voltage magnitudes,
respectively. The outputs of 37 amplifiers, however, reached their maximum limit values and
then returned within limits during the period of time 10.01<¢<10.81s. On the other hand,
the dynamic states of all steam valves never violated their limits. This numerical simulation
was also performed by using the Simulink® environment with the models of controllers and
the handling of limits described in Section 3.5.1, where the same results were arrived at. A

V

comparison of the results obtained for V, e

o Viis and Vo, of generators connected to
buses 4, 5, 18 and 34, which are the closest to the fault, are shown in Fig. 3.13, Fig. 3.14,
Fig. 3.15 and Fig. 3.16, respectively. Please note that these transient responses are very close
to each other, which newly verifies that the proposed and conditional test methods for

handling hard limits during the time-domain simulation are in good agreement.
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Fig. 3.12 Nodal voltage magnitudes of Mexican 190-bus power system.
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Fig. 3.14 Voltage magnitude profile of the exciter’s amplifier in generator 5.
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Fig. 3.16 Voltage magnitude profile of the exciter’s amplifier in generator 34.

3.6 Conclusions

A new practical approach for directly including hard limits on dynamics states in the
formulation and solution of the transient stability problem has been proposed in this chapter.

This goal is achieved by representing hard limits as equality constraints, which are directly
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included in the set of differential-algebraic equations representing the power system
dynamics. Note that the number of algebraic state variables increases in this
structure-preserving formulation of the transient stability problem, i.e., two complementarity
variables for each limiter. This proposal is rather attractive, however, because non-windup
and windup limits are simultaneously and automatically checked, and enforced in the case of
violations, at each step of the time-domain simulation. The effectiveness of the proposed
approach for preventing the controllers’ dynamic states from exceeding specified limits has

been numerically demonstrated and validated.
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Chapter

4 Generalized wide area dynamic state estimation

4.1 Introduction

A new approach for a generalized estimation of dynamic and algebraic state variables to
improve the situational awareness of electric power systems based on PMU measurements is
reported in this chapter. Two main specific contributions characterize the proposed approach.
Firstly, the proposal is formulated based on the structure-preserving concept where both
dynamic and algebraic state variables are simultaneously estimated in a single frame of
reference. Secondly, inequality constraints on dynamic states are directly incorporated in the
problem’s formulation on the basis of the complementarity theory and the Fischer-
Burmeister merit function. This allows the automatic enforcing of any of the controller’s
operational limits, which may be violated during the wide area state estimation process and

avoiding the need for a dedicated limit checking process.

4.2 Conventional formulation of the dynamic estimation problem

The conventional dynamic state estimation (DSE) refers to the process of estimating the
values of dynamic variables that define the system’s time evolution under the occurrence of
a perturbation. Traditionally, the conventional formulation of estimating dynamic variables
is based on the Kalman filter theory and the unscented transformation [Singh & Pal, 2019].

Within the context of power systems, the DSE has been focused on the estimation of dynamic

states of synchronous machines, which are grouped in the vector A € R and based on the

set of measurements provided by a PMU connected to the generator’s terminals. This set of

PMU
v

. PMU
measurements z is composed of the real V,,, magp

reall

€ R and imaginary € R components of

IPMU

PMU
realp I 7

the nodal voltage as well as the real imazp

€ R and imaginary € R components of the

nodal current injection at the synchronous machine endpoints. All these measurements are

uFPMU

T
: _ PMU PMU PMU PMU
grouped in the vector z = [le o Viagy  Lreap  Limag p] eR"
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Based on the information mentioned above, the mathematical model of the nonlinear

continuous time system is given by the set of differential-algebraic equations:

A=f(A¢c p)+w f:R"7? SR

W PMU

z=%2(A,5,8)+e R SR
AeX, cR* ¢eC, cR’ BeB, cR’ 4.1)

smp

mPMU . W PMU
zeZ,,cR* w@weW, cR" ¢€E cR

me

In this model, A4 represents a vector of differential equations associated with a synchronous
machine with its dynamic variables to be estimated grouped in A4, ¢ is a vector of known
input variables to the synchronous machine, and £ is a vector containing the synchronous
machine’s parameters. On the other hand, 7 is the vector of measurements provided by the
PMU connected at the generator’s terminals, while 7 is the vector of estimated measurements
corresponding to the mathematical representations of those available measurements z. In
addition, @ ~ (0, Q) represents a random Gaussian noise vector associated with the dynamic
model of the synchronous machine. This noise has a mean that equals 0 and a covariance

matrix Q = diag{c’

process,i

4o, . Similarly, &~ (0,R) is the random Gaussian noise vector

associated with the available PMU measurements with a mean that equals 0 and covariance

) ) 5 A PMU
matrix R=diag{o, .. }._¢

The nonlinear continuous time system of (4.1) can be transformed into the nonlinear

discrete-time system (4.2) through the following two steps. Firstly, the trapezoidal rule of
integration is analytically applied to the set of differential equations A, which results in the
first set of difference equations A**"'. Secondly, the nonlinear measurement model z is
expressed as a set of discrete equations z**'. In the resulting set of discrete-time equations

(4.2), k+1 is the index for the current discrete-time value 7,,,, k is the index for the previous

+12

discrete time value 7, at which variables and functions were evaluated. Furthermore

A%, f()" and @" are known, while Az=¢_, ¢, is the time step of integration determined

by the PMU sampling rate:
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A= 05M (O + O +a" =d() +@" d: R S RC
PMU
zk+1 — 2(.)k+1 + €k+1 2 . Ra+b+p N RMe

AeX, cR* ¢eC, cR" BeB, R’ (4.2)

P
wmPMU B MU
e e
zeZ,,cR oW, cR" ¢€E cR

The unscented Kalman filter is a straightforward approach to implement and does not
require the computation of Jacobian matrices of both the dynamic process and the estimated
measurements, which is why this method is preferred in the literature over linearization-based

methods [Liu, et al., 2020]. Hence, the unscented Kalman filter is applied to (4.2) for
estimating "' e R” in ¢,,, with the information of the previous state estimation 4* € R”
in ¢, . This estimation process consists of two stages: the prediction and correction stage. In

the former stage, the filter performs a prediction of new values for both the dynamic state

variables and the covariance matrix from 7, to ¢,,, by using the time update equations (4.3)
through (4.6) [Gibbs, 2011]. The prediction stage begins by generating a set of sigma point

vectors S’,ﬁ” eR* Vi=0,...,2a, which are calculated with the unscented transformation

(4.3). In this case, /i,j € R” is the vector of a posteriori dynamic variables in ¢, . Furthermore,

P’ eR*™ is the a posteriori covariance matrix in f,, 4ka+ e R“ is the Cholesky

factorization of P, . Lastly, x = [4+7, 7=((0.0001> x3)—4) and <4/Pk+ > € R represents

1

the i-th column of /P, . Once the sigma point vectors S ) have been obtained in ¢, , they

are transformed into a modified set of sigma point vectors 7\ e R* in ¢, , through the

prediction function d(-), as shown in (4.4). Lastly, based on the set of predicted vectors
79 eR® Vi=0,..,2a, the a priori state estimation vector A_, € R* and the a priori
covariance matrix P_, e R““ in 7, , are predicted from (4.5) and (4.6) , respectively. In this

case, Wy =n/(4+n), W =(n/(4+m1))+(3-0.0001%) and

W = W = 1/(8+277),Vi =1,...,2a [Grassidis & Junkins, 2012]:
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Q(0) _ 2+
Sk - ﬂ’k s

§0 = A +K<«fp,j > Vi=1,.,a, 43)

5,5‘”")=/i,:—1<<4/}’,:>' Vi=1,...a,
0 =d(8") Vi=0,..,2a, (4.4)

~ 2[1 .
’11;1 = ZVVimemllgl > 4.5)
i=0
2a ) A i A T

Pk_+| = ZVViCOV (ZIEZ-BI _ﬂ’k+1 )(Z;Efl _’lk+|) + Qk+1 . (4-6)

i=0

The predicted values i,;l and P, are refined by considering the PMU’s measurements

available at ¢, , . This correction stage begins by computing a new set of sigma point vectors

. PMU . X R X
9" e R through the evaluation of the estimated measurements z(.) at the modified
sigma point vectors 7", , as reported in (4.7). This new set of sigma point vectors are in turn

.. . . A mPMU
used for obtaining a new set of weighed estimated measurements z,,, e R ¢ at 7, as

. . . . MPMU | PMU
given by (4.8). The predicted measurement covariance matrix P, e R ¢ and the

PMU
. . axM A — A
cross-covariance matrix P/ e R”"¢  between 4,,, and £, , are then calculated from (4.9)

and (4.10), respectively. Finally, the Kalman gain matrix K, , the corrected state estimation

+1°
vector 4, € R* and the corrected covariance matrix P, e R”“ in ¢,,, are calculated as

given by (4.11), (4.12) and (4.13), respectively [Simon, 2006]:

9 =2z Vi=0,..2a. 4.7)
2a i
D A (4.8)
i=0
2a ) . . N T
P = ZW: ' ('9/5:)1 R )('91531 - zk+1) +R, (4.9)

i=0
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Az _ & cov [ £ (i) ;- @ s \T
Pl _ZI/Vz (sz _ﬂ’k+1)(19k+l_zk+1) > (4.10)

i=0

-1
K. =P5(P5) . (4.11)
21;1 = ’ik_ﬂ +K, ., (zk+l — 2 ) ) (4.12)
Pl=P - Kk+1PkZ+Z1KkT+1 : (4.13)

The vector of dynamic variables estimated by the unscented Kalman filter at ¢, is

AR = /i,;l . This estimation is used to determine the vector of dynamic variables in the next
time instant. This estimation is recursively obtained through Egs. (4.3) through (4.13) by

considering 4’ = 4., P/ =P,

k+1° k k+1

Even though the application of the unscented Kalman filter is simple and easy to
understand, the conventional formulation of the dynamic state estimation problem based on

this filter has the following drawbacks.

1. The dynamic variables of synchronous machines that have a PMU connected to
their terminals are estimated in a decentralized manner.

2. The estimation process is locally performed at generation buses and neglects the
algebraic variables of the transmission system nodal voltages.

3. The estimation requires knowledge of the input vector to the synchronous machine
at each time instant, which is not always available in a practical context.

4. The estimated values of dynamic variables associated with control devices are not
set to their corresponding physical limits in case of limit violations during the

estimation process.

Based on the information mentioned above, the following section proposes a wide area
state estimation process where both dynamic and algebraic state variables are simultaneously
estimated in a unified framework of analysis. This proposed approach overcomes the Kalman

filter-based dynamic estimation disadvantages.
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4.3 Wide area dynamic state estimation

The proposed wide area dynamic state estimation (WADSE) refers to the process of
estimating both dynamic and algebraic state variables in an unified structure-preserving

framework of analysis. Based on Fig. 4.1, the electric power system consists of a set of nodes

N ={1,2,...,N} interconnected through a set of transmission elements 7 :={1,2,...,N,} .

The dynamic variables to be estimated are associated with synchronous machines and their
controllers, while the estimated algebraic variables correspond to all nodal voltages at the
transmission network. Hence, the generalized WADSE is formulated by including the
dynamic modeling of synchronous machines and their controllers in the tracking state
estimation problem. This results in an unified framework of analysis where both dynamic

and algebraic state variables are simultaneously estimated in a single frame of reference.
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Fig. 4.1 Structure-preserving power system model.
4.3.1 Dynamic modeling of synchronous machines and controllers

The WADSE formulation starts with the set of constrained-based differential-algebraic

equations associated with the synchronous machines and their controller units, as given by
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y=rf(xppB.7,1) FRTTPEN R

Vs = Lo (9. BY) [y 1Rt R

0 :IZQ(X,y,ﬂ) I‘ZQ R s RY

l//mi“ < l// < Wmax

u S s

xeX, cR" yeY, cR" BeB, cR’ (4.14)

ye¥,

nwl

N N N
mvl wil wl
cR z'eTNwlcR ﬂEMNw/CR .

In the parameter state space of X, Y, B, ¥, T,

av
nwl

and M, > all dynamic states

wl
associated with generators and controllers without non-windup and windup limiters are
grouped in vector x . Similarly, the controllers outputs with non-windup and windup limiters
are lumped in vectors i and 7, respectively, while the dummy variables at windup limiters’

outputs correspond to the elements of vector 4. On the other hand, y is the vector of

algebraic variables associated with the synchronous machines y,, and transmission network

T . . L. : .
Ypo Such that y= [ Vay yDQ] , while B is a vector of time-invariant parameters associated

with the synchronous machines and their controllers. The evolution of dynamic states x, 7

and is explicitly modeled by the set of functions ¥ = f(x,y, 8,7, ), while the evolution

of non-windup limiters’ outputs y are modeled by v, , = f,.(x.y.8y). All these
dynamics are constrained by the stator algebraic equations 0= 1 ZQ OH=1 ZQ (x,y,8), which

are expressed in polar form in terms of the state and network variables. Furthermore, the

system’s dynamics are also constrained by the double-sided inequality constraints

X

p™ <y <yp™ and g™ < p< ™, which limit the dynamic variables associated with

non-windup and windup limiters, respectively. Lastly, N, , and N , denote the number of

n

non-windup and windup limiters, respectively.

X

The complementarity-based representation of y™" <y <w™ and ™" <pu< ™ in

terms of the Fischer-Burmeister merit function results in the following set of equations:

R L Y 7 B P R S St

1
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s D e R R R e

l

¢,~m“=\/(ﬂ§““—u,~ )2+(pj“"“)2—(ﬂ§“‘“—ﬂ,«)—(pf“a")=0 Vi=L..R™, (417)

1

1 1 1

g =\/(y,« ) (o) () (o) =0 VisLLRM L @18)

The non-windup limiters’ equality constraints (4.15) and (4.16) are clustered in the vector
P = [¢’max ™" ]T eR™, while the vector ¢, = [¢max o ]T e R™" gathers the

equality constraints (4.17) and (4.18) associated with windup limiters. Furthermore, the

complementarity auxiliary variables associated with non-windup limiters and windup

limiters can be grouped to form the vectors o= [uma" o™ ]T eR*™™  and
pP= [ pr pm ]T eR™, respectively. Finally, all algebraic equations relating 4 and 7,
in the windup limiters {7, =u —7,—p™ +p™ = O}ﬁvf’ are grouped in the vector
n, R™

Based on the information mentioned above, the set of constrained-based DAEs given in

(4.14) is transformed into (4.19):

7= f(x,,B.7, 1) FRMTI Ly RPN
v, = f.. (0 B.w.0) f., SRVt _y RV

0= I.ZQ(x,y,,B) IZQ RV RY

0=n,(7,4.p) 7, R™ R

0=9,,.v) @, R R (4.19)
0=4¢,(u.p) g, R SR

xeX, cR", yeY, cR", BeB, cR’,

N N, N
ve¥Y, cR ™, reTNwlc]R”’, ,ueMNwlcRW’,

nwl

2N 2N
nwi wi
UeUancR , PEPNW,CR ,

W

where the subscripts nwl and w/ denote non-windup and windup limiters, respectively. Note
that in this new proposal the resulting set of complementarity-based equality constraints,
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representing all inequality constraints associated with non-windup and windup limiters, are
directly added to the dynamic formulation for performing the automatic check of the
operating limits and, when applicable, for the automatic enforcing of any of those limits,

which may be violated during the system’s dynamic evolution.

Lastly, the set of equations are discretized for its direct inclusion in the WADSE

formulation, which results in (4.20):

F(O)* =y —p* =05M(f O + () ) =0 F():R™™ 7™y R
F,(" =y —w, —0.560u() ™ +u()") - Arg(B.0)" =0 Fy():R™™ it 5 R
GO = I,,I;Q (x, 3,8 =0 G():R"™™7" > R"
My ()" =1, 0,0 =0 n,,(): R*w — R
Pt ) =0, (W, 0) =0 @, () R iy RN
6. ()" =g (1, )" =0 4, () R s R,

(4.20)

In this case, all differential equations y have been discretized through the analytical

k+1

application of the trapezoidal rule, which results in F,(-)"" . On the other hand, sustained and

bounded numerical oscillations can occur with the trapezoidal rule of integration when
discontinuities take place during the dynamic simulation, such as switching operations and
transitions associated with the setting of limits. Hence, the phenomenon could occur with the
discretization of differential equations y, ,. This drawback is overcome by spliting v, ,
into the two terms f,,,()=u(x,y, B,w)+q(B,v), where the first and second terms are
algebraized by using the trapezoidal and backward Euler rules of integration, respectively,
for the entire period of study [Romay, et al., 2021]. This discretization results in F,(-)*"".
Within the context of the discretization process, At is the integration time step, and the
superscripts k+1 and & denote the time instants ¢, ,, and ¢, , respectively, at which functions
and variables are evaluated.

For the sake of simplicity in the nomenclature, the set of equations (4.20) can be further

reduced by merging all discretized differential equations in one single set of equations
denoted by I'()" =[ F()*" Fz(-)"“]T RN Ny R M e Qimilarly, all
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algebraic equations associated with hard limits of controllers n,,(-)*"', @,,,()*" and @, ()*"

are grouped n a single vector of algebraic equations

T N o4
()" =[7,()" @O B, ] R SR

and  algebraic  state  variables are clustered in  one single  vector

2N

+3N.
nwl

v, Lastly, all dynamic

T n+w+3N _ +4N .
X =[ Xty Vi &) €R w7l where x, w and 7 are added in x,,, . On the

other hand, y and u are appended to y,, , while v and p are grouped in & . Based on the

information mentioned above, the set of equations (4.20) is transformed into (4.21):

I'(x,,) " =0
G(x,,) " =0 (4.21)
d(x,, )" =0.

Lastly, the set of equations T'(x,,,)"", G(x,,,)"" and ®(x,,)""" are directly added to the

tracking state estimation problem to obtain the proposed WADSE approach.

4.3.2 Tracking static state estimation approach

The weighted least squares-based algorithm remains as the most widely used technique in
the majority of static state estimation practical programs. Furthermore, the tracking state
estimation consists of the sequential application of a static state estimator and upgraded sets

of measurements to track the evolution of algebraic state variables after a disturbance.

The objective of the static state estimation is to find the best estimate state of the algebraic
state variables y,,, of the true state y,,, that best fits the set of measurements z=2(y,,)+&

X . MPMU R mPMU
. Assuming a set of M synchronized phasor measurements ze R, 3( Ypo) R

is a vector of estimated measurements relating z and y,, through the mathematical

PMU
representation of z. On the other hand, ¢ R" " is the vector of uncorrelated measurement

errors with zero mean and with a specified probability distribution function representing

imperfections of real measuring devices.
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In addition to the PMU measurements, which are subject to errors, there are some “perfect”
measurements related to nodes with no loads. In these nodes, the net power injected from the
network is 0 such that this power mismatch equation can be included into the state estimator

in two different ways: 1) as a set of measurements with a small variance or ii) as a set of
equality constraints ¢(y,,)=0, where ¢(yp,) € R and N/, = {L2,....N,}, VN, c N is
the set of nodes with zero injections of active and reactive powers (see Egs. (C.5) and (C.6)
). Since the former approach could lead to ill-conditioning during the iterative solution

process, the second approach is the one used in practice, which results in a constrained-based

state estimator.

Based on the information mentioned above, the constrained-based WLS optimization takes

on the following form:

argmin:  J(r)= %rTWr

.VDQJ"
subjectto: r-z+2(ypy)=0 (4.22)
c(y DQ) =0.
) ) ) ) mPMU
Note that in this formulation the vector of measurements’ residuals reR"¢ 1S

considered unknown so that all residuals are also decision variables of the optimization

problem.

The static state estimation can be used to track the system evolution after a disturbance,
even during non-quasi static operation conditions, with no model for the dynamic behavior
of the system [Alcaide-Moreno, et al., 2018]. Since the PMUs are available in a very short
period of time (30 or more samples per second), the tracking state estimation provides the
system’s operating state at the discrete time k+1 by solving the following discrete

optimization problem:

. 1
argmin:  J(r) == TW
Ypo" 2

subject to: -z +2(pp,) " =0 (4.23)

c(¥pe)" =0,
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PMU
where J(r): RY" SR is the objective function of weighted least squares (WLS)

MPMU
approach, r**' is the residual vector at ¢, W*" :diag{l/(O'r';+1 )2}: is the

eas,i

. . . . . . MPMU
measurement weighting matrix at ¢,,, with standard deviations {O'k” }_f , and

meas,i

PMU
7' eR" s the vector of available PMU measurements at t,,, including nodal voltage

phasors, branch current phasors and nodal frequencies.

4.3.3 Generalized WADSE approach

The generalized WADSE is mathematically formulated through the co-optimization of

both the set of constrained DAEs associated with the synchronous machines and their

controllers and the set of M ™ synchronized phasor measurements collected in a given

period of time from the subsets of observable nodes A/, ={1,2,...,N,_}, N/, < A" and

oe
oe

observable transmission elements 7;6::{1,2,...,N7 }, 7 7 :

aI‘g mln: J(r) — lrkJrl,TWkJrlrkJrl
*dav'" 2
subject to: -z +3(x,,,) " =0
€(xg)" =0 (4.24)

l_‘(xdav)lﬁrl :0
L(xdav )k+1 :0
@(x,,, )" =0.

The PMU’s measurements collected at discrete time k+1 from the i-th node correspond to

nodal voltage magnitudes {V;""} nodal voltage phase angles {0/} , the real

icA” o =
eV, eV e

(resp. imaginary) part of the branch complex current flowing from node 7 to node j of a

s . ~PMU ~(7PMU
transmission element 7, : {9{(1?]. )}'ﬁ'f'foe (resp. {J(zy )}}?ETM) and the nodal

frequency  {f"} All these measurements are grouped in the vector

e -
oe

T PMU
kel _[ppMU  pPMU o ( FPMU\  ~( FPMU PMU M,
T = |:I/k+1 G R (Ik+1 ) ~ (Ik+1 ) e+l ] €R
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4.4 Initial conditions

To perform the WADSE, it is necessary to know the system’s equilibrium point before the
disturbance occurrence, which provides the initial conditions required for any dynamic study.

Hence, the initial conditions for the nodal voltages, i.e., the network’s algebraic state

variables yf,Q, are completely defined by the power flow solution. These values are in turn

used to obtain the initial conditions for the machine’s stator algebraic variables ydoq. Since

the initial conditions are associated with an equilibrium point, the change rate of dynamic
variables is 0. Hence, the initial conditions of dynamic variables and the controller’s inputs
are calculated by solving the algebraic equations resulting from setting the derivatives equal

to 0: f()=0 and f

nwl

(-)=0. In addition, complementarity variables of non-windup and
windup limiters are set to null values: ©° =0 and p° =0, under the assumption that the
initial values of dynamic states are within limits. On the other hand, the proposed

methodology considers that the initial values of the dynamic and algebraic variables for the

WADSE at a given time are equal to the values estimated in the previous time instant. Lastly,

the complementarity variables will have values of le-4 (0" = (le—4)xi,, € R*"™ and

o 2N . . .
P =(le-4)xi, v, € R™ ") where i, N and 1, v,, arevectors composed of unitary values

to avoid indeterminations in the complementarity constraints when starting with values of

complementarity variables exactly equal to 0.

4.5 Bad data analysis

Many robust techniques for the detection and identification of measurements with gross
errors have been proposed in the literature within the context of dynamic state estimation
[Zhao J. , 2018; Zhao & Mili, 2019; Zhao & Mili, 2019; Zhao, et al., 2019], however, the
purpose of this work is not a rigorous study of robust estimation or bad data detection and
identification. Hence, the bad data analysis implemented in this work is the one proposed and
detailed in [Martinez-Parrales, et al., 2020], which is briefly described below. This procedure
is applied after each WADSE solution process for each time instant and is executed in the

four stages below.
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Stage 1: First, all measurements with absolute estimated residuals greater than

three times their corresponding standard deviations are grouped in a set of

suspected erroneous measurements $7), which is mathematically defined by

(4.25). If SBH77 is an empty set, then there are no gross measurements in ¢, :

PMU
>3kl Ve - e SBD. (4.25)

meas,i )i

lf{‘ i’\;kﬂ

Stage 2: A threshold filter is applied to the set 577 to remove all measurements
with normalized estimated residuals lower than the threshold wvalue

Th,, =0.5(LNER~-3)+3, where LNER = max( {‘ﬁi"“

k+1 . .
/ Omeas. Vicsn ) - This results in
a reduced set of suspected erroneous measurements SZ77). The information

mentioned above is mathematically described by

lf{ ;;‘kH /0111{1;1151‘ > Thse }ieo‘ﬁ‘[{ l € ‘5;5‘292
’ (4.26)
lf{ ;;‘kﬂ /O-rI:er;s,i < Thse}ie.ﬁ’f‘f{ l & ‘5:5792

Stage 3: A smearing effect filter is applied to the set S57% to identify the
erroneous measurements. This identification process is as follows. Firstly, the

measurement  with  the largest ~ normalized  estimated  residual

LNER =max({

~k+1
7.
1

/ e Vicsn,) 18 identified as a bad datum and transferred to

the set of identified bad data Z&77. Secondly, all measurements correlated to the

identified bad datum are eliminated from $27) . Finally, the identification process
mentioned above is repeated for the rest of measurements in 72 until this set is

empty: S5, = . In this proposal, the correlation between measurements is

PMU

. . . . M x(n+w+3N__ ,+4N.
determined from an incidence matrix 4, eR ¢ ( 4

with its (i,))-
element equal to 1 if the i-th measurement depends on the j-th state variable;

otherwise, the element has a null value. If the (i;j)-element of A4, equals 1, the

unitary elements in the j-th column correspond to the measurements that are

correlated with the i-th measurement.
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e Stage 4: Finally, all measurements belonging to the set ZZ77 are corrected

according to (4.27) and the generalized WADSE given by (4.24) at ¢,,, is solved

again using the new set of corrected measurements:

2 =2 VieZBD. (4.27)

i(corrected) -

4.6 Processing of PMU measurements

Since the typical PMUs’ sample rate corresponds to at least 30 samples/second, it is valid
to assume that all PMUs measurements are available at each discrete time at which the
WADSE is performed. On the other hand, since there is a probability that some

measurements collected in a given time 7, , contain gross errors, the post-estimation bad data

analysis described in Section 4.5 is performed to obtain reliable results from the proposal.

Lastly, the WADSE formulation must consider a unified reference for the estimated and
collected PMUs measurements associated with voltage phase angles in order to have a
coherent estimation of the system’s operating state at a given instant. For the purpose of this
work, the estimation is performed considering no reference angle at one of the network’s
nodes of PMU measurements: all voltage and rotor phase angles are estimated with respect

to the time dictated by the global positioning system (GPS).

4.7 WADSE algorithm

The generalized WADSE approach is implemented as described below.

Step 1: Set £ =0 and calculate the initial conditions for all dynamic and algebraic

state variables xJ, at ¢, based on the procedure described in Section 4.4.
e Step 2: Solve the proposed WADSE given by (4.24) for a given discrete time ¢,,,,
using the set of PMU measurements z*"' with a time tag at ¢, , .

e Step 3: Perform the bad data process as described in Section 4.5 at ¢, , .

o Step 4:1f ¢, <t

(<

.. » where ¢, is the last discrete time at which the estimation is

performed, then set k =k +1 and return to step 2.
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4.8 Case studies

The performance of the proposed WADSE is evaluated by using the WSCC 9-bus power
system and an equivalent 190-bus model of the Mexican interconnected power system, which
are reported in [Sauer, et al., 2018] and [Pizano-Martinez, et al., 2014], respectively. The
WADSE formulation is coded using the mathematical programming language AMPL®
[Fourer, et al., 2003] , where the optimization problem is solved through the Knitro® solver

[Ziena Optimization LLC, 2014] using a conjugate gradient algorithm and a feasibility
tolerance of 1x107" at each discrete time ¢, , . The set of differential equations is discretized

considering a PMU’s sampling rate of 50 samples per second such that A7=0.02 s. The

initial values of dynamic and algebraic state variables at ¢, are calculated as described in

Section 4.4. The database of the PMUs’ synchronized measurements is generated by adding

random noise to the results given by a transient stability study. This results in the following

set of measurements: nodal voltage magnitudes {V°“"*} , nodal phase angles

je N
1V oe

{0 , real and imaginary components of the branch currents {SR(? e )}; ET and
ij " oe

e
<V oe y

PMU}

{S(Z.P MY )}; - respectively, and the nodal frequencies {f, . Furthermore, the

ij =" oe

ie”
oe

measurements’ standard deviations at each discrete time 7,,, are assumed to be as follows:

{a";}w - 0.002} : {o":;u - 0.0017} , {a’”}[ﬁm. gt = 0.002} . and
i ie/ ;)e ai ie ;)e m(l[j ) J(lij ) j;j 57;78
{O'jﬁ;lw = 0.002} . Lastly, all results associated with the estimated rotor and voltage phase
Ji ie

angles are reported as relative angles measured with respect to the rotor angle of generator 1
for the WSCC 9-bus power system and generator 36 for the Mexican interconnected power

system.

4.8.1 WSCC 3-machine, 9-bus power system (base case)

This system is composed of 9 buses, 6 transmission lines, 3 transformers and 3 synchronous
machines. Each synchronous machine is mathematically represented through the two-axis

generator model with an excitation system IEEE DC1A. The voltage magnitude output of the
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excitation system’s amplifiers is bounded in the range of 0<V, <2.5p.u.Vi=1,2,3 by

using non-windup limiters. On the other hand, all valves that control the inlet of steam to the
turbines have a windup limiter for maintaining the mechanical power within limits of

0<P

o S1.7pu. Vi=1,2,3. The set of PMU measurements with Gaussian noise is
generated from a transient stability study associated with a self-clearing fault applied at bus
7 at t =10 s and cleared after 8 cycles. In this case, the system is observable by the set of 24

measurements associated with four PMUs located at observable buses A/, =={1,2,5,8}, as

shown in Fig. 4.2. The currents flowing from PMU nodes to the adjacent nodes compose the
set of branch current measurements. Lastly, note that even though no measurements are
located at the generator’s node 3, the estimation of dynamic variables associated with this
generator and its controllers is possible by applying the proposed approach. In this case, this
is possible because the proposal estimates dynamic variables with the information of zero

injection power constraints at node 9, with no need to have any measurement at node 3.

Since 18 algebraic variables have to be estimated, the system has a redundancy of 1.3333.
Note that the number of dynamic and complementarity state variables to be estimated does
not affect the system’s redundancy. This redundancy depends only on algebraic state
variables and the number of measurements at the transmission grid. Note that the proposed
approach does not consider dynamic states’ measurements and that the number of constraints

added to (4.24) equals that number of state variables.

Figures 4.3 to 4.8 clearly show that the estimations of the relative rotor angle and angular
speed trajectories of each generator compare well with the real trajectories obtained from the
transient stability study. A similar observation can be done when comparing the estimations

of nodal voltages at unobservable nodes, as shown in Figs. 4.9 to 4.18.
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Fig. 4.2 Measurement diagram of WSCC 9-bus power system.
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Fig. 4.3 Estimated and real relative rotor angles’ trajectories of the machine connected at
bus 1.
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Fig. 4.5 Estimated and real relative rotor angles’ trajectories of the machine connected at
bus 2.
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Fig. 4.6 Estimated and real angular speeds’ trajectories of the machine connected at bus 2.
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Fig. 4.7 Estimated and real relative rotor angles’ trajectories of the machine connected at
bus 3.
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Fig. 4.8 Estimated and real angular speeds’ trajectories of the machine connected at bus 3.
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In order to quantify the accuracy of the proposed approach, the mean absolute percentage
errors (MAPEs) of dynamic variables and nodal voltages are computed by (4.28) through

(4.30), where N corresponds to the number of synchronous machines and N, is the total

number of buses in the system. Note that this index depends on both the estimated and true

values of state variables at a given discrete time.
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sk+l kL

k+1 1 e | Xi
MAPE(x") = I > e (4.28)
1 M I}k+1 _ Vk+1
MAPE(V*") = ff ’ V“j : (4.29)
buses T i
P ék+1 —gF
buses i i
MAPE(#*") = (4.30)

o Hikﬂ

buses

The results of evaluating these indexes are shown in Figs. 4.19 to 4.24. The proposed

approach effectiveness is evident since the MAPEs’ low values mean accurate estimates.
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Fig. 4.19 MAPE values of rotor angles of synchronous machines in the WSCC 9-bus power
system.
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Fig. 4.20 MAPE values of angular speeds of synchronous machines in the WSCC 9-bus
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Lastly, the estimations obtained for the rotor angle and angular speed trajectories
associated with the generator embedded at node 3 are compared with the ones obtained by
applying the unscented Kalman filter. In the latter case, measurements at node 3 are necessary
for performing the local dynamic state estimation. Hence, these measurements are generated
in the same way described above for the real and imaginary components of nodal voltage

magnitude and phase angle as well as the current injected at node 3. All these measurements

=0.002},, while the dynamic

i=12

contain a random Gaussian noise with deviations of {o

eas, i

process is assumed to follow a Gaussian distribution with deviations of {c, =0.002}7%,.

The results of estimated rotor angle and angular speed applying both the WADSE proposal
and the unscented Kalman filter are shown in Figs. 4.25 and 4.26, respectively, together with
the real values obtained from the transient stability study. From these figures, it is clear that
the proposed estimator and the Kalman-based estimator provide estimates of dynamic
variables close to the real values, but with the important difference that unlike the proposed
approach, the unscented Kalman filter requires measurements at the generator’s terminal to

perform the estimation of dynamic state variables.
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Fig. 4.26 Estimated and real angular speeds’ trajectories of the machine connected at bus 3.

4.8.2 WSCC 3-machine, 9-bus power system (bad data)

Recent research reveals that the error distribution of PMU measurements is unlikely to

follow a Gaussian probability distribution [Zhou, et al., 2014; Wang, ef al., 2018]. Hence,
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the case study described in Section 4.8.1 is repeated but considers a Gaussian mixture
probability distribution that is comprised of two Gaussian components. The i-th

measurement’s error is represented by the following parameters for the first (resp. second)

. . et MM e MM
Gaussian component: 1) a mean of {—0.56 N }_; (resp. {0.70‘ }j ), i1) a standard

meas,i meas,i

MPMU MPMU
deviation of {0.76k+1 }:le (resp. {1.30"‘+1 }:le ), and iii) a weight value equal to 0.7

meas,i meas,i

(resp. 0.3). Furthermore, the measurements of both nodal voltage magnitudes and nodal
phase angles available at buses 1 and 2 are assumed to have gross errors during the period of

time 10 <7 <15s. These gross errors are generated by adding to each measurement a value

1 1

of 60 times its corresponding standard deviation: {606:;}‘4,]} and {600:34[,} ,
i i€{1,2} i ie{l,2}

respectively. The bad data methodology described in Section 4.5 is used for the detection,
identification and correction of measurements with gross errors. The latter is applied to keep
the measurements’ redundancy intact during the entire period in which the WADSE is
performed. The estimated trajectories of the relative rotor angle, angular speed, amplifier’s
output and steam valve position for the synchronous machine connected at node 3 are shown
from Figs. 4.27 to 4.30 together with the true trajectories obtained from the transient stability
study. Please note that these estimated trajectories are determined by considering that there
is no PMU measurement at node 3. In addition, the estimated and true trajectories of the
steam valve position for the synchronous machine connected at node 2 are shown in Fig.

4.31.
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Fig. 4.30 Estimated and real steam valve positions’ trajectories of the machine connected at

node 3.
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A comparison of the estimated and real trajectories clearly shows the effectiveness of the
proposed approach for estimating dynamic state variables. From Figs. 4.29 and 4.31 it is also
clear how the proposed method permits the simultaneous and automatic handling of both
non-windup and windup hard limits on dynamic states during the WADSE solution process.
Note from Fig. 4.29 how the WADSE correctly estimates the upper limit violation of the
amplifier’s output of the generator connected at bus 3 at a value of 2.5. This validates that
the proposal succeeds in reproducing the action of non-windup limiters within the state
estimation framework. In addition, Fig. 4.31 shows that the proposal also manages to estimate
the behavior of windup limiters adequately because the estimated trajectory of the steam
valve position of the generator connected at node 2 is set at a value of 1.7 at the same time
instants given by the real trajectory. Finally, the implemented bad data analysis proposed in
[Martinez-Parrales, et al., 2020] manages to correct the erroneous measurements contained
between 10 <¢<15 s since the estimated and real trajectories of the dynamic variables are

very close over the entire period of time.

Lastly, the MAPE quality index associated with the estimation of both magnitudes and

phase angles of nodal voltages is shown in Figs. 4.32 and 4.33, respectively. The low value
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of this index during the entire period of time of the state estimation process indicates the

accuracy with which the WADSE estimates nodal voltage magnitudes.
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Fig. 4.32 MAPE values of nodal voltage magnitudes in the WSCC 9-bus power system.
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Fig. 4.33 MAPE values of nodal phase angles in the WSCC 9-bus power system.
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4.8.3 Mexican 46-machine, 190 bus power system

The proposed approach is applied to an equivalent model of the Mexican interconnected
power system (MIPS) that includes the northern, northeastern, western, central and

southeastern control areas, as shown in Fig. 4.34.

Fig. 4.34 Measurement diagram of the 190-bus MIPS.

This equivalent model is comprised of 190 nodes, 46 generators, 263 transmission
elements, 90 loads and 26 shunt elements at voltage levels ranging from 400 kV to 115 kV.
All generators have the same machine models and controls described in Section 4.8.1.

Furthermore, the bounds of non-windup and windup limiters are those reported in Section
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3.5.2. A transient stability study is performed for a time period of 30 s, where a self-clearing
fault at bus 182 is incepted at # =10 s and cleared after 8 cycles. The system withstands this
contingency because both relative rotor angles and nodal voltage magnitudes return to the

pre-fault conditions: the system is transiently stable for this contingency scenario.

The proposed estimator uses the results of the transient stability study and also adds a

random noise to obtain the set of measurements at each sampling time ¢, . As shown in Fig.

4.34, a set of 953 measurements is provided by 115 PMUs located in the following set of
observable nodes: A, =1{1,3,4,7,8,9,10, 11, 12, 13, 14, 15, 16, 20, 21, 22, 23, 25, 27,
28,29, 31, 32, 34, 36, 38, 39, 40, 42, 44, 46, 48, 49, 50, 51, 58, 61, 62, 63, 65, 66, 67, 68, 70,
71, 72,77, 79, 80, 81, 83, 84, 86, 87, 89, 91, 93, 94, 95, 96, 100, 101, 103, 105, 106, 108,
109, 111, 112, 113, 116, 117, 119, 120, 122, 125, 126, 128, 129, 131, 132, 135, 137, 138,
139, 140, 142, 143, 145, 147, 148, 149, 151, 152, 154, 156, 160, 162, 163, 164, 165, 168,
170,172,174, 175,176,178, 179, 180, 182, 183, 184, 186 and 190}. The standard deviations
of the different types of measurements are the ones reported in Section 4.8.1, while the
random noise is assumed to be a Gaussian mixture probability distribution with two Gaussian
components, with their data as reported in Section 4.8.2. Since the algebraic variables to be
estimated are 380, the system’s redundancy corresponds to 2.5078. Lastly, the measurements
associated with the magnitudes and phase angles at nodes 4 and 34 have gross errors from

t=10 sto =15 s, which are generated as reported in Section 4.8.2.

The estimated and actual trajectories of the relative rotor angle, angular speed, the
amplifier’s output and the steam valve position of the machine connected at bus 18, which is
the closest to the fault and does not have a PMU, are shown in Figs. 4.35 to 4.38, respectively.
Note from these results that the proposed estimator obtains dynamic variables’ estimations
that are very close to the actual values attained by the transient stability study. Similarly,
from Fig. 4.37 the WADSE manages to limit the exciter amplifier of the machine connected
at node 18 to a value of 7.5. Hence, this result newly validates that the estimator is capable
of reproducing the behavior of the non-windup limiter associated with this variable.
Furthermore, the bad data process presents a good performance since it manages to correct
the gross measurements. This statement is validated by the results mentioned above, which

show that the estimated and real trajectories of dynamic variables are very close.
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Fig. 4.35 Estimated rotor angle trajectory of the machine connected at node 18.

378.5+ ;
3 W Proposed WADSE
g 378 - bty Transient stability ]
Py 3785 A
E | 378 /4
S 377.5 o
9-377 5+ 377 %\h‘ A
: 376.5 N
3 10 10.5 11
= 377
=1)]
=
<

376.5 |

> 15 20
time (s)

Fig. 4.36 Estimated angular speed trajectory of the machine connected at node 18.
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Fig. 4.38 Estimated steam valve position trajectory of the machine connected at node 18.

Once the estimated trajectories have been obtained by the proposed approach, it is possible
to apply a moving average filter in order to smooth the results of the proposed WADSE. The
key idea of the moving average filter is to apply an average every certain number of samples

as described next. Let x € R” be the variable without the filter, ¥ € R™ be the variable
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with the moving average filter and nm be the number of samples in which the filter will be

applied. The equation that defines the moving average filter is presented in (4.31):

14, .
ii=72xj Vi=1,....nm—1,
1 te (4.31)
X =— Y X, Vi=nm,..,mf.

nm j=i—(nm-1) /

Figure 4.39 shows the scaled output of the generator’s amplifier connected to node 19
without the filter and the same estimated trajectory with the moving average filter applied to
every 9 samples. Note that the moving average filter applied to the estimated trajectory
obtains a smoother trajectory with respect to the original, so the results provided by the

WADSE can be improved using this technique.

V T ransient sabilily

Exciter voltage (p.u.)

4 TR I9 |
-..VR 7 WADSE with the filter
4 VR 10 WADSE without the filter
0 5 10 15 20 25 30
time (s)

Fig. 4.39 Comparison of amplifier scaled outputs trajectories of the machine connected at
node 19 with and without the moving average filter.

In order to quantify the accuracy of the proposed WADSE, the MAPE’s values of the
relative rotor angles, angular speeds, the amplifiers scaled outputs and the steam valve
positions for the entire period of time are shown in Figs 4.40 to 4.43, respectively, while the
MAPE values of magnitude and phase angles of nodal voltages are shown in Figs. 4.44 and

4.45, respectively.
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Fig. 4.41 MAPE values of angular speeds of synchronous machines in the 190-bus MIPS.
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Fig. 4.45 MAPE values of nodal phase angles in the 190-bus MIPS.

From Figs. 4.41 and 4.43, it is clear that the MAPE values of angular speeds and steam
valve positions are below 1.57e-4 and 5.56e-4, respectively, so the estimated variables
adequately reproduce the real system’s dynamics. On the other hand, from Figs. 4.40 and
4.42, it is observed that the highest MAPE value of rotor angles is equal to 0.2105 at # =10.22
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s and that the scaled outputs of amplifiers present the highest MAPE value equal to 0.1094
at 1 =10 s. Note that these discrepancies occur when the fault in bus 182 is applied and
between the time instants 10.01<7<10.81 when 37 non-windup controllers violate their
corresponding physical limits. Furthermore they only occur at the indicated time instants. On
the other hand, throughout the entire simulation period except for the time instants mentioned
above, MAPE values for rotor angles and scaled outputs of amplifiers are below 4.7¢-2 and
5.6e-3, respectively. Hence, this also validates that the proposal can estimate the real MIPS’
dynamics. Figure 4.44 clearly shows that MAPE values of nodal voltage magnitudes are
below 4.14e-4, so these variables adequately reproduce the corresponding results obtained
from the transient stability study. Finally, from Fig. 4.45 it is observed that the MAPE values
of nodal phase angles are below 7.0e-3, so the proposal adequately tracks the corresponding

results obtained from the transient stability study.

4.9 Conclusions

A new methodology is presented in this chapter for the generalized WADSE of electric
power systems with the following characteristics. First, the proposal introduces equality
constraints associated with difference equations of synchronous machines and their controls
in the state estimation formulation. Second, it adds new equality constraints to state
estimation formulation for the treatment of constrained dynamic variables by non-windup
and windup limiters based on the complementarity theory and the Fischer-Burmeister merit
function. Next, the proposed methodology is able to process time-tagged phasor
measurements at sampling times determined from PMU reporting rates. Finally, it
incorporates the bad data process of [Martinez-Parrales, et al., 2020] in the context of the
generalized WADSE of electric power systems. The results show that the proposal correctly
estimates algebraic and dynamic variables in a unified framework of analysis subject to non-

Gaussian measurement uncertainty, constrained dynamic variables and large disturbances.
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Chapter

5 General conclusions and future work

5.1 General conclusions

The security assessment of power systems is an important task that must be performed to
assure the secure and reliable operation of modern electrical networks. Among the
computation tools used for a comprehensive and accurate security assessment, the state
estimation study could be considered the cornerstone tool because it determines the electrical

system’s operating state from static and dynamic standpoints.

Based on the information mentioned above, this work proposes the solution of some state
estimation’s challenges regarding how the co-estimation of several types of state variables
and parameters must be performed to facilitate the control actions to be selected for

maintaining the power system in a normal operating state.

Regarding the co-estimation of nodal voltages and transmission line parameters, three
different already proposed methodologies have been implemented and compared. The results
obtained from the application of these methodologies clearly show that the one that estimates
normalized transmission line lengths is the best approach for performing this kind of

co-estimation.

In practice, one of the main problems for the off-line analysis and reproduction of
disturbances occurring in power systems is associated with the parameter’s database veracity.
Experimental results show that the transmission lines’ parameters depend on the temperature
at which they are exposed. Hence, a practical method that permits the
co-estimation of nodal voltages and temperature-dependent transmission line parameters are
proposed in this work. The numerical analysis performed in the Mexican interconnected
power system demonstrates that not considering this dependence results in estimates that do
not reflect the real operating state. This is important because the operator can make incorrect
control actions based on an unrealistic operating condition, especially in the context of

remedial actions.
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Following the same line of reasoning mentioned in the last paragraph, a new approach is
also proposed for performing the co-estimation of state variables and unknown operating
statuses of circuit breakers. Unlike other proposals, only one operating constraint is proposed
for representing the two possible operating states of a circuit breaker: closed or open. This is
achieved by using the concept of complementarity conditions. The proposed operating
constraint is then transformed into an equality constraint by using the Fischer-Burmeister
merit function, and it is directly included in the static state estimation formulation. Hence,
the original formulation of the static state estimation problem remains unchanged but permits

the additional estimation of the breaker’s unknown operating statuses.

The complementarity constraint concept together with the Fischer-Burmeister merit
function has been envisioned in this work as an attractive approach for directly including
operating limits of electrical components into the transient stability problem. This work
proposes for the first time the application of those concepts to take into account the
operational limits of non-windup and windup controllers. Furthermore, the proposal goes
beyond considering the controllers’ limitations: it includes the controller’s operating limits
within the complementarity basis and formulating complementarity-based control
constraints. This way of modeling the controllers’ operation permits directly stating the
existing relationships between the control laws and operational limits of the controllers in a
single framework of analysis. In this case, the double-sided inequality constraints
representing the controllers’ limits are transformed into equality constraints by using the
complementarity condition approach and the Fischer-Burmeister merit function. This
resulting set of constraints are directly added to the set of differential-algebraic equations for
performing the automatic check of the controllers’ operating limits and, when applicable, the
automatic enforcement during the iterative solution process of the transient stability problem.
Hence, the if-based conditional tests for checking conventionally used violated limits are

avoided.

Lastly, a proposed wide area dynamic state estimation (WADSE) approach permits the
simultaneous estimation of dynamic and static state variables in a structure-preserving frame
of reference. This proposed formulation consists of including the set of differential equations

associated with the synchronous machines and their controllers in the conventional tracking
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state estimation problem. The proposed WADSE approach is capable of estimating algebraic
variables related to the transmission system and dynamic variables associated with the
synchronous machine model and their controllers, as well as the frequency at each system
node: nodal frequency. Furthermore, the proposed estimation automatically sets the dynamic
variables of controllers with non-windup and windup limiters to their corresponding physical
limits in case of violations. Note that unlike the unscented Kalman approach, the proposal
does not require knowledge of the synchronous machine terminals’ input vector to estimate
its corresponding dynamic variables. This represents a great advantage of the proposed
approach with respect to the Kalman-based estimators: the estimation of algebraic and
dynamical variables is not constrained by having a PMU installed at the synchronous

generator terminals.

5.2 Future work

This thesis has described accurate and efficient methods for the co-estimation of different
types of state variables suitable for both conventional measurements, synchronized
measurements, and a combination of both measurements. New research can consider the

following topics to extend this work.

e Todevelop a decentralized dynamic multi-area state estimation based on the WADSE
approach.

e To develop a dynamic state estimation in the presence of HVDC links.

e To include stability indexes in the WADSE approach’s formulation to automatically
detect possible rotor, power, voltage, and/or frequency stability problems.

e To assess the minimal number of SCADA/PMU measurements needed for the
proposed co-estimation and WADSE approaches.

e To merge the co-estimation of nodal voltages and unknown statuses of breakers and
the WADSE approach for detecting islands during the occurrence of a disturbance in
an electric power system.

e To apply the proposed modeling of non-windup and windup limiters based on
complementarity in the context of small-signal stability studies.

e To implement the WADSE approach in a real-time simulator as OPAL-RT.
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Appendix A Power system component models

A.l Synchronous machine

The synchronous machines are represented by the fourth-order model. The dynamic circuit

associated with the i-th synchronous machine is shown in Fig. A.1:
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Fig. A.1 Dynamic circuit of the i-th synchronous machine.

On the other hand, the 4-th order model for this i-th synchronous machine is given by:

dE' 1 X, i_X'i 1
@i EI[_( d, d,)]d[+,_Efdi Vi:lﬁ"'ﬁNvm’ (Al)
dt T, " Th, b T ‘
dE),, X=Xy
d,i - _ } Ez;,[+( q, , 9, )Iq,i Vi=1,---,Nsma (A2)
dt 7:;0,5 TqOJ
40 _ -, Vi=1,...N,, (A3)
dt ‘
do. D.
o, _ O T - , Te,»—ws (w_w) vi=1,...,N,,, (A.4)
da 2H ™ 2H ~ 2H,

1 1 1
where:

e N_ is the total number of synchronous machines.

sm

e T, is the open circuit transient time constant on the direct axis of the i-th machine

().
o 7'

.0 18 the open circuit transient time constant on the quadrature axis of the i-th

machine (s).
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e X, is the synchronous reactance on the direct axis of the i-th machine (p.u.).
e X is the transient reactance on the direct axis of the i-th machine (p.u.).

e X, is the synchronous reactance on the quadrature axis of the i-th machine (p.u.).
e X/, is the transient reactance on the quadrature axis of the i-th machine (p.u.).
e [, is the current on the direct axis of the i-th machine (p.u.).

e [, is the current on the quadrature axis of the i-th machine (p.u.).

e O, is the rotor angle of the i-th machine (rad).

e [, is the inertia constant of the i-th machine (MW/MVA).

e D is the damping coefficient of the i-th machine (p.u.).

e o, is the angular velocity of the i-th machine (rad/s).

e o, is the synchronous angular velocity of the i-th machine (rad/s).

e [, is the transient voltage on the direct axis of the i-th machine (p.u.).

e [E, . is the transient voltage on the quadrature axis of the i-th machine (p.u.).

T, 1s the mechanical power produced by the turbine of the i-th machine (p.u.).

1

e,

is the electrical power produced by the generator of the i-th machine (p.u.).

A2 Excitation system

The IEEE Type 1 excitation system is shown in Fig. A.2 and it is composed of the
self-excited DC exciter, the signal amplifier, the stabilization circuit and the measurement

transducers.
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Fig. A.2 Block diagram of DC1A exciter of the i-th synchronous machine.

The differential equations of the IEEE type 1 exciter are given by:

dE . 1 1
fdi .

7 = _EJ Efd,i I:KE,i + SE,i (Eﬁi,i )] + TEJ VR,i vz = 1, somy Ns,m , (AS)

ar,. K, == K, 1 K, . K,.
Ri _ T4 U[mm i Uimax _ VR[ A RFi + A, (VREFi l) Vi= 1, ’qu , (A6)

dt TA,i TA,i TA,i ’ TA,i T, ’ A
dR,, 1 K, K,
oL p o Lry Zrip TS (Ey)] Viel. N, (AT
dt Ty, " Tp Ty, * Ty, T, o [ R ( " ):I (A7)
where:

e N, isthe total number of synchronous machines.
e FE,, isthe field voltage of the i-th machine (p.u.).
e T, is the exciter time constant of the i-th machine (s).

e K., is the self-excited gain of the i-th machine.

B, .E. . . . . . . .
o 5., (E fd,i) = A, e " is the exciter saturation function of the i-th machine. 4,
and B, , are saturation constants.
e V., is the scaled output of exciter amplifier of the i-th machine (p.u.).

e T, is the amplifier time constant of the i-th machine (s).

e K, isthe gain of the exciter amplifier of the i-th machine.
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e R, is the scaled output of stabilizing transformer of the i-th machine (p.u.).

o T

. 1s the amplifier time constant of the i-th machine (s).

e K, is the gain of the stabilizing transformer of the i-th machine.
e ™" isthe complementarity variable for the minimum limit of the non-windup limiter

(p-u.).
e 0™ is the complementarity variable for the maximum limit of the non-windup
limiter (p.u.).

® V. 18 the exciter reference voltage magnitude of the i-th machine (p.u.).

V. is the voltage magnitude at generator terminals of the i-th machine (p.u.).

A3 Governor and turbine

This work assumes that the speed-governing system is of the mechanical-hydraulic type,
as shown in Fig. A.3, and it consists of a fly ball speed governor, hydraulic amplifier, linkage

mechanism and speed changer.

REF,i gob.i

Fig. A.3 Block diagram of the speed governor of the i-th synchronous machine.

The differential-algebraic equations associated with this model are given by

dP

; 1 1 1
—2 = __])out,i +_PREF,i _—(a)z _a)v) Vi= 1"‘ "an ’ (Ag)
dt ];’ob,i ]:gob,i T;.{ob,iRi a)s
Pgob,i = ])out,i + pimin - pimax VZ = 1’ e Nsm b (A9)

where:
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N_ is the total number of synchronous machines.

sm

e P is the unlimited steam inlet valve position that adjusts the mechanical power

out,i

applied to the turbine shaft of the i-th machine (p.u.).
o P

opi 18 the limited steam inlet valve position that adjusts the mechanical power

applied to the turbine shaft of the i-th machine (p.u.).
e P

xer 18 the reference power of the governor of the i-th machine (p.u.).

e T, is the time constant of the governor of the i-th machine (s).
e R isthe speed regulation of the governor of the i-th machine (p.u.).

e o™ is the complementarity variable for the minimum limit of the windup limiter

(p-u.).

e p™ is the complementarity variable for the maximum limit of the windup limiter

(p.u.).

The turbine model used in this thesis is known as a tandem-compound single reheat steam

turbine and it is shown in Fig. A.4.

+ +
> @ :@ :T:n,i
Etp,i F:p,i F;p’i
P 1 J 1 g 1
o™ [lesT,) [T (BT, ) [T (1T,
Ipii R/}J lpi

Fig. A.4 Block diagram of single reheat steam turbine of the i-th synchronous machine.

The differential equations representing this turbine model are given by

dP, 1 1

hp.i P

= P . — .
gob,i hp.i
dt T, T

— Vi=1,...,N._, (A.10)

sm
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1 1

bl __ p —— P Vi=l..,N_, Alll
i T, " T, " D
dp,, 1 1
i _ p —— P Vi=l,..,N_, A2
dt ];o,i o T;'o,i v B ( )

where:

e N_ is the total number of synchronous machines.

sm

e £, is the position of steam inlet valve to high pressure stage of the i-th machine
(p.u.).
e P _is the position of steam inlet valve to intermediate pressure stage of the i-th

ip,i
machine (p.u.).

e P

1, 18 the position of steam inlet valve to low pressure stage of the i-th machine

(p.u.).
e T, is the time delay of the steam chest together with inlet piping of the i-th

machine (s).

o T

rh,i

is the reheater time delay of the i-th machine (s).

T . is the time delay of crossover piping of the i-th machine (s).

The electrical power produced by the i-th synchronous generator without considering the

stator subtransient dynamics is expressed by

T,=E, I, +E I +(X,-X,)I,1I, Vi=l..N

q.i"q,i d,i”q,i sm *

(A.13)
The mechanical power produced by the turbine of the i-th synchronous generator is

represented by

T, =B F, +P.F +F .F, Vi=1..,N,, (A.14)

hp,i™ hp,i ip,i~ ip,i Ip,i~ Ip,i sm
where:

e N_ is the total number of synchronous machines.

sm
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o F

hp,i

of the i-th machine.

is the portion of the total turbine power developed in the high pressure stage

e [ 1isthe portion of the total turbine power developed in the intermediate pressure

ip,i

stage of the i-th machine.

e [, is the portion of the total turbine power developed in the low pressure stage of

the i-th machine.

A4 Complementarity equations

The complementarity equations of the non-windup limiters are given by

The windup limiter complementarity equations corresponds to

\/(ngb,i _pimin )2 +(pimin )2 _(}Zrob,i _pimin)_(p:nin) Vi=1,.. ”Ns‘m >

\/(pimax - ]1’017,1' )2 + (pimax )2 - (pimax - }Zrob,i ) - (pimax ) Vi=1...,N,,,
where:

e N_ is the total number of synchronous machines.

sm

A5 Stator algebraic equations

(A.15)

(A.16)

(A.17)

(A.18)

The mathematical equations contained in the vector of algebraic stator equations 7 ‘ZQ ()

used in the WADSE formulation are associated with the algebraic equations of the i-th

synchronous machine stator:

E,,~V;sin(6-6)-R I, +X 1, =0Yi=1..,N,,

q.itq.i sm

E,~V,cos(8,~0)~R 1, ~ X, I, =0Vi=1,...,N

S0 g0 sm 2
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where:

e N, isthe total number of synchronous machines.

V. is the voltage magnitude at generator terminals of the i-th machine (p.u.).

0, is the nodal phase angle of the i-th machine (rad).

R, is the stator resistance of the i-th machine (p.u.).

A.6 Algebraic power balance equations

The vector of algebraic equations g(.) used to formulate the transient stability problem
incorporates the algebraic stator equations 1, ZQ (.) described in the previous section and the

power balance equations at generation, transition and load buses. In this context, the algebraic

power balance equations for generation buses are expressed by

1,V;sin(6,-0)+1,F,cos(6,-0,) - P, (VL

]2
: Vi=1,...,N_, (A.21)

sm
Nbuses

- Z V;Vk|Yik|COS(6i_0k_aik):0

k=1

VO

1

2
1,V c08(8,~6)~1,V.sin(8,-6) -0, (Lj
Vi=1,...,N

sm 2

(A.22)

N
- bz: Vin|Yik|Sin(9i_9k _aik)zo

k=1
where:

e N _ is the total number of synchronous machines in the system.

sm

o N

buses

is the total number of buses in the system.
. |Yik| 1s the magnitude (p.u.) of the complex component of Y,  in the row i and column

k.

e ¢, is the angle (rad) of the complex component of Y,  in the row i and column .
e P, is the active power of the load connected at the i-th generation node (p.u.).
e (), isthe reactive power of the load connected at the i-th generation node (p.u.).
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e V. is the voltage magnitude at the i-th node (p.u.).

e V° is the initial voltage magnitude at the i-th node (p.u.).

1

The algebraic power balance equations for transition buses are given by

Nbuses

D> VIV |Y|cos(6. -6, —a, ) =0 Vi=1,...,N,,, (A.23)
k=1
Nbuses
> VY Y, lsin(6,-6,-a,)=0 Vi=l,...,N,,, (A.24)

k=1
where:

e N, isthe total number of transition buses in the system.

o N

buses

is the total number of buses in the system.

e |v,] is the magnitude (p.u.) of the complex component of ¥, in the row i and column

k.

e ¢, isthe angle (rad) of the complex component of Y,  in the row i and column £.

eV is the voltage magnitude at the i-th node (p.u.).

The algebraic power balance equations for load buses are given by

2 buses
PL,[ (%j + Z I/tV;c |Xk|cos(0i _01( _aik) = 0 Vl = 1" ’ "Nbuses _Nvm _Ntbe > (A25)

k=1

2 N
V buses
QL,i (V_l()j + Z V;V;c |}/lk | sin (91 - 91( - aik ) =0 Vi= 1’ Tt Nhuse.\' - Nsm - Ntbe > (A26)
i k=1
where:
e N, .—N —N, isthe number of load buses in the system.
e N, . 1sthe total number of buses in the system.

e N_ is the total number of synchronous machines in the system.

sm

e N, is the total number of transition buses in the system.
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|Y, | is the magnitude (p.u.) of the complex component of ¥, in the row i and column

k.

a,, 1s the angle (rad) of the complex component of Y, = in the row i and column 4.
P, ; is the active power of the load connected at the i-th load node (p.u.).
O, ; is the reactive power of the load connected at the i-th load node (p.u.).

V. is the voltage magnitude at the i-th node (p.u.).

V7’ is the initial voltage magnitude at the i-th node (p.u.).
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Appendix B Discretization of differential
equations

B.1 Unscented Kalman filter

The mathematical equations contained in the vector of discretized functions d(.) used by

the unscented Kalman filter are presented below. In this case, the discretization by trapezoidal

rule of the 4-th order model of a synchronous machine connected to the p-th node is

represented by:
rh+l ZTd'O - At E!k + _(Xd _X:Z)At III;H + At E;cdﬂ
2T+ A ! 2T, + At 2T, + At B.1)
_(Xd—XL',)AtIk_'_ At . '
2T, + At 2T A
rh+1 __ 2]:1'0 _At 1k (Xq _X;)At 1k+1 (Xq _X;)At Ik B 2
i T Byt A, (B.2)
2T, + At 2T/, + At 2T, + At
At At
k+1 _ <k k+1 k
5p = 5p +?ACOP +7A60p, (B3)
Aa)k+l — 4Hp _a)vaAt Aa)k n a)sAt TWIIH_I i _a)SAt 7_;k+l
» " 4H +wD Al AH, +o.D At 4H , + @D, At
‘ ‘ (B.4)
b @A g N
4Hp +o,D,At 4Hp +o,D,At
where:

k+1 and k denote the time instants #,,, and ¢, , respectively, at which variables are

evaluated.
Aw, =, -, is the angular velocity deviation of the machine connected to the p-th

node (rad/s).
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B.2 WADSE

The mathematical equations contained in the vectors of discretized functions f(.), p(.)
and ¢(.) used in the WADSE formulation are obtained as follows. The synchronous

machines are represented by the 4-th order model with its corresponding equations

discretized by using by trapezoidal rule:

X, -X
ey - - Tl b ey
21, I -

Vi=1l,..,N. , (B.5)

—{—ﬂ _ 1 E'k _ (Xd’i _X‘;vi)lk + 1 Ek J ‘
’ N 1] d,i ' fdi
2\ T ° ey Ly

A 1 X i X, i
E(;];—H =Et;1’€l +71(__E;1’(l+1 +( q, - q, )I;C,TIJ

T:I,O,i q0,i
, Vi=1,..,N, (B.6)
+ﬂ 1 'k,+(Xq’i_Xq’) k
2 ]—;!O’i d,i 7.(,1,01 i
At At
5Ak+l _5k+ {{+1_a) +— a)k_a) VZ=1, 5N 5 B.7
! ! ( ! S) 2 ( i S) sm ( )
a)lk+l — wlk + %(201)_} T’fjl Zal)_sl ek,+1 02)3151 ( lk+1 o, )j
| [ i Vi=1..,N,. (BS8)
g a)Y Tyy];l a).v ekl a)sDz (a)lk _ Y)
2\ 2H, 2H, 2H,

The excitation system equations are discretized by using the trapezoidal and backward
Euler rules. The former is applied to the equations representing the DC exciter output and the
stabilization circuit, which correspond to (B.9) and (B.11), respectively. On the other hand,
a combination of the trapezoidal and backward Euler rules is applied to the equation

associated with the signal amplifier output given by (B.10):

1
B =B+ | =g Bt K (B2 |+ 13
2 TEi TEi
E ’ Vizla--'aNsm’ (B9)
A . . |
+7(_EEfdi [ Koo+ S0 (B0 +i~VRJ
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At 1 K, . K, .
V;;I = V}f;’ +_[__VRkl-+1 E—tE RII?II + A V 1 —V;kﬂ
> B 2 TA’I- TA,Z. , " ( REF, )
At 1 K, K,, .
7(_5% 7 Rt Vs V) | Vi=he Ny (B10)
+At[& Umin,k+1 _ KA,i U.rnax,k+]
TAJ l TA,i l
A _TL Ay
RE =RE S
Fii k+1 k+1
B TE iTFi Efd,i |:KE,i + SE,i (Efd,i )j|
JTF, Vi=1,...,N,_, . (B.11)
_LR;{’[ + Fii VRkJ
ﬂ TF,i TE,iTF,i
2 KFi k k
B TE 'TF ' Efd,i |:KE,i + SE,[ (Efd,i )]

Lastly, equations associated with the governors and turbines, i.e., (B.12) and (B.13)

through (B.15), respectively, were discretized through the trapezoidal rule:

. Al 1 1 1 .
P =FL, 7[—— b B~ () w)J
gob,i gob,i gob,i ia)s .
Vi=1,...,N, ,(B.12)
At 1 1 1
7(_]—, o];ti_i_T IDREFZ_T R (a)zk_a)s)j
gob,i gob,i gob,i la)s
' At 1 1
k+1 _ pk k+1 k+1
Php,i Btp,i +?{]:,hi fzgob,l - ]-;hl sz,i J
’ ’ Vi=1,...,N,, . (B.13)
At 1 1
+— Pg/j)b,t BII;),i
2\ Lo, T
At| 1 1
k+l _ pk k+1 k+1
ipi — Lipii +7[Ephp,i _Kep,i j
’ ’ Vi=1,...,N, , (B.14)
At 1 1
e e
2\7,, " T,
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Ip,i Ip,i T ' ip,i T . Ip,i
Vi=1,..,N_, (B.15)
a1, 1,
*7(? T—Pw]

where:

e k+1 and k£ denote the time instants ¢, and ¢, , respectively, at which variables are

evaluated.
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Appendix C Estimated measurement equations

The physical set of measurements provided by the SCADA system and PMUs are
mathematically represented by the corresponding set of estimated measurements. All these

mathematical representations are reported in this Appendix.

C.1 SCADA measurements for the static state estimator

The estimated measurements z(.) associated with physical measurements of active and

reactive power flows are given by

SCADA 2., 2
f)pqz ( pq,i) Vp,i (g,vepqi + gshpq i)
-a v,V,.cos(0,,-06,,) Vizl,...,Nyoe, (C.1)

4:i%p.i8sepqi¥ pi¥ i

@y DoV, Vi 80(0, =0, ,)

ql qp,t sepql pl ql

ASCADA
QP‘]J :_( pql) V (bsepql Shpql)
ta,, a, b, V,V,.c080,, -0 Vi=l..,N, . (C.2)

ql qp,t sepql [Jl ql

V.V . sin( p’l.—@q,l.)

T 04.i%p.i8sepq.i” pi” q.i

Similarly, the physical measurements associated with nodal active and reactive power

injections are represented by

PSCADA ZVV| |COS(9[__¢9k—al_k)‘v’i=l,...,N . (C.3)

oe

The nodal reactive power injection equations are represented by:

QSCADA iVV|Y|Sln(0 6, Otk)‘v’ =1...N . (C4)

oe

Lastly, the estimated measurements ¢(.) of zero active and reactive power injections at

transition buses are given by

Nbuses

P = > VV|t,|cos(6 -6, —a, )0 Vi=1...,N,

i the >
k=1

(C.5)
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N buses

0,.= Y VV|t|sin(6-6,-a,)=0Vi=1...,N,,, (C.6)
k=1
where:
e N, isthe total number of buses in the system.

e V. is the nodal voltage magnitude of the i-th node (p.u.).
e J, is the nodal voltage magnitude of the A-th node (p.u.).
e @ is the nodal phase angle of the i-th node (p.u.).

e 0, is the nodal phase angle of the &-th node (p.u.).

° |Yik| is the magnitude (p.u.) of the complex component of ¥, in the row i and column

k.

e ¢, is the angle (rad) of the complex component of Y,  in the row i and column .

C.2 PMU measurements for the WADSE’s

The equations associated with the real and imaginary components of the complex branch

currents’ measurements provided by PMUs are given by

A 2
PMU ,k+1 __ k+1 k+1
1 —(apq,i) Soepg iV pi €08(0,;)

realpq.i sepq.i” p.i

(s ) BV sin(01)

sepq.i’ p.,i
k+1 k+1 .
=, 8y &pg Vi €OS(0,) Vi —1,...,N?oe , (C.7)

k+1 _: k+1
+apq,iaqp,ibsepq,il/q,i Sln(eq,i )

2
k+1 2 ke+1
_(apq,i) bshpq,in,i SIn(Hp,[ )

PPMU k+1 2 k+1 kit
[imagpq,i _(apq,i) bsepq,in,i Cos(ep,i)

H(@a) g V1 5007

sepq,i” pii

—a,,,0,, b0, Ve cos(6)) Vi=1...,N, . (C.8)

Pasi T qp,isepq it q,i
k+1 _: k+1
apq,iaqp,igsepq,il/;,i Sln(&q,i )

2 k+1 k+1
+(apq,i) BypeVart cos(@h)
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Furthermore, the physical measurement of nodal frequency at the i-th observable node is

mathematically represented as a nodal average angular frequency computed by

0.k+1 . ek 1 42
At I S - T .
f;k l = At f;mm (»f;lom) VZ = 1" "t Noe : (C9)
2

where:

e k+1 and k£ denote the time instants ¢, and ¢, , respectively, at which variables are

evaluated.

e f  isthe nominal frequency of the system (Hz).

e At is the PMU report rate (s).

C.3 PMU’s measurements for the unscented Kalman filter

The equations representing physical measurements of the real and imaginary components
of the current injected at terminals of the synchronous generator connected to the p-th node

are represented by

FPMU k+1 __ 7k+1 k1 T k+l s k1 T
I/ =1 cos(&p 1_5J_1" sm(5p I_EJ’ (C.10)

realp

imagp

SPMU k+1 _ pk+1 k1 T k+l s 1 T
I =1, cos(é‘p —EJ+Id s1n(5p —EJ (C.11)

Similarly, the estimated measurements of the real and imaginary components of the nodal
voltage at terminals of the synchronous generator connected to the p-th node are given by

5> PMU k+1 __ rk+1 "oy Je+1 n T thtl . 4 T
|4 —[Ed +(Xq Xd)lq ]005(5}’; I_EJ_E sm(é‘}’j 1—-]

realp q

(C.12)

+ + ' + T 1 rk+ + : + T
—(15"r -1 1Xd)cos(5§ '—Ej+(XdI§ L1 lrs)sm(é';f ‘—Ej,

5> PMU k+1 rk+1 1oy k] k1 7T rk+1 k1 T
Vo i <[ B+ (X, =X)L ]sm(ép —Ej+Eq cos(ép ——J

(C.13)
—(15" -1 X, )sin(g;j*' —%)—(X;J;‘“ +15, )cos(ajjl _%)
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where:

e k+1 and k£ denote the time instants ¢, and ¢, , respectively, at which variables are

evaluated.
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