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Abstract
Currently power systems become increasingly complex, driven by the continuous increasing load

demands and growing interconnection of stochastic generations. Furthermore, the introduction of
demand response mechanisms to balance generation and consumption is under active
investigation. These developments make system operating conditions less predictable, leading to
significant challenges in ensuring operational security. To address these challenges, both static
and dynamic security analysis tools are essential. However, until recently, efforts in security
analysis have predominantly emphasized static methods. The focuses of this thesis is to develop
effective and robust tools and techniques for dynamic security analysis in near real-time

environments.

One of the core elements of near real-time dynamic security assessment tools is contingency
screening and ranking. Fast power system contingency screening and ranking technique has been
developed in this thesis, and its performance is evaluated using benchmark test cases. The
approach analyzes the transient stability of the power system against a specified list of credible
contingencies. Based on the most current snapshot from Supervisory Control and Data
Accusation (SCADA) data transient stability is simulated for each credible contingency and
Transient Stability Index (TSI) is evaluated as the normalized weighted sum of squares of error
at every simulation time step based on both machine’s state variables such as rotor angle
deviations, rotor angular speed, etc and machine’s bus complex bus voltages (magnitude V and
angle 0). Finally contingencies are ranked based on these TSI and the worst contingency is
identified for the next detail assessment. This proposed method not only reduces the time
performances but also improves the accuracy of resulting indices. The method is tested on IEEE
9bus and 11bus test systems. Test results reveal that the proposed method is faster, robust and

can be used in near real-time dynamic security assessment tools. .

Determining if all synchronous generators remain in synchronism after subjected to large
disturbance is significantly important to maintain power system transiently stable. To achieve
this requirement, the transient stability assessment tool that estimate the systems distance to
transient stability boundary for the contingency under consideration is required. In this thesis
critical clearing time (CCT) is used to estimate the distance at a given particular operating point
from transient stability boundary. Using the proposed contingency screening and ranking

technique the worst contingency is identified based on their TSI. Then critical clearing time
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(CCT) is evaluated for this contingency to represent the systems distance to transient stability
boundary. CCT is normally calculated by uniformly increasing the fault clearing time until the
system instability using traditional PTDS. A novel transient stability assessment (TSA) tool that
avoids the time-consume due to the repetitive step increase fault duration and high computational
burden resulting from using traditional numerical integration method and classical differential
transformation method is developed and introduced in this thesis. This tool combines PTDS
based on Adaptive step-size Differential Transformation Method (AsDTM) by cross cut
technique to evaluate CCT for the worst contingency. Its performance efficiency and accuracy is

assessed and validated using two standard test cases.

Effective dynamic security analysis (DSA) tools can identify harmful or insecure operating
conditions and recommend preventive control actions to restore stability and security within the
system. Fast and robust tools that check and enhance power system dynamic performance based
on combined power system time domain simulation (PTDS) and particle swarm optimization
(PSO) is proposed here. The method aims at modifying the operating conditions of a power
system so as to make it able to withstand severe contingency that would drive it to instability.
Conventional time domain simulation method requires high computational efforts however, to
support control room operators in taking preventive measures required within timeframe, time
domain simulation with improved performance efficiency is needed. A novel power system time
domain simulation method which is based on adaptive order and step-size differential
transformation (AOSDTM) with significantly better performance efficiency is proposed. The
worst contingency is identified based on the proposed contingency screening and ranking
technique. Transient stability criteria are checked for this worst contingency by the system
operators maintaining system constraints. The critical fault clearing time is used as key feature
for monitoring power system transient stability during generation rescheduling process. The
proposed and developed tools are tested and validated by using standard IEEE test systems. The
test results show that the proposed method is fast and robust and can be used in a near real time
power system DSA tools

Key words Dynamic security analysis, Time domain simulation, Transient stability assessment,
Contingency screening, Differential transformation method, Preventive control
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CHAPTER ONE: Introduction

1.1. Background
Reliable electricity supply is foundational to all economic and societal activities in modern

societies [1]. The consequences of large blackouts therefore are all too obvious to merit any
further elaboration. Ensuring secure operation of the system during widely varying loading
scenarios or following possible unforeseen events represents an immense challenge to the system
operator. To assess the security risk correctly and to initiate any necessary corrective measures,
the operator needs to have situational awareness at all times, know the stability margins and find
the most effective solution in the event of stability problems often under stressful situations in

which every split second counts.

The power system worldwide has undergone major structural and organizational changes in the
past decades, which, on the one hand, resulted in a significant operational efficiency but, on the
other hand, created immense challenges in terms of operational security [2]. Many power system
networks now cover large geographic areas sometime spanning whole continents. This
interconnection has offered a number of benefits, such as sharing reserves both for a normal
operation and during emergency conditions, dividing the responsibility for the frequency
regulation among larger number of generators and possibility to generate the power in the
economically optimum areas. These operational benefits come at the expense of some new
problems, for example, the resulting additional vulnerability due to the risk of a disturbance
spreading over large distances and thus affecting vast service areas.

Another change which affects all countries (but developing countries to a larger extent) is the
continuously growing load demand. This has forced power systems to operate more and closer to
stability limits, thus reducing the security margin. Power systems operated near their stability
limits may lead to the appearance of power system oscillations and instabilities during large
disturbances. The increase in distributed generation, renewable energies-based power generation,
smart grid technologies and the deployment of new transmission equipment is the other new
development [3]. The result is that two conflicting trends can be observed in almost any country
of the world: one positive and the other negative. The increasing number of active network
elements opens-up new possibilities for remedial actions in case of stability problems [3]. At the

same time, this coupled with the ongoing liberalization of the electricity industry and with it the
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entry into the scene of new non-utility actors, which consider electricity just another commodity

to be traded, increase the risk of blackouts.

Security analysis refers to the analysis and quantification of the degree and risk in a power
system’s ability to survive imminent disturbances (contingencies) without interruption to
customer service [4] [5].The security analysis of power systems includes steady-state security
analysis (SSSA) and dynamic security analysis (DSA). SSSA analyses the system steady state
operating points between dynamic transitions, whereas DSA focuses on the security of system
dynamics in various timescales, from transients of several seconds to slow dynamics of several
minutes or even hours. DSA is defined in [4] as evaluation necessary to determine if a power
system can satisfy established reliability and security standards during both transient and steady-

state conditions for a selected list of contingencies.

Whilst security monitoring until recently focused only on static security assessments, these new
developments forced system operators to deploy more and more dynamic security assessment
tools that monitor problems such as an uncontrollable voltage decline, generator over-speed
(loss of synchronism), or un-damped oscillatory behavior. Power systems steady state stability
and its margin is one of the basic problems ensuring the security of power system operation.
Because steady state stability analysis always calculates a large number of cases with different
flow and network configuration, the estimated stability limit is usually too conservative to
normal states, and at some abnormal state it may lead to incorrect result [6]. Hence to guarantee
all aspects of security, both steady-state and dynamic security analysis tools should be deployed

in system operation and planning environment.

Dynamic security analysis tools are not state of the art in conventional energy management
systems (EMS) [7]. A lack of accurate dynamic models, missing guidelines how to use DSA
information for system operation, unfamiliarity of control room operators about power system
dynamics, and missing concepts how to apply dynamic stability limits are the main hindering
aspects for a wider adoption by TSOs [7]. The identification of the power system critical limits
and instabilities, and determining and application of fast and correct remedial/ preventive actions
are keys for realizing the power grid security [1]. The objective of the security monitoring
subsystem shown in Figure 1-1 is to monitor the system state for a defined list of contingencies
in terms of operational security. Power system security can be identified from the power flow

change and physical, operating and economic limits. To guarantee all aspects of security, both
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steady-state and dynamic security must be combined to address the increasing challenges and
state of the art, as depicted in Figure 1-1. It is therefore vital that DSA tools should be deployed
to provide the system operator with up to date information on time or on demand. This implies
that the need for dynamic security analysis tools is increasing throughout the world [5]. In DSA,
many security aspects of power system are analyzed, including transmission line thermal
loading, voltage, rotor angles and frequency deviation, which is very computationally

burdensome.

In DSA tools, many security aspects of power system are analyzed, including transmission line
thermal loading, voltage, rotor angles and frequency deviation, which very computationally
burdensome and require many efforts [2]. Dynamic security analysis (DSA) can be performed
both in off-line and in near real time environments [2] [6]. It is generally computationally
intensive due to the numerical integration involved in evaluating the transient behavior of the
system during major disturbances. The analysis may be based on full simulation approach or an

approximated approach [8] [9] [10].

In off-line DSA tools, detailed time-domain stability analysis is performed for all credible
contingencies and a variety of operating conditions. Off-line DSA is usually used to determine
limits of power transfers across important transfer corridors to be used in an operating
environment. Since the analysis is performed off-line, there is no severe constraint in terms
computation time and therefore detailed analysis can be done for a wide range of conditions and

contingencies.

Near real time dynamic security analysis tools consider the most current system operating state
from SCADA data. Whenever contingency study is required, the most current snapshot from the
SCADA data is used as the basis. A basic near real time DSA framework includes essentially
two steps [5]. The first involves a rapid screening process to limit the number of contingencies
that must be evaluated in detail. This rapid screening process might base on direct methods that
do not use numerical integration or computational intelligence or other methods. In addition to
giving fast stability evaluation, these methods inherently include a mechanism for assessing the
severity of a contingency. That is, if a system is determined to be stable, the applied methods
also provide evidence that shows the stability status of the system. This could be usually
provided in the form of energy margin or critical fault clearing time (CCT). The process includes

a ranking strategy based on these energy margins or CCT. The decision process in which
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contingencies are studied in greater detail is included in this first step. Next power system time-
domain simulation based on extensive numerical integration to reveal swing trajectories and
voltage variations is performed. This is conducted on limited lists of sever contingencies
identified during the screening process.
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Figure 1-1 Modern energy management system with Combined SSSA and DSA process

1.2.  Problem statement

To ensure the continuous secure operation of a system, it is essential to keep system variables,
such as line flow ranges and generator loading rates, within acceptable operating limits. If these
limits are significantly violated, the system could experience instability related to frequency,
voltage, or rotor angle fluctuations in machines. For reliable operation, near real-time tools are
necessary to monitor system security, capable of handling a diverse range of network
connectivity and generation dispatches during both normal and abnormal conditions [11] [12].
Given the increasing complexity of power systems due to rising load demands and the growing
integration of stochastic generation sources, traditional steady-state security verification is

inadequate for ensuring system integrity in all scenarios [7].

Power system blackouts such as the case of 2003 incident in the northeastern United States

Ontario, and Canada can have significant economic repercussions. This blackout impacted
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around 50 million individuals and remains up to four days, resulting in approximated economic
destruction ranging from $4 billion to $10 billion (U.S. dollars). [13] and blackouts on the EEP
national grid from January 2013 to mid-of May 2016, [14] has resulted in tremendous societal
consequences and substantial economic loss due to the unnerved energy, which accounts for
1,943,431.018 USD for the 38 blackouts during those three and half years. As documented in
[13] and [15] the principal cause of these blackouts was the lack .of situational awareness.
Deploying a near real-time DSA tools can aware the system situation at all time and significantly
reduce the risk of blackout.

Due to the complexity in modeling and interactions between individual elements or system
equipment as well as the computational structure for describing more recent power systems DSA
is characterized by complex dynamic behavior. In order to analyze power system dynamic
security, complex mathematical model equations are used to represent system components. The
representation consists of both static and dynamic characteristics and can be expressed by
Differential Algebraic Equations (DAE) (described in Chapter 2). A comprehensive analysis
techniques have been evolved, that can split in to 2 major classes as power system time domain
simulation method (includes: direct method (such as TEF), numerical integration approach,

probabilistic methods, and differential transformation method) and automatic learning technique
[5].

Most of the existing DSA tools and methods are somewhere in between these two groups. Since
power systems consists of thousands of components, dynamical simulation is very time
consuming. Commercially available DSA tools solves differential equations by a numerical
integration method, and the algebraic network equations by a numerical iteration at each
integration step [16] [17] [8]. These methods may suffer from huge computation burdens caused
by the iterations after each integration step for the convergence of the network equations and the
large number of integration steps to ensure the accuracy and numerical stability of solving the
differential equations. Moreover, the computation speed can further deteriorate when system
states change significantly, or the system model has strong nonlinearity since the network
equation is more difficult or even fails to converge by numerical iteration methods. The

computation time could be further increased if a more detailed system model is considered.

Approaches relying on offline databases offer a level of general conclusion, may not consistently

and accurately assess security and stability [18]. Therefore, techniques that depend on data
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mining (DM), DTs, or automated training methods are excluded from consideration in this thesis.
Modern power system incorporates a large number stochastic generations (which are based on
renewable energy sources) and this makes difficult to predict the system condition. Similarly,
approaches such as energy function method and sensitivity analysis proposed by [19] [20] [21]
[22] [23] [24] provide a quantitative measure which indicate the degree of system stability based
on energy margin or stability indices but these required computational efforts and restrictions
regarding modeling details. However, DSA tools with improved performance efficiency and

accuracy is significantly demanding in today’s power system operational planning.

Even though, DSA tools developed based on time domain simulation by using conventional
numerical integrations method is relatively robust, the method still require advancement in their
computational burden and speed to be applied as efficient and robust near real-time analysis tools
[18]. Improved performance efficiency and accuracy are possibly achieved only with advanced
in conventional PTDS methods and use of system model details, through advanced programs and
technics those relatively better to provide accurate simulation of different system conditions as
power flow, dynamic stability, short circuit analysis and protective relays coordination [15].
Results from time domain analysis can also help to decide on a time scale for the instabilities and
control strategies, but it is difficult to find a best control strategy from simulations alone, an

optimization method may pave the way for a theoretical solution with rigorous justification.

The aim of this thesis is to develop fast and robust dynamic security analysis and monitoring
tools based on the most current snapshot from the SCADA data. Fast dynamic security analysis
tools with advanced in power system time domain simulation based on differential
transformation method, which can perform in the timeframe is developed. The developed tools
include efficient and robust tools for power system contingency screening and ranking, detail
transient stability assessment (TSA) and transient stability based dynamic security enhancement,
which are verified as a core elements of fast and robust dynamic security analysis tools in [5].
Dynamic security analysis deals with different types of power system stability conditions.
However, this thesis investigates and develops dynamic security analysis tools that only analyzes
and recommend possible preventive measures to maintain secure operation with respect to

transient stability phenomena.
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1.3. Research objectives
1.3.1. General objective

The main objective of this thesis is to develop fast and relatively accurate DSA tools that help
the system operators to check and make sure that at every given operating condition, for every
credible contingency the system will survive or if the system is transitioning into insecure state

and recommend proper preventive control measures if required.

Therefore, main objective is to develop efficient and robust DSA tools that can

Read the most current snapshot form SCADA data

Perform power flow analysis and initialize the dynamic system

Perform transient stability simulation based power system contingency screening and
ranking

Perform power system transient stability assessment

Perform PSO based optimal generation rescheduling to recommend remedial measures

that enhance power system dynamic security, if any
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1.3.2. Specific objectives

To organize and structure dynamic and static data for power system analysis.

To develop a dynamic modeling framework for near real-time power system Dynamic
Security Assessment (DSA).

To create current balance models for steady-state power system analysis.

To utilize MATLAB and MATPOWER software packages in developing tools for
assessing static and dynamic behaviors of power systems.

To implement MATLAB algorithms for transient stability analysis, including DTM, Rk4,
AsDTM, and AOSDTM methods, ensuring modular and efficient code organization.

To design algorithms for interfacing MATPOWER, solvers, dynamic/static data, and
models within the MATLAB environment.

To develop a contingency screening and ranking tool for early identification of the most
critical scenarios.

To create AsSDTM and AOSDTM-based tools for transient stability simulation in power
systems.

To design a dynamic analysis tool that recommends remedial measures to enhance
transient stability.

To prepare and apply standard IEEE test systems for benchmarking and validation.

To rigorously test and validate the developed DSA tools using standard IEEE test

systems.

1.4. Literature review
All economic and social activities of modern societies are very dependent on the availability of

electric supply system and therefore, reliable electricity supply is significantly linked to the
modern society’s life. To supply this continuously growing demand, the size and complexity of
the power supply systems with stochastic generation (due to Renewables energy system) is
increasing. This pushes power systems to operate more and more closely to stability limits [25].
Inability to detect system instability behavior in a sufficient time interval to launch the corrective
actions could result in a system failure at one location on system that can quickly degenerate in
to cascading failures, which is usually mechanism for large collapses or blackout of the system.
Fast and accurate analysis of system security is of great significance for safe and stable operation

of power system. To identify any insecure contingency before it happens, time domain
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simulation is expected to be transitioned from offline or day-ahead studies to the real time
operation environment. The power industry and the research community are seeking next

generation tools which are more powerful for power system dynamic security analysis.

According to the report by [5]. Traditionally achieved security solely through off-line analyses
using forecasted information has proven inadequate and often impractical in the new
environment as a result, on-line DSA has emerged in which a snapshot of the current system is
obtained and is used to conduct security assessment, which reduces the need for prediction of
system conditions and therefore is expected to provide more accurate assessments. However,
since all data must be assimilated in near-real-time, and computations must be conducted

automatically with little or no human intervention (and in a tightly constrained cycle time),

This report has documented some fifteen DSA tools, state-of-the-art installations and the
existence of numerous others which are either in-service or under development, that include
assessment of voltage security, transient security, and small signal security with the range of
assessment capabilities as determination of critical contingencies, transfer limits, and
determination of remedial measures necessary to ensure security. It also indicates that the
computational methods used for each type of security assessment depends on the specific
requirements (speed, accuracy, reliability), system characteristics(large, small, meshed, radial,

etc) and, in some cases, the techniques available in the state-of the-art tools used.

In [26], the authors discuss the advanced functions of the dynamic security analysis tools
implemented in Brazil’s ONS. As noted in [26], this system employs both detailed TDS and
direct techniques. Traditionally, assessing stability through TDS necessitates visual inspection of
results. However, the authors have replaced this inspection requirement by using numerical
energy functions alongside a modified SIME approaches to calculate stability margins, identify
instability, and allow termination of simulations before expected time. The enhancements to the
dynamic security analysis functions primarily focus on the transient stability assessment
technics, where the earliest SIME approach has been refined. This modified SIME version
enhances both the speed and accuracy of stability assessments for stable cases. However
modified version of SIME is still depends on model simplification and full TDS is not

conducted. These limit the robustness of the proposed method.
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In [27], recent achievements in research on dynamic security analysis based on the TEF methods
are discussed. They presented updated near real-time DSA tools and implement at TEPCO in
Japan. This updated DSA tools consists of 2 core functions. The first function is responsible to
perform filtering of power system contingency under known operating condition. Contingencies
are then categorized, and harmless contingencies are eliminated from further consideration.
Harmful cases are transferred to the second function that conducts detailed TDS. To effectively
filter and categorize the potential contingencies as whole, the authors introduced an enhanced
version of the boundary of stability region based control of unstable equilibrium point classifiers
[28]. Every classifier is tailored to screen out contingencies based on specific features, such as
their severity. The second function performs boundary of stability region based control of
unstable equilibrium point led TDS for each harmful/uncertain contingency, as elaborated by
[29]. The method involves executing detailed TDS, with the output used to assess stability and

determine stability margins.

A novel method for dynamic security analysis based on the measured data by PMU along with
DT created offline is introduced by [30]. This approach processes near real time data for the
upcoming 24 hours, which includes various operating conditions linked to load profiles and
generation patterns based on unit commitments. These datasets facilitate comprehensive TDS of
N-1 and credible N—K contingencies. The results from these simulations are stored in a database
to train DT. Potential attributes (PAs) that reflect the system’s dynamic behavior are identified
using this DT. Additionally, thresholds for the PAs are established based on the simulation data
and the DT. Unlike the conventional terminal node based DT approach, the authors propose a
path-based DT method. In this method, insecurity scores are calculated for each path within the
DT, and acceptable limits for these scores are defined. During real-time operation, phasor
measurements units are employed to assess the critical attributes and these values are used to
trace corresponding paths in the decision tree. If any insecurity score surpasses the set threshold
and the related contingency is deemed likely, appropriate preventive actions can be planned and

implemented.

An innovative DTs based approach for dynamic security analysis and preventive control
technique is presented by [31]. This methodology involves training of 2 decision trees daily,
utilizing a database of power system simulations and forecasted data for a day. The first decision

tree, called the observation decision tree, employs measurable variables to supervise the system's
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condition and select series security threats. The second tree, known as the preventive decision
tree, focuses on controllable variables to provide real-time decision support for preventive
measures. During online operations, real-time measurements are compared against predefined
thresholds in the ODT. If a threshold is breached, the data are directed to the preventive decision
tree, which determines the most effective preventive control strategy concerning generation
shifts. System security is assessed using straightforward security indices, including transient
security indices based on the maximum angular separation of generators. Additionally, a third
approach utilizing DT is presented in [32]. Emphasis is given for mitigating the impacts of
missed PMU measurements. In this method, multiple small decision trees are trained offline and
subsequently re-evaluated with new cases in near real-time. During real-time operation, the
method employs wide-area PMU measurements, acknowledging that some measurements may
be absent. A boosting algorithm is used to assign weights to the viable small decision trees

before they are combined.

Moreover, the authors of [33] presented a linear method for risk-based dynamic security
analysis. They introduce a tool that quantifies total system risk, calculated as the sum of risks
associated with each contingency. The risk for a specific contingency is computed by
multiplying the probability of its occurrence, the probability related to its stability margin, and its
severity. Severity is defined by a linear function that relates to the ratio of critical fault clearing
time to actual fault clearing time. The stability margin probability is influenced by uncertainties,
such as those stemming from power consumption forecasts. The results indicate that this linear
approach significantly outperforms other risk assessment methods in terms of computational

efficiency.

The authors of [34] developed a methodology for on-line identification of power system dynamic
signature based on incoming system responses from Phasor Measurement Units (PMUSs) in Wide
Area Measurement Systems (WAMS). This Author also used a data mining techniques in the
methodology to convert real-time monitoring data into transient stability information and the

pattern of system dynamic behavior in the event of instability.

The authors of [35]developed algorithm to determine Transient stability margin using power
swing-based energy margin (SM), which is a stability margin based on the energy exchange in
each power swing during transients and the determination of stability while computing CCT can

be based on either SM .they were also suggested E-SIME techniques for closed loop real time
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emergency control. The author of [36] proposed an energy function approach to assess power
system transient stability impacts following increased penetration of asynchronous generation
plants. In this paper asynchronous wind farm generation was considered as an equivalent
conventional synchronous generator with negligible inertia. Based on this approach he assessed
single machine infinite system and three machine nine bus test system to compute critical energy
and critical fault clearing time using potential energy boundary surface method and evaluated the
result gained. He also developed a new representation of plotting contours of critical clearing
times on inertia space to enables estimation of additional inertia required for a system due to

inertia reduction from asynchronous generators.

A periodic method of analyzing small-signal rotor angle stability, which is utilized to supervise
the stability boundary and calculate the stability margin of a given generator, is presented by
authors of [37]. If the stability margin of a specific generator drops lower than specified security
limit, the approach determines generation re-scheduling measure to bring back the system to

normal operation state.

The author of [38] proposed the architecture of dynamic security assessment processing system
(DSAPS) to address dynamic security assessment (DSA) giving a special focus on low-
probability, high-consequence events. He introduced a trajectory sensitivity analysis and
reviewed its applications in power system. To assess transient voltage dips quantitatively using
trajectory sensitivities, it presented an index. Then the framework of anticipatory computing
system (ACS) for cascading defense is presented as an important function of DSAPS. ACS
addresses various security problems and the uncertainties in cascading outages. Corrective
control design is automated to mitigate the system stress in cascading progressions. The
corrective controls introduced in the dissertation include corrective security constrained optimal
power flow, a two-stage load control for severe under-frequency conditions, and transient

stability constrained optimal power flow for cascading outages.

The authors of [37] proposed SIME method is further improved through reduction of model
detail for synchronous generator and by developing a new coupling coefficient to identifying
critical machine cluster and used reliably to evaluate the first swing transient stability of a power

system in its present state, considering a defined list of credible contingencies.
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The authors of [39] proposed a decision support tool for transient stability preventive control
contributing to increased situation awareness of control room operators by providing additional
information about the state of the power system in terms of transient stability, time domain
approach is used to assess the transient stability for potentially critical faults. Potential critical
fault locations are identified by a critical bus screening through analysis of pre-disturbance

steady-state conditions.

The author of [40] developed a tool for assessment of power system stability and design a
framework for enhancing system stability based on the investigation of the dynamic behavior of
the system and a market based rescheduling strategy that increases the stability margin was
proposed. System stability is investigated by simulating a set of critical contingencies to
determine whether the disturbances will result in any unsafe operating conditions and extract the
necessary information to classify system states. The classification is based on the computation of
CCT for transient stability assessment (TSA) and the minimum damping of oscillation (MDO)
for power system oscillatory stability assessment (OSA). An artificial neural network (ANN) is
designed to serve as accurate and fast tool for dynamic stability assessment (DSA). Fast response
of ANN allows system operators to take suitable control actions to enhance the system stability
and to forestall any possible impending breakup of the system. Particle swarm optimization is
used as an optimization tool to search for the optimal solution to enhance the system stability
with a minimum cost. The handling of all system constraints including stability constraints is
achieved using a self-adaptive penalty function. However, since this method relies on offline
databases, it faces challenges due to the huge array of possible operating conditions and also due
to the increasing complexity, stochastic and highly non-linear behaviors of the power system

network, there exists many uncertainties.

The author of [41] proposed a novel non-iterative and fully analytical method to solve power
system differential algebraic equations (DAES) to simulate power system dynamic behavior. This
is based on the differential transformation method, a mathematical tool that can obtain power
series coefficients by transformation rules instead of calculating high order derivatives. This
method approximates the solution of complex power system differential algebraic model
equations as a truncated power series of time. The approach is flexible in handling power system
with any model detail without limitations. It also requires less computation effort and simulation

time cost. However, differential transformation method gives a good approximation to the true
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solution in a very small region. To extend the region of solution convergence and improve

accuracy of the results, DTM is applied at equal and fixed time interval as proposed by [42] [43]

[44], up to the end of simulation period. In some cases, a very small sub division of interval is

required with this method, which results in more computational effort and increased simulation

time cost.

Table 1-1 Summary of the Literature Reviews (strengths and limitations)

Authors of DSA technic Strength Limitation

[26],

[27],[35] Employ numerical energy Provide fast quantitative | Required extensive

[36]’ ' functions along with an adapted measure which indicate computational efforts and
single machine equivalent the degree of system restrictions regarding
technique to calculate stability stability based on energy | modeling details.
margins. margin or stability indices

Authors of | Detailed TDS analysis is Provide accurate solution | Computational intensive so

[28],[29] conducted, and the results are and suitable for offline cannot be used in near real-
utilized to assess stability. analysis time DSA

Authors of | Proposed dynamic security Relatively faster Since this method relies on

[30], [31],
[32], [34],
[39]

assessment and determine
preventive measures that
incorporate PMU and DTs
developed offline.

assessment approach

offline databases, it is
challenged by the extensive
range of operating
conditions

Authors of | Probabilistic method of DSA Fast assessment method | As the system complexity
[33] increases robustness of the
method significantly reduces
Authors of | Developed algorithm to Provide fast quantitative Required extensive
[35] determine Transient stability measure which indicate computational efforts and
margin using power swing-based | the degree of system restrictions regarding
energy margin and also stability based on energy | modeling details.
suggested E-SIME techniques for | margin or stability indices
closed loop real time emergency
control
Authors of | Proposed a periodic small signal Provide relatively fast Has restrictions regarding
[37] rotor angle stability assessment guantitative measure modeling details
using SIME method which indicate the
degree of system stability
Authors of | introduced a trajectory sensitivity | Provide fast quantitative Has restrictions regarding
[38] analysis measure which indicate modeling details
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the degree of system
stability
Authors of | DSA based on ANN Relatively faster Since this method relies on
[40] assessment method offline databases, it is
challenged by the extensive
range of operating
conditions
Authors of | Proposed TDS based on Non-iterative and fully Gives a good approximation
[41] differential transformation analytical method to the true solution in a very
method small region
Authors of | Proposed TDS based on multi- Extend the region of Results in more
[42],[43], step differential transformation solution convergence and | computational effort and
and [44] method improve accuracy of the increased simulation time
results cost.

1.5. Researches gaps
Most of the researchers/Authors mentioned in the literature review above are primarily

concentrate on improving the performance efficiency of dynamic security analysis such as
methods trained on off-line database with or without PMU, direct methods as sensitivity and
updated SIME methods and differential transformation methods as described in the Table 1.1 above. As
the limitations of each method described in the limitation column of the literature review summary
table above no one tries to optimize between performance efficiency (speed) and robustness of DSA

methods.

1.6. Research methodology
In order to meet the stated objectives and accomplish this thesis work successfully the following

methodology was followed.

e A literature survey of new analytical developments and novel concepts in near real time
transient stability based dynamic security analysis, and comparison in terms of accuracy
and computational burden.

e Power system transient stability analysis based on differential transformation method
(DTM) is studied and investigated.

e Novel algorithm that automatically varies the step size and order adaptively with the
resulting truncation error is developed and based on this novel algorithm, fast and robust

power system transient stability simulation tools (AsDTM and AOSDTM) are developed.
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Overview the current state-of-the-art in the area of near real time DSA

MATLAB software package is used to develop the proposed DSA tools. Here power flow
analysis software package, Matpower is installed within MATLAB to perform power
flow analysis.

Develop a framework for building a dynamic system model using equipment parameters,
network topology and latest snapshot data from the SCADA.

Model files are created and power system models with different details are developed
stored. The controller libraries for synchronous generators have been built,

Standard power system test systems and cases are identified and prepared for testing and
validating the developed power system dynamic simulation and analysis (DSA) tools.
Static and dynamic data for each test case system are identified and stored in separate and
labeled data file (database). Finally

++ Fault scenarios (contingencies) have been selected for the purpose of testing and
validation of the developed DSA tools. A scenario is then defined on the basis of
the fault location and the fault case.

¢ Transient stability based fast power system contingency screening and ranking
tool is developed, tested and validated

¢ Efficient and robust power system transient stability assessment tool which is
based on AsDTM and AOSDTM power system time domain simulation by
bisection method is developed.

+«+ Efficient and robust method that identify and group synchronous generators as
critical machines (CM) group and non-critical machines (NCM) group during
unstable system conditions is developed, tested and validated

++ Fast and robust method of evaluating stability indicators (CCT) is developed and
used to evaluate the impact of each contingency. Qualitative conclusions about
the robustness of the system state are also made on the basis of the limit of this
CCT

% Using these tools in combination with particle swarm optimization (PSO),
dynamic security analysis tools that can recommend preventive mechanisms to

enhance transient stability is developed, tested and validated.
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1.7. Research contributions

The main contributions of this dissertation are as listed below :

++ Fast and robust power system transient stability simulation methods and tools

++ Fast and robust contingency screening and ranking tool is developed

++ Fast and robust power system transient stability assessment tool is developed

A tool that enables power system operators to early recognize the noncritical and critical
generator groups depending on the most current snapshot from the SCADA data under a
list of credible contingencies.

“+ A DSA tools that incorporates tools mentioned in 2 up to 4 above combined with particle
swarm optimization (PSO), that can perform contingency screening and ranking, detail
transient stability analysis, and determines remedial action to enhance transient stability

(rotor angle instability).

1.8. Thesis organization
In the previous subsections of Chapter one, problem statement, research objectives, and research

methodology are briefly discussed. The first chapter was wounded up with a summary of the
contributions of this thesis work, along with an outline of the thesis structure. The next five

Chapters provide an overview of the tasks related to the five core topics covered in the thesis.

Chapter two describes the model requirements and different power system dynamic security
analysis methods, explain the proposed fast and robust PTDS method, which is used throughout
this thesis, and presents description of the overall framework of the developed DSA tools. The
third chapter presents descriptions of the developed transient stability based fast and robust
contingency screening and ranking tool. Testing and validation of the proposed and developed
tool for contingency screening and ranking is presented using different standard IEEE test
systems. The fourth chapter presents descriptions of the developed transient stability analysis
tool. Testing and validation of the developed tool for transient stability assessment is explained

using different IEEE test systems.

The fifth chapter presents the proposed and developed tool for transient stability based dynamic
security enhancement based on optimal generation rescheduling using PSO is presented and
described. Testing and validation of this tool is presented using different IEEE test systems. The

last chapter (chapter six) presents conclusion and outlook. This chapter summarizes the general
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framework and the performance efficiency and robustness achieved by the proposed and
developed DSA tools. Further investigation needed for improving the performance and

robustness of the developed DSA tools are identified and listed to be considered as future
research need in this regard.

[18]



CHAPTER TWO: Power System DSA Based on TDS and Overall
Framework of the Developed DSA tools

2.1. Introduction

Power system security is concerned with the technical performance and quality of service when a
disturbance causes a change in system conditions. When changes occur, the various components
of the power system respond and hopefully reach a new equilibrium condition that is acceptable
according to the required security criteria. Mathematical analysis of these responses and new
equilibrium condition is called security analysis. If the analysis evaluates only the expected post
disturbance equilibrium condition (steady-state operating point), this is called static security
analysis (SSA). If the analysis evaluates the transient performance of the system as it progresses
after the disturbance, this is called dynamic security analysis (DSA). DSA has been formally
defined by the Institute of Electrical and Electronics Engineers (IEEE), Power Engineering

Society’s (PES), working group on DSA as

“Dynamic Security Analysis is a mathematical analysis made to evaluate the ability of a certain power
system to withstand a defined set of contingencies and to survive the transition to an acceptable steady-

state condition”.

During network disturbances, the power generators have to provide immediate support by
changing the currently generated power supplied to the grid. The immediate change is restricted
by the power system inertia during the initial few hundred milliseconds. Most turbines are unable
to yield the fast torque response required to act in such small level in transient stability. Thus
dynamic behavior investigation and preparing the proper actions that improve system response
during contingencies are important aspects during power system operation and control. The
analysis of power system dynamics have been characterized by complex dynamic behavior due
to the modeling complexity and interactions/interrelations among individual components as well
as the computational structure for describing modern power systems. In order to analyze any

power system dynamic performance, a mathematical model is used to represent the system.

2.2. Power System Models
Power system incorporated large number of electrical equipment in it. The complexity of

modern power systems become more as they are enhanced with new devices such as Flexible AC
Transmission System devices (FACTSs) and distributed stochastic generation. It is very important

to understand the various power system models before applying them. In this subsection, power
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system models are described for a variety of power system components. The representation
consists of both static and dynamic behaviors of power system. Based on representation for each
component, a generic mathematical expression is given for the purpose of power system DSA.
The following subsections provide overview of the mathematical models of power system used
throughout this thesis.

2.2.1. Load Flow Analysis
Power flow is the model for the network and power system variables are studied from a set of

algebraic equations. The vector space representation of the power flow equations is as follows

[5].
0= h(p) (2-1)

In the Equation (2.1), algebraic variables p represents the solution of power flow analysis and h
represents network equations. At each bus of the power system, power or current injections are
balanced. For instance, considering both real power and reactive power balance, the expansion of

the function h in nonlinear form can be given as follows.

{O = Pgi — P — Poai

0= Qgi —Qui — Quotai (2-2)

Where

Pgi : Real power generation at bus i
Pi : Real power load at bus i

Psi : Net real power injection at bus i
Qgi : Reactive power generation at bus i
Qii : Reactive power load at bus i

Qs : Net reactive power injection at bus i

Generations is estimated based on the inherent characteristics of the generator. Loads are
determined from system load characteristics. The physical characteristics of the system constrain

the total reactive and real power injections which can be expressed as follows.
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Potai = ZVinYik cos(6, — 6, — )
i-1

Quoali = ZVinYik sin(6, — 6, — i)
B (2-3)
Where V and 6 are bus voltage and angle respectively, and these variables belong to the

unknown variables p in Equation (2-1) for power flow analysis. The variables Y and ¢ are given

parameters from power system model representing bus connections. In the power flow analysis,
it is usually bus voltages and angles for slack bus, active power generation and bus voltage
magnitude for PV buses, and active and reactive power for load buses are given. By solving a set
of nonlinear equations, power system static states such as buses voltages and angles for load
buses, reactive power generation and bus voltage angle for PV buses can be determined from

power flow analysis.

2.2.2. Synchronous Generator Model

For power system dynamic simulation synchronous generators can be modeled with different
depth of detail. The main concern of the work is to develop DSA tools that analysis power
system stability due to large disturbances (transient stability). The phenomena and timescales of
interest are in the range of transient electromechanical oscillations due to large disturbances so
ordinary differential equations are considered sufficient. Therefore, fourth order generator
models are used to describe synchronous generator [1], [45] [46]. The expression of the

synchronous machine model is given as:

d_ti:(a)i_ws)

dw. . : ,

d_at)IZZZ)SH[Pm' Di(a’i_a)s)_(qu_xdildi)lq'_(Ed'+xqIq')ld'J

dE, 1

dE, 1 y

d_td_Tqm[ ot (X)) (2-4)

Where ¢ is the generator angle, o is the generator angular speed; Eq' and E4' are transient direct
axis (d axis) and quadrature axis (q axis) EMF respectively. The variables I4 and 14 are d axis and
q axis current respectively, and the parameter variables Tqo and Tqo are d axis and g axis open

circuit time constants. Xq and Xq represent synchronous d axis and ¢ axis reactances; Xq' and Xg'
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represent synchronous d axis and q axis transient reactance’s; H; is the machine inertia constant

and D;j is the machine damping constant.

Interface voltage equations to the network are given as follows:

E, =V, cos(5,—6)+Rgl,

Ey =V;sin(5,—6)+ Ryl + Xyl (2-5)

+-)(di|m

Where V and @ are bus voltage and angle, and Rs is armature resistance of the machine. The
machine currents Id and Iq can be eliminated by solving the generator interface equations to the

network. Hence,

i (e
(o 205 (R =)

Power system network is modeled as a real equation of generator and load bus current injections

(2-7)

to the network in this study. For the admittance matrix expressed in rectangular coordinates as

Y; =G; + IB; (2-8)
The current injection at each node i can be written as
N/2 N/2 . .
Lo+ i1y = Z iV Z;(GijJrJBij)(VxﬁJVyj)
1= (2-9)

Where N = twice the number of buses

Separating real and imaginary parts gives

=z

/2

(Gv -BV,)

i -yl

NP

;i /(GV +B,V,)

oy

||
Z -

_
H

(2-10)
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_le ] Y11 Y1i ’ YlN _Vxl 1
1 . . . Vi1
Yll Yij Y|N :
Ixi . . . . Vi
|y| = . . . . Vy| I :YV
: Yy YNj Y ||
IxN VxN
| v
N N
- - (2-11)
Where all the elements are now real sub matrices of the form
_|x1 ] _Vxl 1
7B, G ) |||V
IxN VxN
| Y
LN LN (2-12)

Yij : admittance of the transmission line between bus | & j

Bij : suspentance of the transmission line between bus | & j

G;. : conductance of the transmission line between bus | & j

ij

l,; and |iy : rectangular components of current injected at bus i

V, and Vyi : rectangular components of voltage at busi

N: 1,2,3,...,2* total number of buses

2.2.3. Excitation System Model
The mathematical models of simplified IEEE type DC-1 excitation system shown by Figure 2-1

is used to represent excitation system in this thesis.
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Mo_ Ti[—v. +K, *(Vrefi —Vi -V ):|

dvgy 1 Kei +Sei (B )) KB KiVi
A S

Where V¢ is the reference voltage of the automatic voltage regulator (AVR) V, and Ry are the
outputs of the AVR and exciter soft feedback; E:y is the voltage applied to generator field
winding; T, , Te and Tr are AVR, exciter and feedback time constants; K, , K¢ and Ky are gains of

AVR, exciter and feedback; V minand Vy,max are the lower and upper limits of V

S.(Eg) j=—

(2-13)

V |II H', max

R ks

i

i+ﬂ5

Figure 2-1 IEEE Type DC-1 Excitation System [18]

2.2.4. Governor Model
A simplified prime mover and speed governor is shown by Figure 2-2. Two differential

equations are used to describe the dynamics of the governor [18].

dP. . - —a/)j
_—_sut _ P —-P.— i s
dt %Gi( refi sui ( Ri

daP, B
dt - %CHi (Prefi I:>mi ) (2_14)
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Where P.; is represents real power generation; P,. is the mechanical power of the prime mover

and P

sui

Is the steam valve or water gate opening; R

Is the governor regulation constant
representing the inherent speed-droop characteristic; @, is the governor reference speed; T,

and T are the time constants related to the prime mover and speed governor respectively;

Pimin @nd Py, .. are the lower and upper limits of P,; .
') P,:Q.E' Xi ‘U e P
w . 4 l m
ref I'*! p— l | + 1 - -
) R| ~ [1+1,8| u |[1+T,S
_/ 1
Speed governor Prime-mover

Figure 2-2 Simplified Speed Governor and Prime Mover [18]

2.2.5. Load Model
Load model may be voltage and frequency dependent. In power system analysis, common load
models can be constant power model, constant current model, and constant impedance model.

The representation for these load models are shown as follows [18].

Constant Power Load:
Ri = Rio Qi = Qiio (2-15)

Constant Current Load:

SAVARCEA

Constant Impedance Load:
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P =P, (\%o)z Qi = Qo (\%sz (2-17)

2.2.6. Power System DAE Model
Since power systems are represented by both differential equations and algebraic equations, i.e.

differential algebraic equations (DAE) , their mathematical formulation is as follows [18].

dx
— = f(x,
o (X, p)

0=h(x.p) (2-18)

The differential equation f represents governing dynamics of power systems, which is
associated with generators, excitation systems, and speed governor. The differential variables
x consist of the states of dynamic components. The algebraic equation h represents the
network power or current balance of power systems. The algebraic states y includes bus voltages
and bus phase angles. The values of the algebraic variables can be changed instantaneously,
while differential variables cannot jump from one state value to another state value without

transition time.

During power system analysis the control and parameter variables should be incorporated and
the DAE system in (2-18) can be rewritten as the following form [18]:

dx

_:f s M
o (X, p,u)
0=h(x, p,u)

(2-19)

In the above equations, variable u is the control and parameter variable which may be used to
control or tune power system performance. Power system dynamic security problems are studied
based on the mathematical model. The study of dynamic responses subject to the disturbances
can be achieved through dynamical simulation, or time domain simulation of the power system
mathematical model. The control strategies for power system dynamics are also based on the

mathematical model.

2.3. Dynamic phenomenon of interest for DSA
DSA requires the mathematical models of the synchronous machines and other distributed

generations with their controllers, FACT devices, connected loads, transmission system

networks, and e.t.c. to analyze the system responses to the contingency under consideration.
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Theoretically, this would require detailed modeling of a wide array of devices with different
response rates and characteristics due to the high dimensionality and complexity of the problem.
However, this approach is not purposeful. It is essential to make simplifying assumptions and to
study specific class of problems using the right degree of detail. For finding a suitable modeling
detail, therefore, it is necessary to identify the dynamic phenomena of interest first. While there
are numerous phenomena that may be of interest in dynamic analyses, typical DSA programs

focus primarily on transient stability, voltage transients and oscillatory stability.

2.3.1. Transient stability

The cardinal requirement in alternating current interconnection is that all synchronously rotating
generators must maintain intact with one another in steady state. Any disturbance, such as a grid
short circuit, impacts more or less all interconnected machines, but the severity depends on their
relative electrical distance to the fault location. Although the increasing number and size of
renewable based generation plants and links with converter interface are steadily altering the
picture, the dynamics of power systems is still largely determined by the behavior of
synchronous generators connected to the network. The phrase “transient stability” characterizes
the behavior of individual synchronous generators or more precisely their rotor angles with
respect to the synchronously rotating common reference frame. Should any generator leave the
synchronous operation mode and start to run asynchronously then one speaks of transient
instability.

When a fault occurs in the system, the electrical power output of some generators (usually those
near the fault) will tend to decrease. Since the turbine power input does not change
instantaneously to match this, these generators will first accelerate above the nominal
synchronous speed. During this instant, generation of other remote generators may increase as a
result of the primary control action, resulting in deceleration below the synchronous speed.
Deciding whether all generators remain stable or some generators become unstable following a
contingency is the most significant task in DSA analysis, and all current DSA programs focus

primarily on this type of stability and its associated constraints on system operation.

2.3.2. Voltage transients
Voltage transients are important as voltage values outside acceptable limits can cause operation
failure or damage to equipment. During large disturbances for instance three phase short circuit

faults the system quantities such as voltages and currents can change over a wide margin that can
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impact voltage-sensitive loads and result in conditions that may be unacceptable even though the
generators remain in synchronism after the contingency. This may further resulted in voltage
levels where recovery to nominal levels is impossible. Furthermore deterioration of the system
results in voltage collapses conditions which may initiates additional relay action or trip out of
generator in the aftermath of the contingency. The extent to which such phenomena can be
detected in DSA programs depends on the level of modeling detail for control systems, relays,

and the accuracy of load models in the simulation.

Normally the effects of under / overvoltage transients are not included in the large-scale DSA
simulation programs, and the automatic tripping or relay operation associated with
under/overvoltage are not normally modeled as part of the simulation used for DSA [2]. Since
these possible actions are not explicitly modeled, the programs simply monitor voltage levels as

the transient process progresses.

2.3.3. Oscillatory stability

Oscillatory stability (small signal stability) refers to the damping behavior of the rotor angles of
individual synchronous generators or groups of generators when subjected to oscillations. The
machines may oscillate together in groups or against each other through the electrical network to
which they are connected. If the oscillations caused by small disturbances (for example, load
changes) experience damping, i.e. the oscillations of the system variables remain small, the
power system is stable. If, on the other hand, the magnitude of oscillations continues to increase
or is sustained over a lengthy period of time with significant amplitude of oscillation, then the

system is determined to be unstable.

It is inevitable that a power system is subjected to small disturbances (load changes) during the
course of operation. A power system capable of normal operation must, in principle, be stable in
terms of small-signal stability. However, the small-signal stability phenomenon is influenced by
several factors, including initial operating conditions, strength of electrical connections to the
other generators in the system, characteristics of various control devices, etc. As a result, the
conclusion regarding the oscillatory stability behavior of the system at a given operating point is
valid only at that operating condition. This fact makes oscillatory stability analysis at regular
intervals as part of DSA necessary.

For performing oscillatory stability analysis, the system is initially assumed to be at an

equilibrium point in normal operation mode. A small disturbance is introduced, and then the free
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movement of the system after the disappearance of the disturbance is analyzed. The basic
approach for the analysis is to linearize the system equations around the operating point and then
to use the Lyapunov method to draw conclusions about the local stability of the nonlinear system
around that equilibrium point. In other words, the assumption is that a movement of a nonlinear
system over a small range should have similar properties to its linearized approximation.

However this dissertation is concentrated only on TSA.

2.4. Methods of dynamic security analysis
The ultimate goal of DSA is to generate the operating guidelines for defining the areas of secure

operation. Generating the operating guidelines includes selecting contingencies, performing a
detailed stability study, analyzing the results for violations, and then considers the control
strategy required to restore post disturbance system equilibrium. Power system response to large
disturbances is typically studied by time domain simulation, but such simulations are time
consuming for large power systems, and developing a fast simulation method is often quite a

challenging problem.

Existing time domain simulation (TDS) methods are:
e Numerical integration methods
e Direct or Lyapunov methods
e Probabilistic methods, and

e Differential transformation methods

2.4.1. Numerical integration

The differential algebraic equations (DAE) presented in equations (2-11) to (2-14) from the
previous subsection can be addressed using numerical integration. There are two main
approaches for solving DAEs: simultaneous and partitioned methods [46]- [47]. In the
simultaneous method, both the differential and algebraic equations are solved together at each
iteration step. In contrast, the partitioned method first addresses the differential equations using
numerical integration, followed by the resolution of the algebraic equations, with this process
repeating until the simulation concludes. Consider the following DAE equations Equation (2-20)
and in the following subsequent subsections this equation is solved by using one of the numerical

integration method as shown by Equations (2-21)- (2-25)
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dx

E= f (X, Id_q,\7,u)
lyq = h(x,\7)
0=g(x 1y V) (2-20)

Where

x:[xf...xlg T ,u:[uf...uT]T,ld_q :[I(qu |g=an, T
:I:é}’a)' dl’qu’Efi’VrH fi? ml’ SVI:I

= (Ve Pur ]
Ly Z[ di q']

V=[ViVo ] =[ve”..v,e’] (2-21)

These equations (Equation 2-21) are solved by numerical integration through the implicit method

called trapezoidal method as

t

n+l

X4 =X +J' f(x,ld_q,\7,u)

n+1 n
ty
R LTI P CHPRR ) 22)
Idfqm_h(xnﬂ’ n+1):0
9 (X Vg, Vi) =0 (2-23)

Equations (2-22 & 2-23) can be solved by Newton-Raphson method where the variables are Xq+1
g g n+1,V ne1 ,Unst With initial conditions Xp , lg -gn Vi ,Un . Since the variables at n™ integration
step are not explicitly required for finding the solution of Equations (2-22 & 2-23) this method is

also called as simultaneous implicit method.

Using explicit methods such as Euler’s, Modified Euler’s and Runga-Kutta methods the
integration of equation (2-21) can be solved. In this case the differential equations and algebraic
equations are solved explicitly. For instance, using Euler’s method the integration of equation (2-

21) atn™ integration step is given as
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(2-24)

Where, At integration time step and should be less than the least time constant of the system in
order to have a stable numerical method. Once, the variables X,.1 at n™ integration step are found
then the algebraic equations can be solved by solving the following algebraic equations using

Newton-Raphson or any other alternative methods.

ly g, —N Xy Vs ) =0

— (2-25)
g (X“+1’ ly-g,.. ’Vn+l) =0

While each numerical integration method has its own strengths and weaknesses, both approaches
yield solutions that pertain to the system's stability, depending on the complexity of the models
used. This method is commonly applied in offline environments; however, it is typically too

computationally intensive for real-time applications.

To overcome these limitations, a variable time-step-based power system transient stability
simulation based on numerical integration method was proposed by [48] [49]. The integration
time step control is performed based on the system behavior during the course of simulation. The
method uses small time steps when the system variables are changing rapidly and large time
steps when the system variables do not exhibit rapid variations. Solution error is estimated and
the time step is adjusted to meet the specified tolerance threshold at each iteration step. This
reduces the number of iterations and can also be used with more complex integration schemes.
However, (1) at each iteration step, if the estimated solution error is greater than the specified
tolerance threshold, the current solution is rejected and the solution procedures are repeated
again using the new step size, which increases simulation time cost. (2) Still, algebraic equations
are solved by iteration after each integration steps; this also has an impact on total simulation

time cost.

An adaptive time step approach to dynamical simulation based on monitoring the conservation of
energy was proposed by [50]. The method considers a physical object’s velocity and positions
error estimate to determine the next time step. Using this method, numerical stability and

computational efficiency (speed) were improved when compared with the traditional fixed-step
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numerical integration method. However, the method is independent of the system model

equations describing its dynamic behaviors.

2.4.2. Direct Lyapunov method

The Direct Lyapunov method, often referred to as the Transient Energy Function (TEF)
approach, replaces numerical integration with stability criteria. In this technique, the value of a
specifically designed Lyapunov function, V, is calculated at the point of the last switching event
within the system and then compared to a pre-determined critical value, Vcr. If V is found to be

less than Vcr, the post-fault transient process is considered stable [24].

Despite its theoretical appeal, this method has practical challenges and limitations. The
efficiency of the approach depends heavily on simplifying the system variables. Determining the
critical value for stability assessment requires incorporating the fault into the system equations.
Moreover, designing an appropriate Lyapunov function that accurately reflects the system's
internal characteristics is a complex task. The method is also only rigorously valid when the
operating point lies within the estimated stability region.

2.4.3. Probabilistic methods

In probabilistic methods, stability analysis is approached as a probabilistic issue rather than a
deterministic one, as the type and location of faults, along with pre-contingency system
conditions, inherently involve uncertainties. This method seeks to establish probability
distributions for power system stability, evaluating the likelihood that the system will remain
stable in response to specific disturbances. It considers a wide range of faults at various locations
and with differing fault-clearing times. To achieve statistically significant results, substantial
computation time is necessary, making this method more suitable for planning purposes.

2.4.4. Differential transformation methods

The theory of differential transformation method is originally established to derive approximate
solutions of nonlinear differential equations [24] and defined as bellow. Next it is developed by
researchers in the fields of mathematics and physics to obtain semi-analytical solutions of
various nonlinear dynamic systems. In [51] [52] [53] [54] this method has been examined for
real-life complex network systems like power systems modeled by high-order nonlinear
differential equations.
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Definition: Consider a function x(t) of a real continuous variable t. The Differential
Transformation (DT) of x(t) is defined by Equation (1), and the inverse DT of X(Kk) is de-fined
by Equation (2), where k is the order [24] [51] [52] [53] [54]

_1[dx@ _
X(K)= k![ = LO) (2-26)
x®) = 3 x(K)t" (2-27)

k=1

The DT method provides various transformation rules for numerous generic functions, for both
linear and nonlinear functions and for both simple and compositional functions, such that a
differential equation in a continuous set about the variable t (time) is converted to a new set of

difference equations in a discrete set about the variable k (the power series order).

In power system simulation, DTM can be used as an explicit, fast, and robust solver of power
system complex differential algebraic equations (DAES). It is proved that the performance
efficiency of a DTM is much better than that of the traditional numerical integration methods,
because when using the DTM method, the iteration to solve algebraic equations after each
integration step is eliminated and has a higher radius of convergence. To solve multi-machine
power system DAE models using the DTM method, the process is as follows: (1) transform
power system DAE equations, (2) calculate the coefficients of state and algebraic variables, and
(3) perform inverse transformation to determine state and algebraic variables as a function of

time. Details of these procedures are presented in the following subsection.

A differential transformation method (DTM)-based transient stability simulation algorithm is fully
analytical method. This method approximates the solution of complex power system differential
algebraic model equations as a truncated power series of time. The approach is flexible in
handling power system with any model detail without limitations. It also requires less
computation effort and simulation time cost. However, differential transformation method gives
a good approximation to the true solution in a very small region. To extend the region of solution
convergence and improve accuracy of the results, DTM is applied at equal and fixed time

interval up to the end of simulation period. In some cases, a very small sub division of interval is
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required with this method, which results in more computational effort and increased simulation

time cost.

2.5. The proposed fast and robust power system Transient Stability Simulation

method
2.5.1. Introduction

In this thesis, an adaptive step size differential transformation method (AsDTM)-based power
system transient stability simulation method [55] is proposed. This work introduces a novel step-
size control algorithm based on local convergence error results at the end of each simulation time
step by using the differential transformation method (DTM). The proposed novel power system
transient stability simulation algorithm (1) is relatively robust and accurate, because it is flexible
in handling power systems with any model detail and complexity without limitations; (2)
improves simulation speed and accuracy based on control of local convergence error at each time
step; (3) local solution error is estimated from only the last coefficient terms of the state and
algebraic variables without any further calculations as in the variable step-size algorithm using
traditional numerical integration methods; and (4) the solution obtained for the current
simulation time step can be used during the next simulation time step without any limitations,
such that the number of steps required to complete the transient stability simulation process
reduces. These enable the proposed simulation scheme to be applied as an online transient

stability simulation tool in small and medium-sized power systems.

2.5.2. Description of the proposed power system transient stability simulation method

For practical implementation of numerical methods of solving differential algebraic equations,
the use of variable step-size length is a crucial issue because it allows us to automate the control
of error. The proposed simulation method solves complex power system DAE models using the
differential transformation method at variable time steps. The step size is varied based on the
local truncation error control algorithm. The automatic controls of step-size length are performed

based on the following principles:

Reduce the time step length when the error is above the tolerable error limit, to improve
the accuracy of simulation.
Increase the time step length when the error is below the tolerable error limit, to avoid

unnecessary computational burden and improve the overall efficiency.
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Figure 2-3 shows a flowchart of the proposed AsDTM-based transient stability simulation
algorithm. Each block of the proposed method of power system transient stability simulation is
described step-by-step below.

Consider a power system with n bus and m machine DAE models in which synchronous
machines are designated by a two-axis model with Type 1 automatic voltage regulator and
primary speed control systems, as given by Equations (2-11) —(2-14 ) in the previous
subsections, and all system loads are represented by constant impedance loads with both the
network and stator algebraic equations represented by real matrices (expressed in rectangular
form). Consider also the state space representation of the power system DAE model equations as
given by Equation (2-28), where x is the state vector, v is the vector of bus voltages, f represents
a vector field determined by differential equations on dynamic devices such as synchronous
generators and associated controllers, i is the vector valued function on current injections from

all generators and load buses, and Yy, is the network admittance matrix.

dxj
E - f (Xj ’Vj)
Ybusvj :i(xj,vj)

(2-28)

where x(t) represents s, (t), o, (t), E; (t), Ej (1).V, ().V, (1), E, 1), P, (®),and P, ®and j=1,2,3

... m, represent machine number.
Step 1 Derive DTs of power system DAEs:
Apply the differential transformation to functions given by Equation (2-28) on both

sides, by using transformation to obtain Equation (2-29):

K+ X (k+1) = F(X(m),V(m),m=0...k (a)
Y.V (k) = 1(X (m),V(m)),m=0....k (b) (229)

where X represents 5j,a) E: E(‘jj,V \

it ot UK

i» Eg» Py and P

j T ehj S *

The vector valued function i(x,v) in Equation (2-28) represents both generators and
load current injections. But here, for this specific case, constant impedance loads are
considered and are included in the network admittance matrix Ybus.

The differential transformation of the stator algebraic equation, Equation (2-30), can be

derived and represented by Equation (2-32).
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Figure 2-3 Flowchart of AsDTM-based fast power system transient stability simulation method.

Differential transformations of r, y, and t are given as

R :[(/)(k) 20 J

—a(k) (k)
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where 7(K) =RK)y,., (k) =R(K)y,R(K)"
Therefore, the differential transformation of the generator current injection equation is

L0] (& JEk-m] & [V, (k-m)
Ly(k)}:(ér(m){EIq(k_m)}_gy(m){vy(k_m)D

(2-31)
The load current injection at each bus is represented by
{lx(k)} 2.1
= Zeros(<,
1, (k)
Finally, DTs of the network algebraic equation are given as Equation (24):
) T (Y - Yoo Y Y[via® ]
Ty1(k) S : : Vya(k)
Y| Yi' Yi
Ixi(k) . ' o . § Vxi(k)
1yi (K) =|: : ", : Vyi () (k) =YV (k) (2-32)
: Yoo 0 Yy oo Y
IXN (k) VXN (k)
yn (0 Vyn ()]
Where i i i i
Ix1(k) Vxa(k)
ly1(k) Vy1(k)
G. -B. Ixi(k) Vxi(k)
_| i ij _ B
Yij = [Bu— G, j =i | YRy
IXN (k) VXN (k)
N ()| Vyn ()]

Step 2 Solve power series coefficients:

This step is initialized by the initial values of bus voltage V(0) and state variables X(0). The
main task here is to solve power series coefficients X(k) and V(k) from the (k—1)th-order
coefficients, as indicated by the two circled numbers in Figure 2.4. Thus, any order coefficients

are solvable from X(0),V(0).
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Figure 2-4 Recursive process to solve power series coefficients (source: [60]), where
X(k) represents 5, (k), o, (k), E; (k), E; (k),V,; (K),V (k), E;(k), Py, (k),and P,

...m. [41]
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The coefficients of state variables X(k) for differential equations are derived from Equation (2-
29a) recursively from X(1) up to X (k), as shown in Figure 2-4. But when solving the
coefficients of algebraic variables, bus voltage V(k) is not straightforward since V(k) appears on
both sides, as we can observe from Equation (2-29b). If ZIP load models are considered the
current injunction equations for constant power, and constant current load portions of the ZIP
load are nonlinear and will be turned into linear in terms of their coefficients, the proof is given
by [57]. Since constant impedance load is considered in this dissertation, the DT of the generator

current injection equation given by Equations (2-31) can be rewritten as Equation (2-33) below.

I, (k) k (k= k L (k—m) V, (k)
h(kj{mzo’(m)h |27 ){vy<k—m>D‘”°{vy<k>}

And let

o Eak=m) | < V, (k—m)
o S| e e

(2-33)

m=0 m=1

LT [V +B iel(k)=AV(K)+B
Iy(k) _Ag Vy(k) g _Ag g

Since the load current injection is zero, letting A; represent zeros (2,2), B; represent zeros (2,1) at
each of the n buses, A = A; + A; & B = By + B, for machine buses, and A = 4; & B = B; at (n
— m) buses, then A represents (2xn) by (2xXn) matrixes and B represents (2xn) by 1 column

vector. Therefore, the current injections into the network from all the buses can be
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I(k)=AV(k)+B (2-34)

(k) | Vi (k) ]
Ty1(k) Vy1(k)
Ixi(k) Vi (k)

= i |V = vy

Ly () Vo ()
yn (K| Vyn (9]

where
The detailed derivation of matrix A and B for other types of load model is not the focus of this

paper but it is available in [54]. Considering constant impedance loads, the coefficients of bus
voltages V(k) for all the network buses and coefficients of state variables X(k) are solved from

Equations (2-35) from a—c recursively from X (1) up to X(k) and V(1) up to V (k).

X(k):% FX(M)V(M), m=0..k-1 (a)

Y,. V (k)= AV(K)+B (b) (2:35)
V(K)= (Y, ~A)" B (c)

Step 3 Determine the new step size (hpew):

As described in the previous subsections, the proposed simulation method solves complex power
system DAE models using the differential transformation method at variable time steps. The step
size is varied based on the local truncation error control algorithm. The main term of this local
truncation error is known in the form of |Y (k)|tk , [42], where t is the local time variable in
subinterval [ty, tm+1] and m is the number of subintervals between [0,T]. In this paper, the series
term [Y(k)[t* is used as a local truncation error estimate of the power series of degree k.
Therefore, without any further calculation, we can estimate the simulation step size that ensures
the prescribed local admissible error by using just one of the coefficient terms [42] [56]. The
equation to calculate the step size (h) adopted and applied for power system transient stability
simulation, as described below.

Let Mst, EXst, and TGst be matrix of generators, exciters, and turbine governor state variable,
respectively. If m and N represent the number of machines and state variables, respectively, the
size of each matrix is equal to m X N. Consider also the tolerable local solution error d > 0. The
order of DTM, k, is given and fixed at the beginning of simulation. Therefore, since all order
coefficient terms of state variables and all the network bus voltages are known at this stage, the

new step size (hyew) Will be determined as follows:
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In this thesis an admissible local solution error of 8 = 10"° per unit is considered. Therefore, we

can calculate the new step size h using the following two steps:

Determine the maximum of absolute value of the last coefficient terms of all the variables

as in Equation (2-36):

E = max[max(max(| Mst(k) |), max(max(| EXst(k) |), max(max(| TGst(k) |),max(|V (k)|)]  (2-36)

Evaluate the new step size hney by using Equation (2-37):

o\« |
h,c, = [(E) ] < max step size (hmax) (2-37)

Step 4 Inverse DT on X(k) and V(k).
Apply inverse DT to X(k) and V(k) to obtain the DTM-based solution of power system DEA in
(2-38)aand b,

X; = Z X i (m)hnewm (@)

(2-38)

vi(t) = ZV,- (Mhe," ()

where x(k) represents 5, (k), o, (k), Ey (k), E; (K),V,; (k),V; (), E (K), Py (k), and P (k) -

Step 5 Check for disturbance or event, and if any, determine the new (Y)matix and reinitialize bus
voltages.

Step 6 Increment the simulation time t as t; + 1=t; + hyey, (Where 1 represents the number of time
nodes, separated by the length of every time window).

Step 7 Using the time domain solutions x(t) and v(t) (step 4, above) as initial values of the state
variables and bus voltages for the next simulation time window, respectively, repeat steps 2 to 6
until the end of the simulation period (T).

2.5.3. Simulation Results and Validation

For validating the proposed AsDTM-based power system transient stability simulation, three-
phase short-circuit faults on bus 2 of IEEE 9 bus and on bus 31 of 39 bus test systems at 0.6 s
and cleared after 0.2 s were simulated. In each case, the accuracy and performance of the
proposed method was validated using the transient stability simulation results based on the
traditional numerical method (fourth-order Range—Kutta (Rk4) with step size h = 0.001 s) and
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total time cost (time for TS simulation) as benchmarks. For this simulation purpose, differential
transformation (DT) order k = 7 for IEEE 9 bus and k = 10 for 39 bus test systems were used
with both DTM and AsDTM simulation methods.

Figure 2-6 shows the step-size variation of the AsDTM-based transient stability simulation under
admissible local error of 10—6. The step size varies adaptively between hmin = 0.00425 s and
hmax = 0.2 s. The average step size h is equal to 0.01. For the DTM-based simulation, this

average h = 0.01 was used as a fixed step size, shown in Figure 2-6.
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Figure 2-5 One-line diagram of (a) New England 39 bus system; (b) IEEE 9 bus system [18].
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Figure 2-6 Step-size variations during simulation for IEEE (a) 9 bus and (b) 39 bus test systems.

From Figures 2-7a,b and 2-8a,b, we can observe the number of iterations and simulation time
requirement relationships among AsDTM, DTM, and Rk4 simulation methods, respectively. The

total number of iterations for simulating three-phase fault cleared after 0.2 s using Rk4, DTM,
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and AsDTM methods are 9995, 2345, and 1582 for the IEEE 9 bus test system and 9984, 3320,
and 2260 for the IEEE 39 bus test system, respectively. Similarly, the total simulation time cost
for the same case using Rk4, DTM, and AsDTM methods are 16.54 s, 2.331 s, and 1.292 s, for
the IEEE 9 bus test system and 45.57 s, 9.614 s, and 7.692 for the IEEE 39 bus test system,

respectively, from the simulation results shown in Figures 2-7 and 2-8.
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Figure 2-7 Simulation time cost for IEEE (a) 9 bus and (b) 39 bus test systems.
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Figure 2-8 Number of iterations for IEEE (a) 9 bus and (b) 39 bus test systems.

DTM-based simulation: The proposed AsDTM improved/reduced the total simulation time cost
and total number of iterations by 20% and 31.93% for the IEEE 39 bus test system and
improved/reduced the total simulation time cost and total number of iterations by 44.57% and
32.54% for the IEEE 9 bus test system, respectively.

Rk4-based simulation: The proposed AsDTM improved/reduced the total simulation time cost

and total number of iterations by 83% and 77.36% for the IEEE 39 bus test system and
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improved/reduced the total simulation time cost and total number of iterations by 92% and 84%

for the IEEE 9 bus test system, respectively.

Therefore, we can conclude that the proposed AsDTM-based power system transient stability
simulation method increases simulation speed by 20-44.57% and 83-92% when compared with
the DTM- and Rk4-based simulations, respectively.

Figures 2-9a,b and 2-10a,b, show the rotor angle and speed errors simulation results. Error

results relationships among AsDTM and DTM simulation methods are given in Table 2-1 below.
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Figure 2-9 Rotor angle error for IEEE (a) 9 bus and (b) 39 bus test systems.
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Figure 2-10 Rotor speed error for IEEE (2) 9 bus and (b) 39 bus test systems.

Table 2-1 Rotor angle and speed errors simulation results relationships

Method Max Error
IEEE 9 IEEE 39 IEEE 9 IEEE 39
Rotor Angle (rad) Rotor Speed (pu)

AsDTM 0.01615 0.03931 0.00005 0.00002951
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DTM 0.02951 0.09554 0.0005 0.0002958

From the simulation results of Figures 2-9a,b and 2-10a,b, and Table 2-1, compared with the
DTM-based simulation, the proposed AsDTM-based power system transient stability simulation
improves rotor angle error by 45.27% and 58.85% and improves rotor speed error by 90% for
IEEE 9 and IEEE 39 test systems, respectively.

Figures 2-11a,b and 2-12a,b, represent the rotor angle and speed simulation results, where the
quality of results obtained with AsDTM and DTM methods used the convergence criterion, the
measure of which is the concurrency time of curves corresponding to two compared solutions.
The best convergence was found for the AsDTM results. This implies that the AsDTM-based
simulation gives more accurate results. However, since the shapes of the trajectories obtained by
both DTM and AsDTM methods were the same as the reference trajectory obtained by the Rk4
method, we can conclude that both DTM and AsDTM methods are numerically stable.
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Figure 2-11 Rotor speed simulation for IE(a) 9 bus and (b) 39 bus test systems.
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Figure 2-12 Rotor angle simulation for IEEE (a) 9 bus and (b) 39 bus test systems.
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2.6. Control method
In security monitoring, we should check and make sure that at every given operating condition

for an assumed (hypothetical) contingency (fault or equipment outage), the system will survive.
If we find out that the system is transitioning into (insecure state) we should initiate “preventive

control” measures in an offline or online bases.
Offline preventive measures::

e Re-dispatching (shift load from one generator to another, etc.)

e Mobilizing reserves

e Mobilize additional var resources to provide voltage support

e Reduction of transmission system reactance: This can be accomplished by adding
extra parallel transmission circuits, implementing series compensation on existing
circuits, and utilizing transformers with lower leakage reactance.

e Connecting dynamic braking resistors: These can be installed at generator and
substation terminals to counteract electromechanical acceleration during faults.
Additionally, shunt resistors can be activated to create an artificial load after a fault,

enhancing the damping of accelerated generators[40]

Online remedial and preventive measures include:

Transient excitation boosting

HVDC link (if available) rapid power ramping
Generator tripping

Online Transformer tap-changer blocking
Generation fast valving

Automatic Load shedding

In this thesis, generation rescheduling is viewed as a practical preventive control measure to
enhance system security during contingencies. To effectively prepare the appropriate level of
generation rescheduling, a fast and robust tool for assessing system dynamic behavior is
essential. This ensures timely and effective actions can be taken to maintain system stability.

Detail of the proposed assessment of preventive control measures is given in Chapter 5.
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2.7. General framework of the developed dynamic security analysis tools
The overall framework of the proposed dynamic security analysis tools are illustrated in Figure 2

13. These tools are developed using MATLAB codes in MATLAB environment. To perform a
dynamic simulation, three input m-files have been defined: one for static (power flow) data,
second for dynamic data, and third for event (disturbance/fault) data. Matpower format has been
used for power flow data. The dynamic data consist of generator data, exciter data, and governor
data. The event data file defines three matrices: event, bus-change, and line-change. These tools
also accept an option vector as an optional fourth input argument, mdoptions. The option vectors
used are solving method, tolerance, minimum and maximum step size, output, and plots. Output

data consist of matrixes of state and non-state variables.

These tools have three basic functional parts. The first function is a function for contingency
screening and ranking. In this section, system post-disturbances behavior is studied based on
power system transient stability simulation during all credible contingencies and transient
stability indices (TSI) are evaluated for the contingencies, and ranked. Finally the worst
contingency is identified. Detail descriptions of the analysis method used in building this
function is presented in Chapter 3. The next function is a function for Transient stability
assessment (TSA) through evaluation of CCT. In this part power system transient stability is
assessed for the worst contingency identified in the previous part and critical and noncritical
machines clusters are identified based on system dynamic performance simulation with respect
to Center of Angle (COA) including generator’s sensitivity factors. The algorithm and analysis

method used in this functional part is presented in Chapter 4.

The third functional part is a function where PSO based optimal generation rescheduling to
enhance power system dynamic security satisfying operational constraints with minimum loss is
performed. The mathematical formulation of the necessary conditions is a system dynamic
performance analysis based on Adaptive Order and Step-size based Differential Transformation
Methods (AOSDTM). The output is the best control strategy with which to mitigate instabilities.

Description of the algorithm and analysis method used is given in Chapter 5.
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CHAPTER THREE: Fast and Robust Power System Contingency
Screening and Ranking

3.1. Introduction

The purpose of contingency screening and ranking is to identify and list potentially sever
contingencies for detail evaluation of the power system due to the fact that every credible
contingency will not bring instability problem to the power system. Conformation of critical
contingencies list is created according to the comparisons of the performance of power system
[57] [58] [59]. The performance of power system after being subject to each contingency are
evaluated with respect to capacities of network equipment’s, operating constraints, etc. During
contingency screening, contingencies with small influence on power system operation are
removed. Their exclusion from critical contingencies achieves a significant reduction of
information for near real-time operation, i.e. only few potentially severe contingencies are
considered to undergo detailed evaluation. This detailed analysis is usually performed using TDS
from which the severity of each contingency is determined so that possible preventative actions

may be determined.

During contingency screening, the instability aspects of the power system should be analyzed
and specified to perform detailed assessment for security violations and stability problems. The
impacts of contingencies are mostly measured in terms of severity indices (SI) such as transient
stability indices (TSI). Various methods of contingency screening and ranking have been
proposed and applied, but ensuring a balance between assessment speed and accuracy still
remains challenging. Contingency screening methods for thermal overloading or voltage declines
may be much easier to apply than those for stability, in which complex dynamics and

nonlinearities of the system may render simplified screening methods unreliable.

Contingency screening and ranking methods used in commercially available Dynamic Security
Analysis tools (DSA) generally categorized as direct transient stability analysis method (such as
TEF), detail time domain simulation or numerical integrations method, and severity or stability
indicators [60]Authors of [61]- [62] proposed some indices for contingency screening and
ranking However, they often require numerical integration for a significant interval after the fault
clearance. [62] Proposes heuristic individual and global transient instabilities indices based on
combined numerical integration and direct methods (hybrid technic) of filtering contingency in
near real time DSA session. Approaches based on simplified modeling with assumptions,
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presented by [63] can result in substantial simulation errors. A transient stability simulation
based indices for contingency screening and ranking are proposed by [64], which solves both

differential and algebraic equations of a power system numerically by MATLAB ODE solver.

Approaches, such as numerical integration, direct (energy function methods) and combination of
both methods are explored by [65] [35] [66]. The conventional numerical integration based
methods are accurate but requires intensive computations but direct methods are the reverse.
Multiple severity indices for DSA and contingent disturbance event ranking are proposed by [67]
. To assess the severity of a contingent disturbance event, they suggest multiple indices that rely
on dot products of specific system states, transient energy conversion (TEC), and coherency.
They also presented an amalgamated index which, allocate different weights to the previously
described indices and aggregates their contributions. This approach involves conducting a
detailed TDS after the fault is cleared for up to 500 ms and the indices are calculated to evaluate
stability and rank the respective contingent disturbance event. However, many of these indices
are unable to distinguish between harmless and harmful (unstable) scenarios while tested using
with a particular test case. Power system contingency screening and ranking utilizing techniques
such as TEF was presented by [68]. The proposed approach has garnered significant attention,

and analysis based on such technics has been continuously refined.

Hybrid methods, like SIME [35], improve transient stability simulation speed but with simplified
modeling and assumptions which can result in substantial errors.. This approach is divided into 2
components. The first component screens out harmless contingent disturbance events, while the
second component ranks and evaluates the rest potentially sever contingent disturbance events
based on their evaluated CCTs. This requires carrying out one or two TDS per contingent
disturbance event. Fast power system contingency screening technique based on SIME was
presented by [69]. A new index has been introduced for grouping generators, along with
contingent disturbance event classification relying on the power angle shape of the one machine
infinite bus (OMIB) equivalent. For this purpose, the proposed approach conducts one up to
three TDS per contingency, by changing the fault clearing time. Alternatively, contingent
disturbance event screening methods, which are executed periodically, deployment of wide-area
measurement systems in power systems enabled transient stability prediction utilizing real time

synchronized phasor measurements.
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A contingent disturbance event filtering technique based on the EEAC as presented in [70] was
proposed by [71]. EEAC enhances the original equal area criterion (EAC) to extend its
application with multi-machine systems. A set of procedure to eliminate harmless cases from a
list of multiple contingent disturbance events was also formulated. To select and screen these
harmless cases, the stability margins are calculated immediately after the fault is cleared using
both static and dynamic EEAC, as presented in detail by Authors of [72] [73]. Subsequently, the
established procedures are applied to determine whether a case is harmless and should be
excluded. However, approaches such as power system TDS based on energy function, numerical
integrations, and probabilistic methods described above provide quantitative measures which
indicate the degree of system stability based on energy margin or stability indices but the
required computational efforts and restrictions regarding modeling details. Therefore, there is an
urgent need to improve and develop time domain simulation method for more robust and

efficient power system contingency screening and ranking

3.2. The proposed contingency screening and ranking method
Power system contingency screening is expected to be executed periodically several times per

day. It filters contingency to ensure system stability considering set of credible contingent
disturbance events. TSI based efficient and robust power system contingency screening and
ranking methods is introduced in this thesis. Based on the most current snapshot from the
SCADA data, transient stability is simulated for each credible contingency and TSI is evaluated
as the normalized weighted sum of squares of error at every simulation time step from the
simulation results of both state variables and complex bus voltages. The TS indices evaluated
based on the simulation results of machine’s state variables are represented as machine’s state
variables indices (SI) and those evaluated based on the simulation results of machine’s bus
complex bus voltages are represented as algebraic indices (Al). Finally contingencies are ranked
based on these two indices and the worst contingency is identified for the next detail assessment.
The proposed method (1) is accurate because it is flexible in handling power systems with any
model detail and complexity without limitations; (2) has improved computation speed. These
enable the proposed power system contingency screening and ranking method to be applied in a

near real-time DSA tools sessions.

Figure 3.1 indicates flowchart of the proposed contingency screening technique. The following

subsections gives description of each parts of the proposed algorithm
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3.2.1. System Snapshot

The most current system snapshots consisting of complex power flows through transmission
lines, complex power injections (generation or demand at buses), and bus voltage magnitudes are
read from Supervisory Control and Data Acquisition (SCADA) data.

3.2.2. Update Power System Models

The obtained most current system snapshot and the model database provide the required dynamic
and static data and parameters of each component. Based on these power system models
representing current system state including the admittance matrix Y is constructed.

3.2.3. Power flow and Dynamic system initialization

Power system models categorized based on model details/complexity level and stored in files
with independent addresses. The model databases provide the required dynamic and static data
and parameters of each component. Based on these power system models representing current
system state including the admittance matrix Y is constructed. Using these power system models
and Matpower software package, perform power flow analysis which is considered to represent
the system’s pre-fault steady state conditions and hence initialize the power system transient

stability simulations. Further, a list of credible contingencies is generated here.
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Figure 3-1 Flowchart diagram of the proposed power system contingency screening

3.2.4. Transient Stability Analysis Based TSI Evaluations

Power system transient stability analysis is one of the most critical functions of dynamic security
analysis (DSA) tools. Traditional numerical integration method is commonly used in
commercially available power system transient stability simulation tools. Speed of computation
remains the most critical challenge for its application in near real-time transient stability
assessment. It was proved that the DTM-based transient stability simulation method reduces the
impact of computation burden. For near real-time application, the DTM-based simulation
method still requires further improvement regarding its accuracy and performance efficiency.
The main focuses of this subsection is to develop new, fast and robust methods of evaluating

transient stability indices. The developed method is based the power system transient stability
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analysis algorithm given by the flowchart shown in Figure 2-3. Detail descriptions of each steps
of the applied power system transient stability simulation given by flowchart Figure 2-3 is

presented in Chapter 2 Section 2.3.

Transient stability analysis-based TS indices evaluation of the scenario is triggered after the
fault/event parameters (parameters that represent each credible contingency) have been
determined for all credible contingencies listed and the power system model is initialized. The
TSI of each considered contingency is determined in terms of the dynamic performance response
at each machine bus. The dynamic performance response at each machine bus is determined in
terms of the machine state and algebraic variable values deviation from their respective steady-
state conditions. When a power system is subjected to a large disturbance, the algebraic variables
change instantly while the machine state variables may need some transient time to change
values. Upon clearing, the variables are expected to return to their initial operating values or new
and acceptable steady state values. However, this is not always the case due to the severity of

that disturbance.

In this dissertation, severity index values, such as Sl and Al representing the machine related
state variables and machine bus complex voltage deviations from steady state conditions
respectively are used to identify and list contingencies according to their severity. For each
contingency in the list, these deviations are expressed as weighted sum of squares of error of the
machine state and non-state variables, complex bus voltages at each simulation time step as
defined by Equation (3-1). Where y (k) = DT of y(t) and V(k)=DT of v(t).
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Where y(t) represents &;(t), w(t) ;Eg; (1), Eg;(0),V, (1) V5i(t), Pepi(t), Psyi(t) and

Ef(t) &i=1,23...... m, represent machine number

h= the new step-size

Slhew = New severity index values of machine related state variables
Slprev = previous severity index values of machine related state variables
Alqew = new severity index values of machine bus complex voltage
Alprev = previous severity index values of machine bus complex voltage

W;; = weight associated with the state and algebraic variables

| = the number of the state or algebraic variables.
Finally, indices evaluated for all listed credible contingencies are related by normalizing them

with the largest of all.

The values of state and algebraic variables y and ¥ respectively and the step-size (h) in the above
equations are obtained from the transient stability analysis results based on AsDTM method,
described in Section 2.3 of Chapter 2. These indices can be evaluated at any time required during

the simulation period.

3.2.5. Contingencies are ranked and the worst contingency is identified
For each considered contingency case, respective severity index is evaluated. Finally each of the

severity indexes normalized with the largest of all the indices and listed in descending order. The
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contingency in the upper top position is the most critical contingency identified and the

contingency in the bottom position is the least critical contingency.

3.3. Case studies and results
3.3.1. Test system, cases and setup

3.3.2. Test system

Two test systems are employed to validate the proposed screening approach. The first test system
is the IEEE 9-bus system, which consists of 9 bus and 3 machines. The second test system is the
IEEE 39-bus system, which consists of 39 bus and 10 machines. Constant impedance load model
is used with the TDS. A two axis model is used to represent synchronous generators, each with

Type_1 automatic voltage regulation and primary speed control systems.

3.3.3. Test cases

A list of credible contingencies are identified for testing the proposed fast and robust techniques
of screening and ranking power system contingency, For both systems three phase bus faults are
considered. This faults are located at 6 buses (non-generator buses) for the first test system and
29 buses (similarly, non-generator buses) for the second test system. A susceptance of 107 is
considered enough to bring zero impedance bus faults [74]. This fault is added to the network
admittance matrix for every non-generator buses in sequential order (one after the other). In this
work the fault is cleared only by removing the added fault parameters from the respective bus
admittance matrix without isolating the faulted bus itself so that the network structure is not

changed..

3.3.4. Test setup

The tests are carried out on standard personal computer(PC) with the following properties:
Intel(R) Core(TM) i5-5200U CPU @ 2.20GHz 2.20 GHz, 8GB RAM, running on 64-bit
operating system, x64-based processor. The TDS are conducted using the simulation tools/codes
developed based on proposed AsDTM on MATLAB R2017b [75]. MATPOWER [76] is used
for solving power flow. The CPU times include all steps of the contingency screening and

ranking.

3.3.5. Assessment Results and Discussion
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To validate the proposed contingency screening and ranking method, three-phase short-circuit
faults located at 6 buses (non-generator buses) for IEEE 9-bus test system and 29 buses
(similarly, non-generator buses) for the 39-bus test system are used. To analyze their impacts,
each fault is triggered at 0.6 s and cleared at two different fault clearing times. TSI for each
faulted bus is evaluated, first by considering the 0.15 s (150 ms) fault clearing time and next by
considering the 0.25 s (250 ms) fault clearing time. During both scenarios, the evaluated TSI are
ranked and plotted. In both cases, the accuracy and performance of the proposed method are
validated using the assessment results based on the traditional numerical method (fourth-order
Range—Kutta (Rk4) with step size h = 0.001 s) as benchmarks. For this purpose, the differential
transformation (DT) order k = 14 is used for both test systems with both DTM and AsDTM

simulation methods.

Two types of TS indices are evaluated for each credible contingency during transient stability
analysis at each assessment time step. These indices were evaluated based on the machine’s state
variables (as rotor angle deviations(8),angular speed(®), etc.); analysis results are represented as
state variable indices (SI) and those evaluated based on the machine’s bus complex bus voltages
(such as bus voltage magnitude (V) and voltage angle(0)) analysis results are represented as

algebraic variable indices (Al)..
3.3.5.1. Validation of the accuracy of the proposed method

In the following sub-section, the accuracy of the proposed method is validated with respect to the
TS indices evaluated using transient stability analysis based on a traditional numerical method
(fourth order Range-K utta (Rk4))) as a benchmark. Tests are per-formed considering two
scenarios. During the first scenario, contingencies are analysed and ranked considering a 150 ms
fault clearing time and the next scenario by considering a 250 ms fault clearing time. The TSI
evaluated based on a fourth order Range—K utta Rk4 (reference method), the proposed AsDTM,
and the classical DTM methods using both test systems are plotted as shown by Figures 3-2a,b
and 3-3a,b below. The TSI results evaluated based on the proposed method, and those evaluated
from the classical DTM method (with a fixed step-size of h = 0.0125 s) are ranked and compared
with the benchmark results as given in Tables 3-1 to 3-4 below. As one can clearly observe from
the plots given by Figures 3-2a,b and 3-3a,b, the TSI (Al and SI) results evaluated based on the
proposed method for the 150 ms fault clearing time indicate that the most and least critical
situations are when there is a three phase short-circuit fault at buses 22 and 12, respectively, for
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the 39-bus test system and at buses 8 and 5, respectively, for the 9-bus test system. These results
strongly agree with the most and least critical buses identified based on the Rk4 (benchmark) for
both test cases as shown by Figures 3-2a,b and 3-3a,b below. But the plots of the TSI evaluated
based on the classical DTM method indicate that the most and least critical situations are when
there is a three-phase short-circuits fault at buses 22 and 9, respectively, for the 39-bus test
system. This result shows that the least critical situation identified by using the classical DTM

method is completely different from the benchmark result..
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Figure 3-2 Sl and Al plots of 39-bus test system

Similarly, from the plots given by Figures 3-2c,d and 3-3c,d, the TSI (Al and Sl) evaluated based
on the proposed method for the 250 ms fault clearing time indicate that the most and least critical

situations are when there is a three-phase short-circuit fault at buses 16 and 12, respectively, for
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the 39-bus test system and at buses 8 and 5, respectively, for the 9-bus test system. These results
again strongly agree with the most and least critical buses identified based on the reference
method for both test cases. But the plots of the TSI based on the classical DTM method indicate
that the most and least critical situations are when there is a three-phase short-circuit fault at
buses 19 and 12, respectively, for the 39-bus test system and at buses 8 or 9 and 4, respectively,
for the 9-bus test system. These results show that the most and least critical situations identified
by using the classical DTM method are different from those identified by the benchmark method.
Therefore, more accurate results are found by using the proposed contingency screening and
ranking method.
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In addition, Figures 3-2a—d and 3-3a—d representing the Sl and Al plots, where the quality of the
plot results obtained with the AsDTM and DTM methods used the convergence criterion, the
measure of which is the concurrency of trajectories rout corre-sponding to two compared
solutions. The best convergence was found for the ASDTM-based SI and Al plots. This implies
that the AsDTM-based TSI evaluation gives more accurate results. On the other hand, since the
shapes of the trajectories obtained by both the DTM and AsDTM methods were the same as the
reference trajectory for the first scenario (Figures 3-2a,b and 3-3a,b) we can conclude that both
the DTM and AsDTM methods are numerically stable. However, when we observe the TSI plots
for the second scenario (for the 250 ms fault clearing time), specially Figure 3-3c,d show that the
DTM method is not numerically stable as the network complexity decreases and fault clearing

time increases.

Tables 3-1 to 3-4 below give contingencies ranked using their respective TSI evaluated based on
the benchmark, classical DTM and the proposed AsDTM methods considering both 150 ms and
250 ms fault clearing by using both test systems. From the summary and the results given in
Table 3-5, in all cases the proposed AsDTM-based contingency screening and ranking method

provides 93% accurate results.

Table 3-1 TS indices error magnitude relationship among AsDTM and DTM assessment
methods

Cont. Ranked Using TSI | Cont. Ranked Using Con. Ranked Using
Evaluated Based on TSI Evaluated Based | TSI Evaluated Based
Numerical Integration on AsDTM Method on DTM Method
Method (Benchmarks)
Bus No Rank Bus No Rank Bus No Rank
Bus 22 1 Bus 22 1 Bus 22 1
Bus 19 2 Bus 19 2 Bus 19 2
Bus 2 3 Bus 2 3 Bus 2 3
Bus 25 4 Bus 25 4 Bus 25 4
Bus 6 5 Bus 6 5 Bus 6 5
Bus 5 6 Bus 5 6 Bus 16 6
Bus 16 7 Bus 16 7 Bus 5 7
Bus 23 8 Bus 23 8 Bus 23 8
Bus 10 9 Bus 10 9 Bus 10 9
Bus 17 10 Bus 17 10 Bus 17 10
Bus 11 11 Bus 11 11 Bus 15 11
Bus 24 12 Bus 24 12 Bus 11 12
Bus 15 13 Bus 15 13 Bus 24 13
Bus 3 14 Bus 3 14 Bus 3 14
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Bus 14 15 Bus 18 15 Bus 21 15
Bus 18 16 Bus 14 16 Bus 18 16
Bus 4 17 Bus 4 17 Bus 14 17
Bus 21 18 Bus 21 18 Bus 4 18
Bus 13 19 Bus 13 19 Bus 13 19
Bus 7 20 Bus 7 20 Bus 27 20
Bus 27 21 Bus 27 21 Bus 26 21
Bus 8 22 Bus 8 22 Bus 8 22
Bus 26 23 Bus 26 23 Bus 1 23
Bus 1 24 Bus 1 24 Bus 7 24
Bus 9 25 Bus 9 25 Bus 29 25
Bus 20 26 Bus 20 26 Bus 28 26
Bus 28 27 Bus 28 27 Bus 12 27
Bus 29 28 Bus 29 28 Bus 20 28
Bus 12 29 Bus 12 29 Bus 9 29

Table 3-2 Three-phase short-circuit on each non-generator buses of 9-bus test system and
each cleared after 150 ms

Cont. Ranked Using TSI | Cont. Ranked Using Con. Ranked Using
Evaluated Based on TSI Evaluated Based | TSI Evaluated Based
Numerical Integration on AsDTM Method on DTM Method
Method (Benchmarks)

Bus No Rank Bus No Rank Bus No Rank
Bus 8 1 Bus 8 1 Bus 8 1
Bus 4 2 Bus 4 2 Bus 4 2
Bus 6 3 Bus 6 3 Bus 6 3
Bus 7 4 Bus 7 4 Bus 7 4
Bus 9 5 Bus 9 5 Bus 9 5
Bus 5 6 Bus 5 6 Bus 5 6

Table 3-3 Three-phase short-circuit on each non-generator buses of 39-bus test system and
each cleared after 250 ms.

Cont. Ranked Using TSI | Cont. Ranked Using Con. Ranked Using
Evaluated Based on TSI Evaluated Based | TSI Evaluated Based
Numerical Integration on AsDTM Method on DTM Method
Method (Benchmarks)
Bus No Rank Bus No Rank Bus No Rank
Bus 16 1 Bus 16 1 Bus 19 1
Bus 19 2 Bus 19 2 Bus 16 2
Bus 2 3 Bus 2 3 Bus 22 3
Bus 22 4 Bus 22 4 Bus 2 4
Bus 10 5 Bus 10 5 Bus 11 5
Bus 11 6 Bus 11 6 Bus 10 6
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Bus 13 7 Bus 13 7 Bus 13 7
Bus 25 8 Bus 25 8 Bus 21 8
Bus 21 9 Bus 21 9 Bus 25 9
Bus 23 10 Bus 23 10 Bus 6 10
Bus 6 11 Bus 6 11 Bus 23 11
Bus 14 12 Bus 14 12 Bus 14 12
Bus 5 13 Bus 5 13 Bus 17 13
Bus 17 14 Bus 17 14 Bus 12 14
Bus 3 15 Bus 3 15 Bus 3 15
Bus 24 16 Bus 24 16 Bus 24 16
Bus 15 17 Bus 15 17 Bus 15 17
Bus 4 18 Bus 18 18 Bus 18 18
Bus 18 19 Bus 4 19 Bus 4 19
Bus 7 20 Bus 7 20 Bus 24 20
Bus 27 21 Bus 27 21 Bus 27 21
Bus 26 22 Bus 26 22 Bus 26 22
Bus 8 23 Bus 8 23 Bus 8 23
Bus 20 24 Bus 20 24 Bus 20 24
Bus 1 25 Bus 1 25 Bus 1 25
Bus 29 26 Bus 29 26 Bus 29 26
Bus 28 27 Bus 28 27 Bus 28 27
Bus 9 28 Bus 9 28 Bus 9 28
Bus 12 29 Bus 12 29 Bus 12 29

Table 3-4 Three-phase short-circuit on each non-generator buses of 9-bus test system and
each cleared after 250 ms.

Cont. Ranked Using TSI | Cont. Ranked Using TSI | Con. Ranked Using
Evaluated Based on Evaluated Based on TSI Evaluated Based
Numerical Integration AsDTM Method on DTM Method
Method (Benchmarks)
Bus No Rank Bus No Ran Bus No Rank
k
Bus 8 1 Bus 8 1 Bus 8 & Bus 9 1
Bus 4 2 Bus 4 2 Bus 7 2
Bus 6 3 Bus 6 3 Bus 6 3
Bus 7 4 Bus 7 4 Bus 5 4
Bus 9 5 Bus 9 5 Bus 4 5
Bus 5 6 Bus 5 6 - 6

Compared with the benchmark results, the range of accuracy of assessment results based on the

proposed AsDTM and the classical DTM methods are summarized as given in Table 3-5 below.
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Table 3-5 Summary of the accuracy of the ranked contingencies based on DTM and the

proposed AsDTM methods compared with the benchmark results.

Fault Accuracy of Contingencies Accuracy of Contingencies

Cleared Ranked Using TSI Evaluated | Ranked Using TSI Evaluated

Based on AsDTM Method in % | Based on DTM Method in %
For 39-Bus For 9-Bus For 39-Bus For 9-Bus
Test System Test System Test Test System
System
150 ms 93 100 41.38 100
250 ms 93 100 44.82 16.67

From the results summary given in Table 3-5 above, we can conclude that the proposed
contingency screening and ranking method is more accurate compared with the DTM method.
The increase in the fault clearing time also has no influence on the accuracy of the proposed
AsDTM method. Further, as the complexity or sizes of the network decrease the proposed
method is as accurate as the reference method. But we can simply observe from the assessment
results given in Tables 3-1 to 3-5 that as the network size as well as the fault clearing time
increase the probability that the classical DTM method can identify the most critical contingency

is almost null.

Even though the most and least critical buses screened out based on the proposed method are the
same as the benchmark results (evaluated based on the Rk4 method) in all cases, the magnitudes
of the evaluated TS indices (SI and Al) for the three-phase short-circuit at all non-generator
buses for both test cases are not the same as the benchmark results. Figures 3-4a—d and 3-5a—d
below show the error plots of the AsSDTM- and DTM-based evaluated transient stability indices.
As can be seen from Figures 3-4 and 3-5 a to d, the magnitudes of the generated SI and Al error
by the DTM-based evaluation method are 0.1664 and 0.1619, respectively, for the 39-bus test
system and 0.1327 for the 9-bus test system, when the fault is cleared after 150 ms in both cases.
Similarly, the magnitudes of the generated SI and Al error by the proposed AsDTM-based
evaluation method are 0.0418 and 0.02753, respectively, for the 39-bus test system and 0.03145
and 0.02427, respectively, for the 9-bus test system when the fault is cleared after 150 ms in both

cases.

Similarly, when the fault is cleared after 250 ms, the magnitudes of the generated SI and Al error
by the proposed AsDTM-based evaluation method are 0.01701 and 0.01254, respectively, for the
39-bus test system and 0.03661 and 0.02842, respectively, for the 9-bus test system and the
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magnitudes of the generated Sl and Al error by the DTM-based evaluation method are 0.1098 for
the 39-bus test system and 0.685 and 0.5542 for the 9-bus test system, respectively.

Compared to the proposed method, the magnitude of the SI and Al error generated by the
classical DTM-based evaluation method is relatively greater. This shows that more accurate
indices are evaluated based on the proposed AsDTM method. A summary of the TS indices error
magnitude resulted from using AsDTM and DTM assessment methods relative to the benchmark

results are given in Table 3-6 below.
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Figure 3-4 DTM- and AsDTM-based Sl and Al error plots for 9-bus test system.

Table 3-6 TSI error by AsDTM and DTM methods relative to the benchmark results.

Test System Fault Assessment Maximum TSI Error
Cleared Method Sl Al
After
9 bus 150 ms AsDTM 0.03145 0.02427
DTM 0.1327 0.1327
250 ms AsDTM 0.03661 0.02842
DTM 0.685 0.5542
39 bus 150 ms AsDTM 0.0418 0.02753
DTM 0.1664 0.1619
250 ms AsDTM 0.01701 0.01254
DTM 0.1098 0.1098
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From Table 3-6, we can conclude that using the proposed AsDTM method in terms of the DTM
method for contingency screening and ranking improves the accuracy of the TSI evaluation
results by 74% up to 83% if the fault is cleared after 150 ms and by 84% up to 94% if the fault is
cleared after 250 ms. All the test and analysis results given above prove that the proposed

AsDTM method of contingency screen ranking provides more accurate results.

Validation of the Assessment Speed of the Proposed Method

Figure 3-6a,b,&c and 3-7a,b&c shows total elapsed time to evaluate TS indices for con-tingency
screening and ranking based on AsSDTM, DTM and Rk4 methods using both 39 bus and 9bus test
system. The total assessment time required to evaluate TS indices based on AsDTM, DTM and
Rk4 methods are 11.671sec, 20.962sec, and 65.65sec respectively for 9bus test system and
194.084sec, 279.047sec, and 768.062sec respectively for 39bus test system..
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Figure 3-6 Elapsed time (a) For AsDTM based TSI evaluation (b) For DTM based TSI

evaluation (c) For Rk4 based TSI evaluation, of 9bus test system
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Figure 3-7 Elapsed time (a) For AsDTM based TSI evaluation (b) For DTM based TSI
evaluation (c) For Rk4 based TSI evaluation, of 9bus test system

Capered with DTM and RKk4, the proposed AsDTM based contingency screening and ranking
method improves the performance efficiency (performance speed) by 44.32% and 82.22% for 9
bus test system and 30.45% and 74.73% for 39bus test system respectively. Therefore, we can

conclude that, the proposed contingency screening and ranking method is relatively faster.

Therefore from the above assessment and simulation results, compared to the con-ventional
Range-kutta (Rk4) and the classical DTM methods of contingency screening and ranking the
proposed method improves the assessment speed by more than 74.73% and 30.45% respectively.
Compared to the classical DTM methods of contingency screening and ranking the proposed
method improves the accuracy of the resulting transient stability indices by more than 74%.
These results strongly approves that the proposed contingency screening and ranking method fast

and robust.
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CHAPTER FOUR: Fast Transient Stability Assessment

4.1. Introduction
Transient stability is the ability of the power system after exposure to large disturbance to transit

to a stable state [44]. Transient stability analysis investigates the dynamic behavior of a power
system for several seconds following a large disturbance. Inability to detect system instability
behaviors in a sufficient time interval to launch the corrective actions could result in a system
failure at one location on a system that can quickly degenerate to cascading failures, which is
usually the mechanism for large collapses or blackout of the system. Fast and accurate
assessment of transient stability is of great significance for safe and stable operation of power

systems.

To identify any unstable system condition before it happens, assessment of transient stability
shall be performed in near real-time operation environment. Traditional methods of transient
stability analysis rely on numerical integration, such as the Runge—Kutta or Euler techniques in
implicit and/or explicit form, to solve the differential algebraic equations governing power
system dynamic behaviors. The methods are robust and commonly used in commercial software
packages with small enough integration steps of typically one to a few milliseconds to meet
accuracy requirements [55]. However, these methods are computationally intensive, especially
for modern power system. The power system industry and the research community are seeking
next-generation tools that are more powerful for power system near real-time transient stability

assessments.

Several previous works have been explored different aspects of transient stability analysis and
simulation. Generally we can group them in to the following 3 categories as direct methods,
numerical integration methods, probabilistic methods, differential transformation methods, and
Automatic Learning (AL) techniques as described in Chapter 2 Section 2.4.. Approaches such as
a power system TDS based on numerical integrations provide accurate assessment results but are
too slow due to their intensive computation requirement. Direct method such as transient energy
function and hybrid (TDS and TEF) methods proposed by different authors may provide
guantitative measures which indicate the degree of system stability based on the energy margin
or stability indices but require model simplification and assumptions. Methods based on off-line
databases, such as ANN, a decision tree, pattern recognition methods, etc, are suffering from
multiple probable system operating states/scenarios [37].
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4.2. Advanced fast and robust power system TDS
The most accurate method for assessing the transient stability of a power system is through time

domain simulation. This approach can handle complex system modeling, allowing for the
determination of stability conditions from electromechanical angular simulations [44]. However,
transient stability analysis (TSA) is computationally intensive because it involves numerical
integration to evaluate the system's behavior during significant disturbances. Advances in time
domain simulation algorithms are required to improve computational efficiency and permit
assessment of more contingencies in larger and complex power systems. In this dissertation, two

novel, fast and robust dynamic simulation tools based on DTM are developed.

4.2.1. Power system TDS based on AsDTM

Adaptive step size DTM based fast power system transient stability simulation (AsDTM) method
and tool is one of the simulation tools developed in this work. The proposed and developed
AsDTM based simulation method solves complex power system DAE models using the DTM
method at variable time steps. As described in Chapter two, section 2.4, the step size is varied
based on the local truncation error control algorithm. The automatic controls of the step-size
length is performed based on the principles that it reduces the time step length when the error is
above the tolerable error limit, to improve the accuracy of simulation and increases the time step
length when the error is below the tolerable error limit, to avoid unnecessary computational
burden and improve the overall efficiency. It has been tested and validated using standard test
systems by [55]. Test results revealed that AsDTM-based power system transient stability
simulation increases simulation speed by 20-44.57% and 83-92% compared with the DTM and
Rk4-based simulation methods, respectively. Furthermore, compared with the simulation speed
of DTM-based simulation, the proposed AsDTM-based simulation improves simulation errors by
more than 58%.

4.2.3. Power system TDS based on AOSDTM

Adaptive order and step size DTM based simulation (AOSDTM) is the second transient stability
simulation method developed in this dissertation work. The developed AOSDTM based transient
stability simulation method solves complex power system DAE models by adaptively varying
DT order and step sizes of the DTM method. The automatic controls of DT order and step-size
are performed based on the principles that it reduces the time step length and increase the order
of the DTM when the error is above upper threshold limit during power system dynamic
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simulation process, which improves the accuracy of simulation and increase the time step length
and decrease the order of the DTM when the error is below the lower threshold limit during
power system dynamic simulation process, which can avoid unnecessary computation burden
and improve the overall efficiency. It has been tested and validated using standard test systems
by [77]. Test results of the developed AOSDTM based power system transient stability
simulation tool revealed that simulation speed improved by 14-34% and 70-80% compared with
the simulation speed of DTM and Rk4 based simulations respectively. Additionally, compared
with the DTM-based simulation, the AOSDTM-based power system transient stability
simulation improved simulation results errors significantly by more than 77.84%. Similarly, the
test result obtained indicated that compared with the AsDTM-based simulation method the
developed AOSDTM-based power system transient stability simulation method improved the
simulation speed by more than 17.44%.

4.2.4. Structure of the AsDTM based power system transient stability simulation

Power system transient stability simulation (TSS) tools based upon the developed adaptive step-
size deferential transformation method (AsDTM) (explicit algorithm) have been applied at all
system operating points during every credible contingency in order to assess power system
transient stability. The power system transient stability calculation is a differential algebraic
initial value problem with differential algebraic equations. Figure 4-1 presents the structure of
the developed transient stability simulation tools based on AsDTM. This structure comprises
blocks to represent synchronous machine’s rotor electrical and mechanical differential equations,
excitation system differential equations, turbine and governor differential equations, network
interface machine variables, and stator and network algebraic equation. Overall, the model
illustrates one of the synchronous generators and its controllers connected to the power system
transmission network. It consists of a set of ordinary differential equations and a set of network

algebraic equations, ensuring a comprehensive representation of system dynamics.

All synchronous generator models used for routine large scale studies are virtually based on
Park’s transformations, in which the machine electrical behavior may be represented by
equivalent circuits in the rotor direct and quadrature axes. For transient stability simulation stator
transients are neglected. Thus the stator equations are algebraic in common with the network

equations.
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Figure 4-1 Structure of the developed TDS based on AsSDTM

vV, P, E. are the input variables to the dynamic models and the currents injected into the

, and
network from load and the generator (from solution of stator algebraic equations) buses are

inputs of the algebraic network models. Where V, represents complex terminal voltage, P,
represents the turbine mechanical power, and E; represents the excitation voltage. The turbine

governor controller block in Figure 4-1 contains dynamic model equations to represent the direct
primary control of the turbine torque and the mechanical dynamics of the turbine itself.
Similarly, the excitation system block contains dynamic model equations to represent voltage

regulators and exciters. the dynamics of this excitation system depends on the nature of the

feedback control arrangement and the nature of the source of DC voltage E ;. Since the proposed

and developed TSS tools are flexible and scalable they can be adaptively used with power
system different complexity and models detail levels. Thus, user-defined controller structures
can be easily integrated on either the voltage or governor controller sides. This flexibility allows
for enhanced analysis and simulation studies, enabling users to tailor the model to specific

requirements and explore various scenarios effectively.

As given by the flowchart of Figure 2-3 of chapter 2, TDS based on AsDTM starts with solving
load flow model or network algebraic equations shown at the right sides Figure 4-1 is solved
without iteration to initialize the pre-disturbance state and provide the data corresponding to the

pre-disturbance state. The post-disturbance dynamic behavior of the electrical signals are
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determined by solving all the differential equations to the left sides of Figure 4-1 explicitly based
on TDS by AsDTM . At each time step of simulation, the present state variables values are
simply determined analytically as a power series of time from their respective 0 to K orders
coefficient terms [55]. Similarly, the algebraic variables are updated analytically as a power
series time from their respective 0 to K orders coefficient terms, refer Section 2-5 and [55]. At
the instant of disturbance, the appropriate data must be modified accordingly. Then, the process
repeated until the time of interest reached. The swing curves represent the evolution of rotor
angle of each machine known at the end of each time step.

4.3. Critical Clearing Time (CCT)
The critical fault clearing time (CCT) is defined as the maximum duration of a fault that can

occur without causing any generator to fall out of step or leading to other unacceptable
repercussions in the power system, ensuring transient stability [40]. During significant
disturbances, such as a three-phase short circuit, protective relays detect the disturbance and
initiate the tripping of the nearest circuit breakers to isolate the fault. The time from the
disturbance onset until the circuit breakers successfully isolate the fault is known as the fault
clearing time (FCT). For a system to maintain stability, any generator must have a CCT greater
than the FCT of the installed protection devices. Loss of connected generators can lead to severe
consequences for the entire system. The total FCT comprises the operating time of the main
protection system, along with signaling time, relay time, and breaker interrupting time. CCT
serves as a key index for monitoring the transient stability of power systems during large
disturbances, as referenced in various studies, including this thesis. An increased CCT provides
better opportunities for protective relays and circuit breakers to isolate and clear disturbances. If
the CCT is less than the operating time of the circuit breaker for the affected component, the
system is deemed transiently unstable.

The acceptable CCT limit varies by system, but a common range is between 150 and 250
milliseconds, which is used in this dissertation for transient stability assessment. CCT is
particularly beneficial compared to power limits evaluated using transient energy function (TEF).
Transient stability analysis (TSA) utilizing CCT enables the screening and ranking of
contingencies to identify the most severe scenarios and classify stability states as stable or

unstable.
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4.3.1. Transient Stability Assessment based on TDS by Cross cut Technique

Analyzing many contingencies have to be done iteratively in short period to evaluate system
states. As briefly presented in Chapter 3 Section 3.2 above, in this thesis, lists of credible
contingencies are analyzed and ranked based on their respective severity indices. At this stage
the most severe contingency with respect to the operating state represented by the most current
snapshot from the SCADA data is identified. Determining stabilizing solution for the most
severe contingency requires its distance from transient stability limit or margin. In this thesis
CCT is evaluated only for the worst contingency to represent the distance to stability boundary.
Therefore, this CCT specifies the distance at this particular operating point from transient

stability boundary.

TSS tool based on AsDTM, which introduced in section 2.3 of chapter 2 and section 4.2, is used
to estimate the CCT in order to specify a quantified index for transient stability assessment. CCT
is calculated by uniformly increase the fault clearing time until the system instability using
traditional numerical integration based TDS [78]. TDS based on traditional numerical integration
method, which is structurally complex & computationally intensive method, was proposed by
[78]. To improve the computation speed of the proposed method the Authors have implemented
TDS by bisection technic. However, still the traditional numerical integration method which is
computationally intensive was there. In this thesis, the TDS based on the traditional numerical
integration method is changed by the TDS based on the AsDTM , which provides significant
improvements on computation speed i.e. by more than 90% (refer Section 2-5 of Chapter 2)

when compared with the method proposed by [78] .

TDS based on novel AsDTM technique with cross cut is used to find the CCT for the worst fault
in order to avoid the repetitive time-consuming with step increase fault duration and high
computational burden by traditional numerical integration method. Figure 4-2 gives the

developed algorithm for estimating CCT by cross cut method using TDS based on AsSDTM.
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Figure 4-2 Evaluation of CCT using TDS by cross cut technique [78]

The proposed technique begins with an initial fault clearing time (FCT=to) and searches for the
boundaries that include the critical fault clearing time (CCT). As illustrated in Figure 4-2, the
initial time boundaries are set within (to + a). If the CCT is found within these boundaries, the
cross-cut technique is applied to evaluate the CCT. If not, the boundaries must be adjusted until
the system demonstrates stability at one boundary and instability at the other, confirming that the
CCT lies between these limits. The dynamic response of the system is then assessed at the

midpoint (T,,) between the upper and lower limits. If the system is stable, the lower limit (t) is
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updated to the mean value (T,) .conversely, if the system is unstable, the higher limit (t,) is
updated to (T,,) for the next calculation. This cross-cutting process continues until the acceptance
tolerance () between the limits is met, with the higher limit being selected as the CCT. The total
computation time varies based on several parameters, including the chosen parameter o, which
should be sufficiently large to limit the number of simulations. Additionally, this value can be

adapted between different contingencies to minimize overall simulation time.

4.4. Validation of the proposed TSA method using standard test systems
4.4.1. Test systems, cases, and assessment setup

Two test systems are employed to validate the proposed transient stability assessment approach.
The first test system is the IEEE 9 bus system, which consists of nine bus and three machines.
The second test system is the 11 bus system with 4 machines. Constant impedance load model is
used with the TDS. A two axis model is used to represent synchronous generators, each with
Type_1 automatic voltage regulation and primary speed control systems, as shown by Equations
2.12, 2-13 and 2-14 respectively. Figure 4-3 shows the single line diagrams of both test system.
Dynamic data of all the machines with in both test cases are given in Appendix A. Three-phase
bus faults are applied for both test systems. Three-phase short-circuit faults at bus 8 for IEEE 9
bus and at bus 6 for 11 bus test systems are considered during the assessment. A susceptance of

10—10 is enough to bring zero-impedance bus faults [74].

Transient stability assessment were conducted on a standard personal computer with the
following properties: Intel CTM) i5-5200U CPU @ 2.20 GHz 2.20 GHz, 8 GB RAM, running
on a 64-bit operating system, with a x64-based processor. The assessment was carried out using
the TSA tools/codes developed on MATLAB R2017b [75]. MATPOWER 7.1 [76] version
software was utilized. The CPU times included all steps of the simulation processes.
MATPOWER is open-source power simulation software, used for power flow analysis and run
on a MATLAB environment. This power system analysis software does not employ a graphical
representation of a power system. Instead, the power system data were prepared in a table format
specific to MATPOWER. Any functions of the MATPOWER can easily be accessed by
functions developed on MATLAB editor. These include MATLAB functions that load and call
for dynamic and static data file of simulation cases (case file), MATPOWER output interface

functions, functions for initializing dynamic systems, model libraries for all dynamic systems,
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solver functions file (algorithms for computation), and functions for plotting simulation results.

Power flow analysis was performed using MATPOWER.

4.4.2. Assessment results and discussions

For validating the proposed AsDTM-based power system transient stability simulation, three-
phase short-circuit faults on bus 8 of IEEE 9 bus and on bus 6 of 11 bus benchmark systems at
0.6 s and using AsDTM based bisection method described in subsection 4.2.2 above CCT for
each case is estimated. In each case, the accuracy and performance of the proposed method was
validated using the transient stability assessment results (CCT) based on the traditional numerical
method (fourth-order Range—Kutta (Rk4) with step size h = 0.001 s) and total time cost (time for
TS assessment) as benchmarks. For this purpose, differential transformation (DT) order of k =7

for both test systems was used during assessment based on DTM and AsDTM methods.
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Figure 4-3 Single line diagram of (a) 11 bus [1]; (b) IEEE 9 bus test systems [79].

From Figures 4-4a, b and 4-5a, b, we can observe the number of iterations and simulation time
requirement relationships among AsDTM, DTM, and Rk4 simulation methods, respectively. The
total number of steps required to determine CCT during three-phase fault using Rk4, DTM, and
AsDTM methods are 45,000, 4984, and 2028 for the IEEE 9 bus test system and 65,000, 6520,
and 3386 for the 11 bus test system, respectively. Similarly, the total assessment time cost for the
same case using Rk4, DTM, and AsDTM methods are 76.14 s, 25 s, and 11.57 s, for the IEEE 9
bus test system and 127.2 s, 44.47 s, and 35.66 for the 11 bus test system, respectively. As we
can see from the flowchart of the proposed transient stability assessment algorithm given by
Figure 4.2, to obtain CCT of the contingency under assessment, a number of 5sec transient
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stability simulation runs are required. The zigzag line pattern in the plots of total simulation time

cost and number of time steps of Figures 4-4a, b and 4-5a, b, indicates the interpolation of the

subtotal simulation time cost and number steps at every 5sec transient stability simulation run.
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The CCT results of the contingency assessed from time domain simulations based on RK4,
AsDTM, and classical DTM methods are given in Table 4-1. Since time domain simulation
based on Rk4 is used as a benchmark in this dissertation, the CCT results calculated based on
AsDTM is the same as those calculated based on Rk4 for both 9bus and 11bus test systems.

Table 4-1 Transient Stability Assessment (TSA) results by different assessment methods

Assessment method CCT(ms) Remark

For 9bus test system

For 11bus test system

Rk4 223.4 170
AsDTM 223.4 170
DTM 226.5 173.05

From the simulation results shown in Figures 4-4, 4-5, and Table 4-1

Compared with the DTM-based assessment: The proposed AsDTM improved/reduced the total
assessment time cost and total number of iterations by 22% and 48.1.93% for the IEEE 11 bus
test system and improved/reduced the total assessment time cost and total number of iterations
by 53.72% and 59.31% for the IEEE 9 bus test system, respectively.

Compared with the Rk4-based assessment: The proposed AsDTM improved/reduced the total
assessment time cost and total number of iterations by 72% and 94.8% for the 11 bus test system
and improved/reduced the total assessment time cost and total number of iterations by 84.8% and
95.49% for the IEEE 9 bus test system, respectively.

Compared with the DTM-based assessment method, the proposed AsDTM assessment method
also improves the accuracy the assessment results by 1.37% and 1.76% for IEEE 9 bus and

11bus test systems respectively.

Therefore, we can conclude that the proposed AsDTM-based power system transient stability
assessment method increases the assessment speed by 22-59.31% and 72-95.49% when
compared with the DTM, and Rk4-based assessments, respectively. The accuracy of the
assessment results are improved by 1.37% - 1.76%, when compared with the classical DTM

based assessment method .
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CHAPTER FIVE: Transient Stability Based Optimal Generation
Rescheduling To Enhance Power System Dynamic Security

5.1. Introduction
Security control is one of the prime concerns of planning and operation of modern power

systems. The increase in size and complexity of modern interconnected power systems and the
present trend towards deregulation has forced the electric utilities to operate their systems under
stressed operating conditions closer to their security limits [80]. With this growing stress on
present day power systems, they increasingly are facing the threat of transient stability problems.
Transient stability or large disturbance rotor angle stability is deals with the capacity of the
power system to stay intact when exposed to a critical disturbance, such as three phase short
circuit. Instability that may result occurs in the form of increasing angular swings of some
generators leading to their loss of synchronism with other generators ( [81], [1]). When the
transient security level falls below an acceptable level, preventive control actions can restore the

system back to secure state of operation [82].

Preventive control aims at modifying the operating conditions of a power system so as to make it
able to withstand severe contingencies that would drive it to instability, whenever they occur.
These types of control measure include network switching, load curtailment, and reactive
compensation, generation rescheduling. Preventive control is summoned up when the power
system is still in normal status [83]. In the past many utilities have relied on preventive control in
order to maintain system security at an acceptable level. This is due to the fact that with these
control method time is available for decision making. Also, for the uncertain disturbances, the
state of system is known in this control; therefore, it becomes easier to study dynamic behavior
of the system. Maintaining a balance between supply and demand of electric power is one of the
core tasks of power system operation. Since reactive power can be locally compensated, active

power balance is the most important issue for power system operation.

In the literature survey generation rescheduling is reported as dominant preventive control
method. Especially for transient stability control various generator rescheduling techniques have
been proposed. In [23], the transient energy function (TEF) method is used to check the dynamic
security of the system and the coherent behavior of generators is used to find a new generation

configuration.
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In [84], a coherency based sensitivity method is proposed for generation rescheduling. In [85], a
coherency based generator rescheduling for preventive control of transient stability in power
systems is proposed. In [86], dynamic security assessment and generation rescheduling method
utilizing genetic algorithms (GAs) integrated with probabilistic neural networks (PNNs) and
adaptive neuro-fuzzy inference systems (ANFISS) is proposed for the preventive control power
systems against transient instabilities. A generation rescheduling approach for preventive control
of power system is presented in [87] to reallocate power generation for multiple unstable
contingencies based on graph theory. In [88], proposed a transient stability preventive control
design that takes series compensation into account. A heuristic stability performance index (PI)
was proposed to evaluate the gradient of the Pl and determine the preventive control accordingly
[89]. In [90], rescheduling of power systems constrained with transient stability limits in
restructured power systems based on TEF is proposed. An optimal generation rescheduling with
trajectory sensitivity-based transient stability constraints is presented in [91].

Generation rescheduling based upon the optimal result of multi-contingency transient stability
constrained optimal power flow is suggested as preventive control of power systems in [19]. A
real time preventive action for transient stability enhancement with a hybrid neural network
optimization approach using derivatives of transient energy margin value is proposed in [20]. A
technique using trajectory sensitivities to provide a preventive rescheduling scheme in dynamic

security constrained power systems taking into account the economic aspect is proposed in [21].

In [22], trajectory sensitivities are used for multi-contingency preventive control. Iterative
solution methodology and computer package for generation rescheduling is suggested in [92]
The proposed approach in [93] considers generator shedding as the most effective discrete
supplementary control for improving the dynamic performance of faulted power systems and
preventing instabilities considering the sensitivity of the TEF with respect to changes in the
amount of dropped generation which is used during the training phase of ANNSs to assess the
critical amount of generator shedding required to prevent the loss of synchronism. Decision tree
(DT)-based preventive and corrective control methods are proposed in [94] to enhance the
dynamic security of power systems against the credible contingencies causing transient
instabilities. A radial basis function (RBF) neural network to assess the dynamic security status
of the power system and to estimate the effect of a corrective control action applied in the event
of a disturbance is proposed in [95] with optimal control action using particle swarm
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optimization (PSO). In [96], an optimal power flow model with transient stability constraints is

proposed for both dispatching and re-dispatching.

Methods those need training on data base, like as proposed by [20]. [86] [87] [88] [93] [94].
these approaches are not always be capable of correctly determining security and stability
because such techniques require training on forecasted offline database, [10]. Methods based on
off-line databases, such as ANN, a decision tree, pattern recognition methods, etc, are suffering
from the a great extent of probable system operating states/scenarios. Approaches such as power
system TDS based on energy function, numerical integrations, and probabilistic methods
proposed in [21] [22] [23] and [84] [85] [88] [89] [90] provide a quantitative measure which
indicate the degree of system stability based on energy margin or stability indices but required
computational efforts and restrictions regarding modeling details. Therefore, there is need to
improve and develop more robust and efficient preventive control method to enhance power

system dynamic performances

This thesis introduces fast and robust power system transient stability based optimal generation
rescheduling to improve power system dynamic security using combined particle swarm
optimization (PSO) and power system time domain simulation (TDS). TDS Based on adaptive
order and step size differential transformation (AOSDTM) methods [77] is proposed for this
purpose. The proposed AOSDTM varies both order and step sizes of DTM adaptively to improve
performance efficiency and accuracy of the simulation. The fault period for the unstable
contingency under consideration is changed based on cross cut technique that further increases
the performance efficiency of the method. Critical fault clearing time (CCT) is used as indicator
for power system transient stability monitoring. Generation rescheduling is taken as a practical
preventive or remedial control action to enable any transiently unstable contingency stable
through increasing CCT without changing the required total generation. The relevant unstable
equilibrium point (UEP) and the corresponding critical generators are determined using the
proposed AOSDTM based power system time domain simulation by cross cut technique. The
method have been tested on IEEE 9-bus, 3- generators and 11bus, 4- generators systems and the
transiently insecure cases for certain contingencies are made secure by rescheduling the
generation according to the proposed method. Test results show that proposed method is able to

provide near optimal control solutions meeting dynamic security enhancement.
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5.2. PSO based optimal generation rescheduling problem formulation
Effective operation of a power system requires the continuous supply of both active and reactive

power while maintaining a stable voltage and constant frequency. In the event of significant
disturbances, operators must implement strategies to prevent instability resulting from transient
conditions. To address this, proactive control measures are essential to mitigate dynamic security
risks linked to transient stability. These measures depend on a predetermined list of credible
contingencies and their corresponding control actions. By adjusting operating conditions, these
actions enhance transient stability while adhering to all specified constraints.

Various preventive control strategies have been explored in the literature, with power generation
rescheduling emerging as a key method. This section outlines a framework and formulates the
problem for optimally distributing generated power from each generator as a preventive measure
aimed at bolstering transient stability and dynamic security in the face of credible contingencies
that might breach stability limits. The goal is to improve transient stability through optimal
rescheduling of power generation, utilizing a combination of AOSDTM-based transient
dynamics simulation and Particle Swarm Optimization (PSO) techniques. This approach ensures
a balance between power generation and load demand, avoids equipment overload, adheres to

voltage limits, and minimizes power losses.

5.2.1. Particle Swarm Optimization (PSO) and its implementation

PSO is a population based stochastic optimization technique which is developed by Dr. Eberhart
and Dr. Kennedy in 1995, and is inspired by social behavior of birds flocking or fish schooling
that solves continuous and discrete optimizing problem of a large domain [97]. PSO learns from
the scenario and uses it to solve the optimization problems while each individual shares the
information with its neighbors. The particle is attracted towards the best position currently
experienced by other particles that form its local neighborhoods and/or towards the best position
found by any particle in the swarm so far. The individuals fly through the search space with
velocities, which are adjusted dynamically according to their historical behaviors. Therefore, the
particles have the tendency to fly towards the better and better search area over the course of

search process until reach a stopping criterion.

Each individual, called particle, xj, within the swarm is represented by a vector in
multidimensional search space, which represents a potential solution of the entered problem and

updates its position by adding the updated velocity, v; .The updated velocity of each particle
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influenced by the current velocity in addition to two terms based on the memorized best position
it has explored and the global best position explored by the swarm in the feasible search space.
To enhance the convergence capability of PSO, modifications such as introducing an inertia
weight, crossover operations, and/or a constriction factor can be implemented [45] [98] [99]
[100]. These enhancements help improve the algorithm's performance in finding optimal
solutions. The original PSO equations define each particle, i as potential solution to a problem in
D-dimensional space with a memory of its previous best position Xiuest and velocity vector of the

swarm Vi which Can be represented as:

X =[X1s Xz s Xip |

-
Xibest = [leest ' X2best ] anest] (5'1)

ViT = [Vi17vi2 'ViD]

Particles' velocities can be clamped to a maximum velocity, serving as a constraint that controls
the global explosion speed of the particles. This limitation restricts the maximum change in the
particle's position, thereby adjusting the movement speed of the entire population within the
hyperspace. Once the local and global best values are determined, the equations used to update

the velocity and position of each particle can be represented as follows:

vi(k+1) =wy; (k) +cry (Xibest (k)—x (k)) +G,h, (ngest (k) —x (k))
X (K+1) =X (K)+ pv.(k +1)

(5-2)

In this context w denotes the inertia weight, which influences how much the previous velocity

vector impacts the new velocity vector. It can be expressed as follows:

W — Wi
W=W,_ —[W X |terJ (5-3)

The constriction factor y, utilized to restrict the velocity and enhance convergence, can be

expressed as follows:

where:¢=c +C,,¢>4 (5-4)

2
l:
|2—-¢—\¢* 49|
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In this framework, ¢, and c, represent the positive acceleration coefficients for individual and
social influences, respectively, governing how cognitive and social components affect the
particle's velocity. The random values rl and r, fall within the range (0, 1) and introduce
randomness into the search process. iteryax indicates the maximum number of iterations, while
iter refers to the current iteration count. current number of iteration. Xipest IS the recorded local
best position for particle i, and Xgnest represents the global best position for the entire swarm
within the explored space. During optimization, if any variable exceeds its defined upper or
lower limits, it is adjusted to the respective boundary using a method known as the "set to limit"
approach. Each particle's performance is assessed through an objective function. The standard

PSO algorithm can be succinctly implemented with a few lines of code as follows [40]:

e Initialize the inertia weight, constriction factor, and other necessary parameters.

e Generate the initial population and corresponding velocity vectors randomly within the
feasible hypercube.

e Evaluate the fitness function for each particle based on its current position, taking into
account any constraint violations.

e Determine the best position for each particle by comparing its current performance to its
previous best.

e Identify the global best position for the swarm by comparing the best performances of
each particle with the previous global best.

e Update the velocity and position of the particles according to the specified equations.

e |If convergence is achieved or the stopping criteria are met, terminate the process and

return the best solution along with its fitness value; otherwise, return to Step 3.

5.2.2. Transient stability assessment and monitoring based on CCT

The critical fault clearing time is defined as the maximum duration for which a fault can persist
without resulting in any generator losing synchronism or causing other unacceptable
consequences for the system. During this period, the power system remains transiently stable
[40]. During large disturbances the protective relay detects the existence of disturbance and
initiates the tripping of the nearest circuit breakers by closing the trip circuit to isolate the fault.
The time duration from the instant the disturbance occurs until the circuit breakers isolate the
fault is termed by fault clearing time (FCT). Therefore, any synchronous generators must have

higher CCT than FCT of the protection devices installed in the transmission system to avoid a
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loss of synchronism. Therefore, the corresponding CCT has been used as index to monitor the

power system transient stability limit during faults.

Transient stability assessment (TSA) through the evaluation of critical clearing time (CCT) is
defined by its capability to screen and rank a series of contingencies, identifying the most severe
ones while categorizing stability scenarios as either stable or unstable. The assessment of power
system transient stability is marked by intricate dynamic behavior resulting from the complexity
of modeling and the interactions among individual components, along with the computational
framework used to describe modern power systems. To effectively evaluate power system
transient stability in terms of CCT, a mathematical model is used to represent the system. The
representation consists of both static and dynamic characteristics and can be expressed by
Differential Algebraic Equations (DAE). For the phenomena and timescales of interest ordinary
differential equations are considered sufficient to describe power system dynamics. The general
mathematical formulations used throughout this thesis are given by Equations 2-3 up to 2-12 of
Chapter 2 Section 2.2.

5.2.3. CCT evaluation

In this thesis detailed power system time domain simulation based on AOSDTM is used to
evaluate CCT. As the critical clearing time (CCT) increases, the system is afforded a greater
opportunity to isolate and clear disturbances using protective relays and circuit breakers.
Therefore, if the CCT is shorter than the operating time of the protection system for the affected

electrical equipment, the system cannot be deemed transiently stable.

During optimization process, CCT is evaluated and used as key feature to monitor power system
transient stability after each iteration step. To evaluate CCT after each iteration step, the

following procedures are followed:
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Step-1: update the power generated from each generator (PGi, QGi) in the power flow
case data based on the optimal generation reschedule results
Step-2: perform power flow analysis (use Matpower)
Step-3: using the power flow results, initialize all the dynamic system
Step-4: evaluate CCT by using detail power system dynamic simulation (based on Equations (2-
3 up to 2-12))
For every change in generated power of all the generators in the system under consideration after
each iteration step of the optimization process, transient stability is assessed through evaluation
of CCT. Therefore, we can express it as CCT ((PGi, QGi).

5.3. Problem Formulation
Optimal generation rescheduling in power systems may have different goals, such as minimizing

total real power loss, enhancing transient stability, minimizing power generation/production cost
and so on. In this paper, the goal of optimal generation rescheduling is to enhance dynamic
security through stabilizing transiently unstable system operating conditions. This is based on

maximizing critical clearing time. The problem formulation can be described as follows:-
)} Objective Function

The objective of optimal generation rescheduling here is to improve power system transient
stability or to make the worst contingency identified during contingency screening ranking (Ch.
3) completely stable through maximizing critical clearing by rescheduling power generations.
CCT is evaluated as function of PGi and QGi at each iteration step of the PSO algorithms, as
described in the previous subsection and used to monitor the power system transient stability
status. Therefore the objective function is expressed as given below [78] :

Maximizing Critical Clearing Time (CCT)
max CCT, (P, Qg J)and min(P,) (5-5)

Subject to:-

Power flow equality constraints

The equality constraints are the power balance equations, which can be described by the

equations below [78] :
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ZPGi _ZPDi —ZPU (Vi"9i):O
ZQGi _ZQDi —ZQU (Vi,49i)=0

(5-6)

Power flow inequality constraints

The inequality functions are the ranges of the bus voltage magnitudes constraints, Lines, cables
and transformers flows constraints, total active power loss constraints, and active and reactive

power generation constraints [78].

Si (Vi’(9i)<simax
Vmin SVl SVmax
Psmin < Pei <Py

Gmin —

QG min = QGi = QG max
z I:)Li < Z Piexist

5.4. Description of the proposed dynamic security enhancement method
The overall framework of the developed dynamic security analysis tool is presented in Chapter 2

(5-7)

max

Section 2.5. The proposed contingency screening and security assessment is described and
validated using two different standard test systems in the previous Chapters 3 and 4 respectively.
Using the result of transient stability assessed for the worst contingency as an input, critical and
noncritical machines cluster is identified including generator’s sensitivity factors, as indicated
Figure 5-2, flowchart of the algorithm for PSO based optimal generation rescheduling to enhance
dynamic security. It shows the program flow to find a generation configuration with improved
system dynamic behavior considering transient stability while satisfying operational constraints

with minimum loss.

5.4,1, Power Generation Rescheduling and Optimization Process

In this thesis generation rescheduling is purposed to find the optimal amount of rescheduled
power between generators with minimum power loss (PL) and maximum CCT. This process
should restore all severely unstable contingencies to completely stable state at the same time.

The sequence of optimization process can be summarized as follows:

e For each new operating point derived from the latest SCADA data snapshot, the power

system is subjected to a set of selected credible contingencies.
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e These contingencies are screened and ranked based on the methods described in Chapter

3, allowing for the identification of the worst contingency.

e Using the AOSDTM-based time domain simulation with a cross-cut technique, the CCT

is estimated for this worst contingency.

e |If the estimated minimum CCT is less than the specified minimum CCT limit, it is
classified as an unstable contingency.

The rate of rotor angle variation is used as sensitivity index for generators response during the
contingencies. If the system is transiently stable, rotor angle of each machine will move within
certain border with respected to COA but if the system is transiently unstable, time response of
rotor angles is used as sensitivity index to classify all generators into two groups. The first
groups are generators with positive sensitivity and second groups are generators with negative
sensitivity. Generators with positive sensitivity decrease their generation and generators with

negative sensitivity increase their generation.

Particle Swarm Optimization (PSO) is employed to iteratively determine the optimal amount of
power that needs to be shifted from critical machines (CM) to non-critical machines (NCM). The
population in the PSO consists of multiple particles, with each particle represented by a
dimensional vector X, This vector includes control variables, specifically the changes in
rescheduled active power (AP) and reactive (AQ). Where Npl and Np2 are the number of
generators participating in active and reactive power rescheduling

X" =[AP",AQ" |
APT =[ AP, AP,...., AP, | (5-8)
AQ" =[AQ,AQ,,... AQy, |

The total shifted power can be distributed using various techniques based on technical or
economic considerations. For example, distribution may occur equally among all or some critical
machines, or it may be based on machine ratings or their response during critical contingencies.
In this context, the total shifted power involves generators in each group, utilizing sensitivity
factors derived from their inertia coefficients and rated capacities. The distribution of the shifted
power from non-critical machines (NCM) to critical machines (CM) can be calculated based on

the generators' capacities (S) and inertia (T'). using Equation 5-9 [78].
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The mathematical formulation of the necessary conditions is a system dynamic performance
analysis based on Center of Angle (COA) that can be solved and simulated by Adaptive step-size
based Differential Transformation Methods (AOSDTM). The output is the best control strategy
with which to mitigate instabilities as shown in Figure 5-1.

. = TmiASGiA o = TmJBSGJB
AT N, J BT Ng
ZTmiASGiA szjBSGjB
i=1 j=1

AP, = AP, APy = agAP (5-9)
N, Ng
ZaiA=1, ZaiB =1
i=1 J=1
Where

aia and ojg represent the factors used to distribute the shifted power among critical and non-

critical machines

Tmia and Tms represent the inertia constant of generator i in group A and j in group B

respectively
Scia and Sg;jg represent capacity of generator i in group A and j in group B respectively

APgia and APgjg represent the change of generated power from generator i in group A and

generator j in group B respectively

The optimization process continues until specific stopping criteria are met. Two criteria are

employed in this approach:

e Global Best Fitness Movement: The movement of the global best fitness is monitored.
If the change in fitness falls below a certain threshold, the optimization program is

terminated.

e Distance Between Individuals: The distance between the global best solution and each
individual particle is evaluated. If the maximum distance is below a defined threshold

value, the optimization process is also terminated.

These criteria ensure that the optimization ceases when further improvements are minimal,

indicating that a near-optimal solution has been reached. The modeling and simulation results for

(89]



load flow and CCT calculations are accomplished using the simulation and assessment tools
developed implemented and using MATLAB software with installed power flow analysis tool

package, Matpower. The developed MATLAB code includes PSO implementation.

Evaluate CCT for the worst contingency
identified by Con. Scr, & ranking function
using AOSDTM based TDS by cross cut tech.

W
yes
‘ Is stable?
-,l/ no

Determine CM and NCM clusters and
Gen's sensitivity factors

W
Generation

rescheduling using PSO <

"

Simulate system dynamic performance
using AOSDTM based TDS method and
check the stability limit

v

Optimal
solution?

Vi

Recommend

no

yes

preventive measure

W
Figure 5-1 flowchart of the algorithm for PSO based optimal generation rescheduling to

enhance dynamic security

In general the basic steps of the proposed transient stability based dynamic security enhancement

can be summarized as follows:

e Based on the proposed Transient Stability Assessment (TSA) method, determine CCT for
the identified contingency.

e If the security margin of the worst case is below an unacceptable level, run the proposed
AOSDTM based TDS method, classify generators according to change of rotor angles
from COA.

[90]



e Apply PSO technique to establish a power generation re-allocation to improve system
transient stability.

e Check improvement of system dynamic performances, if no go to step 3

5.5. Test Results and Discussions
Two power systems are selected for testing the validation studies of the proposed algorithm: a

four-machine two-area 11-bus benchmark system [78], and a three-machine 9-bus system [57].
The test systems are subjected to a set of contingencies and the contingency is always a three
phase self-clearing faults to calculate CCT. In performing generation rescheduling, it is assumed
that the total generation and loads are held constant. The change in system losses is compensated
by slack bus.

5,5,1, Transient stability assessment results and discussion

Plots of the transient stability indices are evaluated for 3phase short circuit at all buses of both
test systems (Figure 5.2a & b) step by step excluding the generator buses are given by Figure 5-
2a and b.. The worst contingencies identified are 3phase short circuit at bus 8 and 6 for 9bus and

11bus test systems respectively.
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Figure 5-2 TSI plots of (a) 9 bus and (b) 11 bus test systems.

Assessment results by RK4 are used as a bench mark and errors results of AsSDTM and
AOSDTM methods are considered as differences from the benchmark result. For AOSDTM
based assessment DT order varies between k_min=6 and k_max=14 and the step-size varies
adaptively between h_min=0.00425sec and h_max=0.2sec for both AsDTM and AOSDTM
methods. kmax is used as a fixed DT order for ASDTM based assessment method.
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The assessment time cost, total number of iteration, and accuracy of the assessment results by
using the proposed method, for the identified worst contingencies, is validated in comparison
with Rk4 and AsDTM methods. From Figures 5-3a, b and5-4a, b, one can observe that the total
number of iterations and assessment time requirement relationships among Rk4, AsDTM, and
AOSDTM based transient stability assessment (TSA) methods, to determine CCT during the
worst contingency are 44,990, 10,840, and 10,650 for the IEEE 9 bus test system and 65,000,
27,720, and 19,270 for the 11 bus test system, respectively. Similarly, the total time required for
the assessment for the same case are 75.83s, 9.844s, and 8.127s, for the IEEE 9 bus test system
and 130.1s, 26.95s, and 16.63s for the 11 bus test system, respectively. As can be seen from the
flowchart of the proposed transient stability assessment algorithm given by Figure 10, to obtain
CCT of the contingency under assessment, a number of 5sec transient stability simulation runs
are required. The zigzag line pattern in the plots of total assessment time cost and number of time
steps of Figures 5-3a, b and 5-4a, b, indicates the interpolation of the subtotal simulation time
cost and number of steps at every 5sec transient stability simulation run.
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Figure 5-3 Total Time required for the Assessment for (a) 9 bus and (b) 11 bus test
systems.
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Figure 5-4 Number of iterations for (a) 9 bus and (b) 11 bus test systems.

The CCT results of the contingency assessed from time domain simulations based on RK4,
AsDTM, and AOSDTM methods are given in Table 5-1. Since time domain simulation based on
Rk4 is assumed accurate,it is used as a reference to validate the accuracies of the other methods
in this paper, i.e. the CCT results calculated based on AOSDTM is the same as those calculated
based on Rk4 for both 9bus and 11bus test systems.

Table 5-1 Transient Stability Assessment (TSA) results by different assessment methods

Assessment CCT(ms) Remark
method

For 9bus test Error For 11bus test  Error

system (ms) system (ms)

Rk4 223.4 0.0 75.80 0.0
AOSDTM 223.4 0.0 75.80 0.0
AsDTM 2234 0.0 76.05 0.25

From the simulation results shown in Figures 5-3a & b, 5-4a & b, and Table 5-1

Compared with the AsDTM-based assessment the proposed AOSDTM method improves the
total assessment time required and total number of iterations by 38.59% and 30.48% for the
IEEE 11 bus test system and improves by 17.44% and 17.63% for the IEEE 9 bus test system,
respectively.

Compared with the Rk4-based assessment the proposed AOSDTM method improves the total
assessment time required and total number of iterations by 78.65% and 92.34% for the 11 bus
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test system and improved/reduced the total assessment time cost and total number of iterations
by 85.34% and 96.74% for the IEEE 9 bus test system, respectively.

Compared with the AsDTM-based assessment method, the proposed AOSDTM assessment
method also improves the accuracy the assessment results by up to 0.33% for 11bus test systems
respectively.

Therefore, we can conclude that the proposed AOSDTM-based power system transient stability
assessment method increases the assessment speed by 17.4-38.59% and 78.65-85.34% when
compared with the AsDTM, and Rk4-based assessment methods, respectively. The accuracy of
the assessment results are improved by 0.5% and 0.33%, when compared with the classical

AsDTM based assessment method.

5.5.2. Results of the proposed transient stability based dynamic security enhancement
method and discussion

The plots of TSI evaluated for 3phase short circuit at all buses excluding the generator buses,
using the test systems, Figure 4-3a & b, is given by Figure 5-2a & b above. The worst
contingencies identified are 3phase short circuit at bus 8 and 6 for 9bus and 11bus test systems
respectively. Figure 5-5a and b shows the time response of rotor angles with respect to COA for
all generators during the worst contingencies. In both systems the unstable equilibrium point is at
FCT of 229.7 and 73 milliseconds and corresponding critical generators are G2 at bus 2 and G1
at bus 1 for IEEE 9 bus and 11bus test systems respectively. The system losses are 4.55 MW and 88

MW at unstable equilibrium point respectively.

As shown in Figure 5-5a and b, the generators are easily identified into two groups A & B, A
(G2) and B (G1, G3) and A (G1, G2) and B (G3, G4) by their advanced angles at the UEP for
both test systems respectively. PSO is applied to determine the optimal amount of generation to
be coordinated between generators to improve the system transient stability. The results obtained
with the optimization program show that the CCT increased to 246.1 and 184.4 milliseconds as
shown by Figure 5-6a and b, and the losses reduced to 4.3 MW and 77.51 MW for IEEE 9 bus

and 11bus test systems respectively as shown by Figure 5-7a and b.

. The results obtained with the optimization program show that in both cases the CCT is
increased which clearly show that system stability is improved and at the same time the total

active power loss is reduced as shown by Figure 5-7a and b.

[94]



- 3000
1500 Machine 1 rotor angle Machine 1 rotor angle
Machine 2 rotor angle Machine 2 rotor angle
1000 - Machine 3 rotor angle — Machine 3 rotor angle
= 2 2000 Machine 4 rotor angle
3 k)
S 500 =
S S (63, 64]
o o O 1000 -
T -500 ~__ =
2 . g o
2 -1000 /; - 2
3 [G2y N 3
2 1500 - S 2 1000
c \ c
< ~ <
5 -2000 . 5
5 L
[i4 \\ £ -2000
-2500 - N
-3000 : : : - : - : : : : L L L L L L L L
-3000
0 0.5 1 15 2 ) 25 3 3.5 4 45 5 0 05 1 15 2 25 3 35 4 45 5
Time [s] Time [s]
(a) (b)

Figure 5-5 Simulation of rotor angle deviation from COA with (a) 229.7ms FCT for IEEE
9bus test system and (b) 73ms FCTfor 11bus test system before generation rescheduling
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Figure 5-6 CCT plots of (a) IEEE 9bus test system and (b) 11bus test system

Figure 5-8a and b shows changes in generated power after and before applying PSO to obtain
optimal generation rescheduling for cases with both test system. As seen from the bar graphs,
after PSO is applied, the power generated from critical generators/machines is reduced but the
power generated from non-critical generators/machines is increased. Figure 5-9a and b show the
dynamic response during 229.7-millisecond and 246.1milisecond for three phase fault at bus 8
(the most critical contingency before optimal generation rescheduling for 9bus test system)
respectively. Similarly, Figure 5-10a and b show the dynamic response during 73 millisecond
and 184.4milisecond for three phase fault at bus 6 (the most critical contingency before optimal
generation rescheduling for 11bus test system) respectively. These Figures show that the system

is transiently stable after generation is rescheduled.
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Figure 5-9 (a) Simulation of rotor angle deviation from COA with 229.7ms FCT and (b)
with 243ms FCT for IEEE 9bus test system after generation rescheduling
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Figure 5-10 (a) Simulation of rotor angle deviation from COA with 73ms and (b) with

180ms FCT for 11bus test system after generation rescheduling

From the simulation results of assessment time cost per iteration given by Figure 5.3a&b and
total number of iteration to achieve improved transient stability with constraints maintained in
between the specified limits, the total assessment time cost is calculated for each assessment

method as given in Table 5-1.

Table 5-2 total assessment time cost for transient stability improvement based on proposed
method

Assessme  Number For 9bus test system For 11bus test system
of
fit . 7| Ass. time Total ass.  Ass. time Total ass.
ns required/iter.(s) time required/iter.(s) time
required(s) required(s)
Rk4 50 74.85 3712.5 123.2 6160
AOSDT 50 10.98 549 26.3 1315
M
AsDTM 50 16.23 811.5 44.25 2212.15

Compared with Rk4 and AsDTM, using the proposed AOSDTM the total assessment time cost is
improved by 85.2% and 32.35% respectively for 9bus test system. Similarly using the proposed
AOSDTM improves the total assessment time cost by 78.65% and 40.56% respectively for
11bus test system. Therefore we can conclude that power system transient stability improvement
based on optimal generation rescheduling using AOSDTM based power system time domain
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simulation method proposed in this work is very fast and can be applied as a DSA tool in near
real time power system operation environment.

In general, the proposed transient stability based power system dynamic security enhancement
method consists of classifying critical and non-critical generators based on their transient
behavior during the worst contingency and PSO was applied for allocating generation to improve
system transient stability by maximize the critical fault clearing time under the condition of
minimizing system power losses. Efficient and robust TSA technique is incorporated in order to
speed up the transient stability border identification and reduce the consumed time in
calculations. Numerical test results demonstrate that PSO based on power system transient
stability simulation using AOSDTM method is effective for improving the transient stability
status of power systems based on optimal generation rescheduling with a reasonable degree of
accuracy and significant performance efficiency. The developed tools can be applied as a DSA

tool in near real time power system operation environment.
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CHAPTER Six: Conclusion and Outlook

The current power system is evolving into a complex dynamic system, increasingly
interconnected with a significant amount of renewable energy resources. This transition
necessitates higher utilization of existing power system equipment and a continuous adaptation
to new operational situations. Identifying critical limits and instabilities within the power system,
along with determining rapid corrective actions, is essential for ensuring grid security. This PhD
project focuses on the investigation and development of dynamic security analysis tools for
power systems. The developed tools and methods are based on advanced time-domain simulation
(TDS) techniques, specifically designed to perform transient stability assessments. These tools
will recommend enhancements or preventive mechanisms to restore the system in the event of
any transiently unstable contingencies. This research aims to bolster the resilience and reliability

of the power grid as it integrates more renewable energy sources.

6.1. Conclusion

This dissertation set out to develop power system dynamic security analysis (DSA) tools capable
of real-time contingency screening, transient stability assessment, and recommending preventive
measure to stabilize the system during transiently unstable situation. These objectives were
systematically addressed through the development of advanced tools and methods leveraging the
most current SCADA data, ensuring dynamic security assessments are based on real-time system
conditions. This approach eliminated the reliance on offline-generated simulation databases,

which are unsuitable for handling the unpredictability of stochastic generation and load variation.

The research successfully achieved its goals through the development of three core functional
stages: contingency screening and ranking, detailed transient stability assessment for the worst

contingencies, and dynamic security enhancement. The tools and methods developed include:

< Fast and robust transient stability simulation methods.

< Contingency screening and ranking tools for transient stability analysis.

< Tools for assessing transient stability that estimate proximity to stability boundaries.

< A machine clustering tool to identify critical and non-critical generator groups based on
real-time SCADA snapshots.

< A DSA tool incorporating particle swarm optimization (PSO) to determine optimal

remedial actions for improving transient stability.
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The research objectives were met by introducing novel methodologies such as the Adaptive
Step-Size Differential Transformation Method (AsDTM) and the Adaptive Order and Step-
Size Differential Transformation Method (AOSDTM). These methods significantly improved
the computational efficiency and accuracy of transient stability simulations, enabling real-time
analysis of large and complex power systems. For instance, AsSDTM and AOSDTM-based tools
demonstrated speed improvements of up to 92% and error reductions exceeding 77% compared
to traditional simulation methods. These advancements directly address the need for faster and

more accurate tools in modern power system operations.

The tools developed for contingency screening and ranking, using transient stability indices
(TSI), further streamlined the identification of the most critical contingencies. This enhancement
allowed operators to focus on the most severe scenarios, optimizing their response times.
Additionally, the transient stability assessment tools, which incorporated the concept of Critical
Clearing Time (CCT), provided operators with a clear measure of system resilience under worst-

case conditions.

Beyond identifying instability, the research introduced a dynamic security enhancement tool that
combined AOSDTM with PSO. This tool proposed optimal generation rescheduling strategies to
restore system stability during severe contingencies, achieving rapid and efficient stabilization.
Test results demonstrated that this approach improved assessment times by over 85% compared

to traditional methods, making it highly suitable for near real-time applications.

The implications of this research are far-reaching. The developed tools offer power system
operators the ability to perform dynamic security analysis in near real-time, enabling them to
anticipate and mitigate transient instabilities effectively. This capability is crucial in modern
grids where the integration of renewable energy sources and increasing system complexity
introduce new challenges. Furthermore, the inclusion of optimization techniques like PSO
demonstrates the potential for automation and intelligent decision-making in power system

operations.

Finally, the research not only met its objectives by developing fast, robust, and accurate DSA
tools but also provided a foundation for future advancements in real-time power system stability

analysis. By addressing the challenges of computational efficiency and reliability, this work
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contributes to the ongoing improvement of dynamic security in power system operations, paving

the way for smarter and more resilient grids.

6.2. Outlook
The rapidly growing load and increasing complexity of the electric power industry compel power

systems to operate near their stability limits, leading to various instabilities. Consequently, the
assessment and enhancement of power system stability remain critical areas of active research.
The ultimate goal of this research is to develop robust and rapid dynamic analysis (DA) tools that
focus specifically on power system transient stability. This includes creating a comprehensive
framework that can be utilized to enhance the transient stability of power systems. Test and
validation results indicate that the developed DA tools significantly improve performance
efficiency and accuracy compared to classical dynamic stability methods (DTM) and traditional
numerical integration techniques. These advancements enable system operators to maintain
situational awareness, allowing for accurate assessments of security risks (particularly regarding
transient instability) and the initiation of necessary corrective measures in near real-time
operational environments. Despite the speed and accuracy of these DA tools relative to existing
tools based on time-domain simulations (TDS), several limitations remain that require further
investigation. Addressing these limitations will be crucial for enhancing the effectiveness and

reliability of dynamic stability assessments in the future.

Extension of the proposed DSA tools and methods: The proposed and developed tools to
analyze power system dynamic security only in terms of transient stability, extending the
method to assess other components of DSA, such as voltage stability, small signal stability,
voltage transient sag, and etc, will need further works. Furthermore, in this work, both active and
reactive power rescheduling are considered without taking into account the impact of distributed
FACT devices and tap-changing transformers, extending the generation rescheduling by
considering the effect of FACT, tap-changing transformers requires further investigations. This
implies that a more comprehensive approach to stability will enhance overall system resilience
against various disturbances, leading to a more reliable power supply. Improved rescheduling
capabilities also can optimize energy distribution, reducing operational costs and improving

efficiency.

Exploration of transient stability for various types of generators: The prevalence of

generators that are not synchronously connected is increasing, particularly with the rise in wind
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turbine installations. As a result, studying the transient stability of these generators could be
beneficial, and it may be necessary to adapt existing transient stability assessment methods
accordingly. This helps in understanding the stability of diverse generator types will facilitate
greater integration of renewable energy sources, promoting sustainability and reducing reliance
on fossil fuels. Improved adaptability can enhance grid stability as the energy mix evolves,

supporting energy transition goals.

Viability of the proposed DSA tools and technique: For more advanced evaluation of the
viability, testing of these tools on different and relatively large power systems should be
conducted. The presented framework and developed tools next can be applied on large-scale
power system where the system can be divided into multiple regions by considering the effect of
stability of one region on the other. This implies that validating tools on large-scale systems
enhances their credibility and encourages broader adoption by industry stakeholders. Insights
into regional interactions can inform better grid management strategies and policy decisions,

ultimately improving system reliability.

Further speed up of the proposed DSA tools and method: The performance efficiency of the
developed DSA tools requires further improvement for online application in large systems.
Therefore, in the future, use of high speed computing processors, parallel computing
configuration or other different technics that can upgrade the performance efficiency of these
tools shall be studied and investigated. Because of the fact that optimized tools can enable faster
response times during emergencies, significantly improving grid reliability and stability.
Enhanced performance can lower operational costs, making advanced stability assessments more

accessible to system operators.
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Appendix A

1. IEEE 9 Bus and New England 39 Bus Test Systems Generators and their controller’s
Data [55]
Table A-1 New England 39 bus test system generator data 1.

Bus # Xd Xq X'd X'q Rs Tdo Tqo H Dg
30 0.1000  0.0690 0.0310 0.0690 0.0002 10.200 0.020 42.000 0.0535
31 0.2590 0.2820 0.0700 0.1700 0.0002 6.5600 1.5000 30.300 0.0194
32 0.2500 0.2370 0.0530 0.0880 0.0002 5.7000 1.5000 35.500 0.06783
33 0.2620 0.2580 0.0440 0.1660 0.0002 5.6900 1.5000 28.500 0.01815
34 0.6700 0.6200 0.1320 0.1660 0.0002 5.4000 0.4400 26.000 0.0331
35 0.2540 0.2410 0.0500 0.0810 0.0002 7.3000 0.4000 35.00 0.06783
36 0.2950 0.2920 0.0490 0.1860 0.0002 5.6600 1.5000 26.500 0.01815
37 0.2900 0.2800 0.0570 0.0910 0.0010 6.7000 0.4100 24.300 0.0331
38 0.2110 0.2050 0.0570 0.0590 0.0002 4.7900 1.9600 34.500 0.06783
39 0.0200 0.0190 0.0060 0.0080 0.0002 7.0000 0.7000 31.000 0.01940

Table A-2 New England system generator controller’s data

B;S Ke Te Aexc Bexc Ur_maxrlrjl:r‘1 Ka Ta Kf Tf Tch Tg Rg

30 1.0000 0.2500 0.0039 1.55 10 -10 20 0.06 004 10 01 0.05 0.05
31 1.0000 0.4100 0.0039 1.55 10 -10 20 005 006 05 01 0.05 0.05
32 1.0000 0.5000 0.0039 1.55 10 -10 20 0.06 008 1.0 0.1 0.05 0.05
33 1.0000 0.5000 0.0039 1.55 10 -10 20 0.06 0.08 1.0 01 0.05 0.05
34 1.0000 0.7900 0.0039 1.55 10 -10 20 0.02 0.03 1.0 01 0.05 0.05
35 1.0000 0.4700 0.0039 1.55 10 -10 20 0.02 0.08 125 0.1 0.05 0.05
36 1.0000 0.7300 0.0039 1.55 10 -10 20 0.02 003 1.0 01 0.05 0.05
37 1.0000 0.5300 0.0039 1.55 10 -10 20 0.02 0.09 126 0.1 0.05 0.05
38 1.0000 1.4000 0.0039 1.55 10 -10 20 0.02 0.03 1.0 01 0.05 0.05
39 0.0200 0.0190 0.0060 0.0080 0.0002 7.0 0.70 31.0 0.01940

Table A-3. IEEE 9 bus test system generator data .

Bus # Xd Xq Xd Xq Rs Tdo Tqo H Dg
1 0.146  0.0969 0.0608 0.0969 0.004 896 031 23.000 0.0151
2 0.8958 0.8648 0.1198 0.1969 0.0026 6.00 0.535 6.400 0.001
3 1.3125 1.2578 0.1813 0.25 0.0035 5.890 0.6  3.010 0.0058

Table A-4. IEEE 9 bus test system generator controller’s data

Bus
#
1 1.0000 0.3140 0.0039 1.55 3 -3 20.0 0.20 0.0630 0.350 0.10 0.05 0.05
2 1.0000 0.3140 0.0039 1.55 3 -3 20.0 0.20 0.0630 0.350 0.1 0.05 0.05
3 1.0000 0.3140 0.0039 1.55 3 -3 20.0 0.20 0.0630 0.350 0.1 0.05 0.05

Ke Te Aexc Bexc Ur_max :1:; Ka Ta Kf Tf Tch Tg Rg

2. 1EEE 9 Bus and New England 39 Bus Test Systems power flow Data
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Table A-5 New England system power flow data |

Bus # Voltage Angle Pload(MW) | Qload(MVA | gen P(MW) | gen
(p.u.) (degree) R) Q(MVAR)

1 1.0436 -13.39 0.00 0.00 0.00 0.00

2 1.0378 -11.21 0.00 0.00 0.00 0.00

3 1.0056 -13.87 322.00 122.40 0.00 0.00

4 0.9864 -14.01 500.00 184.00 0.00 0.00

5 0.9924 -12.24 0.00 0.00 0.00 0.00

6 0.9956 -11.40 0.00 0.00 0.00 0.00

7 0.9851 -13.75 233.80 84.00 0.00 0.00

8 0.9843 -14.32 522.00 176.00 0.00 0.00

9 1.0233 -14.58 0.00 0.00 0.00 0.00

10 1.0060 -9.41 0.00 0.00 0.00 0.00

11 1.0013 -10.10 0.00 0.00 0.00 0.00

12 0.9876 -10.23 8.50 88.00 0.00 0.00

13 1.0014 -10.23 0.00 0.00 0.00 0.00

14 0.9947 -12.18 0.00 0.00 0.00 0.00

15 0.9909 -13.33 320.00 153.00 0.00 0.00

16 1.0043 -12.16 329.40 132.30 0.00 0.00

17 1.0076 -13.11 0.00 0.00 0.00 0.00

18 1.0055 -13.85 158.00 30.00 0.00 0.00

19 1.0432 -7.90 0.00 0.00 0.00 0.00

20 0.9938 -9.51 680.00 103.00 0.00 0.00

21 1.0122 -9.83 274.00 115.00 0.00 0.00

22 1.0387 -5.44 0.00 0.00 0.00 0.00

23 1.0322 -5.65 247.50 84.60 0.00 0.00

24 1.0029 -12.07 308.60 92.20 0.00 0.00

25 1.0461 -10.01 224.00 47.20 0.00 0.00

26 1.0299 -11.38 139.00 47.00 0.00 0.00

27 1.0136 -13.39 281.00 75.50 0.00 0.00

28 1.0308 -8.00 206.00 27.60 0.00 0.00

29 1.0318 -5.22 283.50 126.90 0.00 0.00

30 1.0475 -8.96 0.00 0.00 230.00 206.87

31 0.9820 0.00 0.00 0.00 722.53 274.61

32 0.9831 -1.58 0.00 0.00 630.00 254.00

33 0.9972 -2.84 0.00 0.00 612.00 152.86

34 1.0123 -4.50 0.00 0.00 488.00 236.74

35 1.0493 -0.58 0.00 0.00 630.00 290.62

36 1.0635 2.00 0.00 0.00 540.00 148.33

37 1.0278 -3.42 0.00 0.00 520.00 48.40

38 1.0265 1.74 0.00 0.00 810.00 138.33

39 1.0300 -14.68 1104.00 250.00 1000.00 123.30

Table A-6 New England system power flow data 11

FromBus | ToBus (F:)els;;tance Reactance (p.u.) I(_plnue)Charge Tap Ratio

1 2 0.0035 0.0411 0.69870 0.00

1 39 0.002 0.05 0.37500 0.00

1 39 0.002 0.05 0.37500 0.00

2 3 0.0013 0.0151 0.25720 0.00

2 25 0.007 0.0086 0.14600 0.00

3 4 0.0013 0.0213 0.22140 0.00

3 18 0.0011 0.0133 0.21380 0.00

4 5 0.0008 0.0128 0.13420 0.00

4 14 0.0008 0.0129 0.13820 0.00

5 6 0.0002 0.0026 0.04340 0.00

5 8 0.0008 0.0112 0.14760 0.00
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6 7 0.0006 0.009200 0.11300 0.00
6 11 0.0007 0.008200 0.13890 0.00
7 8 0.0004 0.004600 0.07800 0.00
8 9 0.0023 0.036300 0.38040 0.00
9 39 0.0010 0.025000 1.20000 0.00
10 11 0.0004 0.004300 0.07290 0.00
10 13 0.0004 0.004300 0.07290 0.00
13 14 0.0009 0.010100 0.17230 0.00
14 15 0.0018 0.021700 0.36600 0.00
15 16 0.0009 0.009400 0.17100 0.00
16 17 0.0007 0.008900 0.13420 0.00
16 19 0.0016 0.019500 0.30400 0.00
16 21 0.0008 0.013500 0.25480 0.00
16 24 0.0003 0.005900 0.06800 0.00
17 18 0.0007 0.008200 0.13190 0.00
17 27 0.0013 0.017300 0.32160 0.00
21 22 0.0008 0.014000 0.25650 0.00
22 23 0.0006 0.009600 0.18460 0.00
23 24 0.0022 0.035000 0.36100 0.00
25 26 0.0032 0.032300 0.51300 0.00
26 27 0.0014 0.014700 0.23960 0.00
26 28 0.0043 0.047400 0.78020 0.00
26 29 0.0057 0.062500 1.02900 0.00
28 29 0.0014 0.015100 0.24900 0.00
2 30 0.000 0.01810 0.000 1.025
6 31 0.00 0.050 0.00 1.070
6 31 0.00 0.050 0.00 1.070
10 32 0.00 0.020 0.00 1.070
12 11 0.0016 0.0435 0.00 1.006
12 13 0.0016 0.0435 0.00 1.0060
19 20 0.0007 0.0138 0.00 1.0600
19 33 0.0007 0.0142 0.00 1.0700
20 34 0.0009 0.018 0.00 1.0250
22 35 0.00 0.0143 0.00 1.0250
23 36 0.0005 0.0272 0.00 1.0000
25 37 0.0006 0.0232 0.00 1.0250
29 38 0.0008 0.0156 0.00 1.0250
Table A-7 IEEE 9bus system power flow Data I
Bus Voltage Generation Load
# | Mag(pu) | Ang(deg) P(MW) | Q(MVAr) | P(MW) | Q(MVAr)
1 1.040 0.000* 71.64 27.05 - -
2 1.025 9.280 163.00 6.65 - -
3 1.025 4.665 85.00 -10.86 - -
4 1.026 -2.217 - - - -
5 1.013 -3.687 - - 90.00 30.00
6 1.032 1.967 - - - -
7 1.016 0.728 - - 100.00 35.00
8 1.026 3.720 - - - -
9 0.996 -3.989 - - 125.00 50.00

Table A-8 IEEE 9bus system power flow Data Il
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Line R [pu/m] X [pu/m] | B [pu/m]

From To Bus

Bus

4 5 0.0100 0.0680 0.1760

4 6 0.0170 0.0920 0.1580

5 7 0.0320 0.1610 0.3060

6 9 0.0390 0.1738 0.3580

7 8 0.0085 0.0576 0.1490

8 9 0.0119 0.1008 0.2090
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Abstract: Power system transient stability simulation is of critical importance for utilities to assess
dynamic security. Most of the commercially available tools use the traditional numerical integration
method to simulate power system transient stability, which is computationally intensive and has low
simulation speed. This makes it difficult to identify any insecure contingency before it happens. It
is already proven that power system transient stability simulation achieved using the differential
transformation method (DTM) requires less computational effort and has improved simulation speed,
but it still requires further improvement regarding its accuracy and performance efficiency. This
paper introduces a novel power system transient stability simulation method based on the adaptive
step-size differential transformation method. Using the proposed method, the step size is varied
based on the estimated local solution error at each time step. The accuracy and speed of the proposed
simulation approach are investigated in comparison with the classical differential transformation
method and the traditional numerical integration method using the IEEE 9 bus and 39 bus test systems.
The simulation results reveal that the proposed method increases the simulation speed by 20-44.57%
and 83-92% when compared with the classical DTM and traditional numerical-integration-based
simulation methods, respectively. It is also proved that compared with the DTM-based simulation,
the proposed method provides 45.27% to 58.85% and more than 90% accurate simulation results for
IEEE 9 and IEEE 39 test systems, respectively. Therefore the proposed power system transient stability
simulation method is faster and relatively more accurate and can be applied for online transient
stability monitoring of power system networks.

Keywords: power system transient stability simulation; differential transformation method; adaptive
step size

1. Introduction

Modern society is very dependent on the availability of electric energy; therefore,
reliable electricity supply is foundational to all economic and societal activities. To supply
this continuously growing demand, the size and complexity of the power supply systems
with stochastic generation (due to renewable energy systems) is increasing. This pushes
power systems to operate more and more closely to stability limits [1]. The increase in
the share of renewable energy system (RES) generations further results in the increased
problem of reduced system inertia, which brings power systems to conditions of lower
reliability, safety, and stability. This implies that stability, specifically transient stability,
plays a significant role as an index of robustness of power systems, subject by its nature to
faults and disturbances [2,3].

Transient stability is the ability of the power system after exposure to large disturbance
to transit to a stable state [4]. Transient stability analysis investigates the dynamic behavior
of a power system for several seconds following a large disturbance. Inability to detect
system instability behavior in a sufficient time interval to launch the corrective actions
could result in a system failure at one location on a system that can quickly degenerate to
cascading failures, which is usually the mechanism for large collapses or blackout of the
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system. Fast and accurate assessment of transient stability is of great significance for safe
and stable operation of power systems.

To identify any unstable system condition before it happens, transient stability assess-
ment is expected to be transitioned from offline or day-ahead studies to the online operation
environment. Traditional methods of transient stability simulation rely on numerical inte-
gration, such as the Runge—Kutta or Euler techniques, to solve the differential algebraic
equations governing power system dynamic behaviors. These solution methods, including
implicit and explicit methods, are commonly used in commercial software packages with
small enough integration steps of typically one to a few milliseconds to meet accuracy
requirements [5]. However, these methods are computationally intensive, especially in
large-scale systems with numerous contingencies. The power industry and the research
community are seeking next-generation tools that are more powerful for power system
online transient stability simulation.

Several previous works have been explored different aspects of transient stability
analysis and simulation. For instance, ref. [6-8] used a coherency-based model reduction
approach that aggregates a group of coherent generators in an equivalent generator, in
which both the differential and algebraic equation models are simplified or reduced. Fur-
thermore, to avoid solving nonlinear algebraic network equations separately from solving
differential equations, many transient stability analysis and simulation tools assume all con-
stant impedance loads and drive an ordinary differential equation model [6]. Such methods
can result in substantial assessment and simulation errors. The parareal in time method
by [9] involves parallel computers by decomposing a power system differential algebraic
model or computation tasks to multiple processors to reduce simulation time. Similarly,
the domain and multidecomposition methods by [10,11] involve parallel-computers-based
computation tasks. But, still, the computation tasks are based on the traditional numerical
algorithm to solve power system differential algebraic equations that require small enough
integration steps and numerical iterations.

The semianalytical method proposed by [12-14] shifts some of the computation bur-
dens from the online stage to the offline stage. In these methods, the offline drive approxi-
mates analytical solutions of differential equations for the purpose of online simulation.
However, the network equations with power system differential algebraic model equations
are still solved by traditional numerical iterations. The other semianalytical method pro-
posed by [15,16], designed a differential transformation method (DTM)-based high-order
semianalytical-based power system transient stability simulation scheme that allows signif-
icantly prolonged time steps to reduce simulation time compared to a traditional numerical
approach. But this method assumes all loads as constant impedance so as to eliminate the
network equations of a power system differential algebraic model and drive an ordinary
differential equation model.

A variable time-step-based power system transient stability simulation was proposed
by [17,18]. The integration time step control is performed based on the system behavior
during the course of simulation. The method uses small time steps when the system
variables are changing rapidly and large time steps when the system variables do not
exhibit rapid variations. Solution error is estimated and the time step is adjusted to meet
the specified tolerance threshold at each iteration step. This reduces the number of iterations
and can also be used with more complex integration schemes. However, (1) at each iteration
step, if the estimated solution error is greater than the specified tolerance threshold, the
current solution is rejected and the solution procedures are repeated again using the new
step size, which increases simulation time cost. (2) Still, algebraic equations are solved by
iteration after each integration steps; this also has an impact on total simulation time cost.

An adaptive time step approach to dynamical simulation based on monitoring the
conservation of energy was proposed by [19]. The method considers a physical object’s
velocity and positions error estimate to determine the next time step. Using this method,
numerical stability and computational efficiency (speed) were improved when compared
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with the traditional fixed-step numerical integration method. However, the method is
independent of the system model equations describing its dynamic behaviors.

A differential transformation method (DTM)-based simulation algorithm proposed
by [20], is fully analytical method. This method approximates the solution of complex
power system differential algebraic model equations as a truncated power series of time.
The approach is flexible in handling power system with any model detail without lim-
itations. It also requires less computation effort and simulation time cost. However,
differential transformation method gives a good approximation to the true solution in a
very small region. To extend the region of solution convergence and improve accuracy of
the results, DTM is applied at equal and fixed time interval as proposed by [21-24], up to
the end of simulation period. In some cases, a very small sub division of interval is required
with this method, which results in more computational effort and increased simulation
time cost.

In this paper, an adaptive step size differential transformation method (AsDTM)-based
power system transient stability simulation algorithm is proposed. This work introduces
a novel step-size control algorithm based on local convergence error results at the end of
each simulation time step by using the differential transformation method (DTM). The
proposed novel power system transient stability simulation algorithm (1) is relatively
robust and accurate, because it is flexible in handling power systems with any model detail
and complexity without limitations; (2) improves simulation speed and accuracy based on
control of local convergence error at each time step; (3) local solution error is estimated
from only the last coefficient terms of the state and algebraic variables without any further
calculations as in the variable step-size algorithm using traditional numerical integration
methods; and (4) the solution obtained for the current simulation time step can be used
during the next simulation time step without any limitations, such that the number of steps
required to complete the transient stability simulation process reduces. These enable the
proposed simulation scheme to be applied as an online transient stability simulation tool in
small and medium-sized power systems.

The rest of the paper is organized as follows: Section 2 presents a description of
the proposed method of power system transient stability simulation, Section 3 presents
comparative analysis based on simulation results from the proposed method, traditional
numerical integration method, and the classical DTM method, using IEEE test systems, and
Section 4 presents conclusions and future work.

2. The Proposed Power System Transient Stability Simulation
2.1. Differential Transformation Method (DTM)

The differential transformation method (DTM) is a new emerging mathematical tool
in power system analysis and simulation. The theory of the differential transformation
method was originally established in [25] to derive approximate solutions of nonlinear
differential equations and is defined below. Next, it was developed by researchers in the
fields of mathematics and physics to obtain semianalytical solutions of various nonlinear
dynamic systems. In [15,16,20-25], this method was examined for real-life complex network
systems like power systems modeled by high-order nonlinear differential equations. DTM
is defined as follows:

Definition: Consider a function x(t) of a real continuous variable t. The differential
transformation (DT) of x(t) is defined by Equation (1), and the inverse DT of X(k) is defined
by Equation (2), where k represents the order differential transformation (DT) [13-15].

1 dkx(t)]
X(k) :[ ¢y
k| dtk (t=0)
x(t) = i X (k)t* @
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The DT method provides various transformation rules for numerous generic func-
tions [13-18], for both linear and nonlinear functions and for both simple and compositional
functions, such that a differential equation in a continuous set about the variable t (time)
is converted to a new set of difference equations in a discrete set about the variable k (the
power series order) [25].

In power system simulation, DTM can be used as an explicit, fast, and robust solver
of power system complex differential algebraic equations (DAEs). It is proved that the
performance efficiency of a DTM is much better than that of the traditional numerical
integration methods, because when using the DTM method, the iteration to solve algebraic
equations after each integration step is eliminated and has a higher radius of convergence.
To solve multimachine power system DAE models using the DTM method, the process
is as follows: (1) transform power system DAE equations, (2) calculate the coefficients of
state and algebraic variables, and (3) perform inverse transformation to determine state
and algebraic variables as a function of time. Details of these procedures are presented in
the following subsections.

2.2. Stability and Convergence Properties of the Proposed Method

In this paper, differential transformation method (DTM)-based fast power system
transient stability simulation is introduced. In this subsection, the stability and convergence
properties of the proposed method are demonstrated using the initial value problem.

Consider the following initial value problem, Equation (3), where C € R™ and
F:RxR™ — R™: iy

- = £),t), 0<t<T,
ar = Fy(1),1) 3

y(0) =c
where y = (y1, y2, ... yn) and the interval [0, T] is partitioned into N subdomains with
grid points expressed as to, t1, ..., tj-1, tj = T, such that tj;; = tj + h. Using the DTM
solution approach, the first step is to determine the DTs of Equation (3), which is given as
Equation (4) below, where K is the order of DT and m is the number of variables:

Ym,n<k) = %[F(k/ tn)]
k=0,1,2,...,K&n=0,1,2,..., N—1

)

By eliminating 1/k from the right side of Equation (4), we can rewrite it as Equation (5),
where Y and F are the transformed vector valued functions:

Yin(k) = F(Yyn(k—1),t,) )

As we can see from Equation (5) above, the coefficient terms Y n(k) can be explicitly
determined from the lower-order coefficients terms recursively.

After all the coefficient terms from k = 0 up to k = K are known, the exact solution
of Equation (3) at a point t = t,41 = tn + h can be written in the form of Taylor expansion,
considering m number of variables, as Equation (6), where h represents the step size:

0o K

]/m(tn-i-l) = Z Yiun (k)hk = Z Yinn (k)hk + hgn (6)
k=0 k=0
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where &, is a local truncation errorand n=0, 1, 2, ... N — 1. The local truncation error can
be expressed in the form of residual formula of Taylor series, considering m number of
vectors of variable Yy, and is expressed as Equation (7):

& = Yo (K)H* = K F(Y (k — 1), t.)

__ 1,k d"f(ym(t),f)
=h [ dtk ]t:tc @)

tc € (tn/ tn—'rl)

This shows that the method approximates locally to the exact solution with order k. In
this paper, the step size h is varied based on imposing the maximum of absolute value of
the last coefficient terms to be lower than the admissible local error. This can be obtained
by replacing &, in Equation (7) by the admissible local error o. Therefore, the new step size
is calculated from Equation (8), where ¢ is the admissible local truncation error:

E = max]| (Y (k)| ®)

B

o =EW — hpew = (%) < Nmax

To check the convergence properties of the proposed method, we need to have a
bounded global error and thus know stability requirements of the method. Let us consider
a linear system equation, Equation (9):

W ay(v+C(y) ©)

Andleten = y(t,) —yn forn=0,1,2,..., N. The DTM method for this equation yields
the following discretization:

K
Yni1 = Z Y (k)hk (10)
k=0
The DT of Equation (9) is given by Equation (11) by eliminating 1/k:
Youn(k) = AYyu(k — 1) + F(k— 1) (1)

where F(k) is DTs of C(t). With the recursive relation (11) the general term Yy, n(k) can be
stated as Equation (12):

1 =1 p!
Yonu(K) = 2 Ao 0) + - P (p) (12)
| L

Subtracting Equation (10) from Equation (6) and using the general term (12) yields
Equation (13):

k
1
ens1 = ) 1 AN en + iy (13)
k=0""

k
where 6, =h{, and ) %Akhk = ehA,
k=0 "

ent1 = €'"en + 0y (14)

Note that the method is said to be consistent of order p if ||8,]| = O(#P*!). To relate
global discretization error with the initial error & and local discretization error, recursive
relation (14) becomes Equation (15):

n—1
ey = enhACO + Z e(nfpfl)hAfsp (15)
p=0
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Here, the stability of the method depends on the bound of the term ¢"*4 for all
(tn + h) < T. Therefore, considering the stability criterion A < g (stability constant), for
alln > 0 and (t, + h) < T, the error norm bound is

n—1
lenll < SlIZoll +S Y N6yl (16)
p=0

Then, using the definition of local discretization error ||6,|| < Rh for all p and

k
R = maxte[O/T] (‘ 7dy (dytgf),t)

norm inequality:

), and also assuming y(0) = yo, leads to the following error

ly(tn) — yall < R*HF
R* = SRt,

(17)

foralln=0,1,2,... N. Thus, whenever the exact solution is smooth and the stability
criterion given above is satisfied, the proposed method converges to the exact solution.

2.3. Description of the Proposed Method

Power system transient stability simulation is one of the most critical functions of
an online dynamic security assessment (DSA). Traditional numerical integration method
is commonly used in commercially available power system transient stability simulation
tools. Speed of computation remains the most critical challenge for its application in an
online transient stability simulation. It was proved that the DTM-based transient stability
simulation method reduces the impact of computation burden. For online application, the
DTM-based simulation method still requires further improvement regarding its accuracy
and performance efficiency. This paper focuses on developing a new and novel power
system transient stability simulation algorithm that significantly improves simulation
efficiency and accuracy.

For practical implementation of numerical methods of solving differential algebraic
equations, the use of variable step-size length is a crucial issue because it allows us to auto-
mate the control of error. The proposed simulation method solves complex power system
DAE models using the differential transformation method at variable time steps. The step
size is varied based on the local truncation error control algorithm, as in Equation (8). The
automatic controls of step-size length are performed based on the following principles:

e  Reduce the time step length when the error is above the tolerable error limit, to
improve the accuracy of simulation.

e Increase the time step length when the error is below the tolerable error limit, to avoid
unnecessary computational burden and improve the overall efficiency.

Consider a power system with n bus and m machine DAE models in which generators
are represented by a two-axis fourth-order model, all with a Type_1 excitation and voltage
regulation system, as well as turbine/governor models, and all system loads are repre-
sented by constant impedance loads with both the network and stator algebraic equations
represented by real matrices (expressed in rectangular form).

Consider also the state space representation of the power system DAE model equations
as given by Equation (18), where x is the state vector, v is the vector of bus voltages,
f represents a vector field determined by differential equations on dynamic devices such as
synchronous generators and associated controllers, i is the vector valued function on current
injections from all generators and load buses, and Y},,4 is the network admittance matrix.

Figure 1 shows a flowchart of the proposed AsDTM-based transient stability simu-
lation algorithm. In this subsection, each block of the proposed method of power system
transient stability simulation will be described in more detail as follows:
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Initialize v(0) and x(0), Kmax

\
Derive DT of power system DAE

(k+1)X(k)(k+1)=F(k)=F(X(k),V(k))

Y_busV(k)=1(k)=1(X(k),V(K))

Solve power series coefficients keksl
X(k) and V(k) A
no
Is k>kmax?
yes
Estimate the local error E
NP
Invers DT or Determine x(t) and v(t) || Y -
\ Determine the new step size h

yes

Determine the new

Is there any

fault event? admittance matrix Y

Vi

Determine the new
bus voltage v(t)

T=T +step size

Is T> stop X(0) =x(1)

time?

V(0)=v(t)

QOut put

Figure 1. Flowchart of AsDTM-based fast power system transient stability simulation method.

dx;
@ = f(xj,0)

Yhusvj = i(x]‘, U])

(18)

where x(t) represents

d;(t), wi(t), E;].(t),E[ij(t), V3i(t), Vij(t), Efi(t), Poyj(t), and Pyj(t) andj=1,2,3 ... m,
represent machine number.

Step 1. Derive DTs of power system DAEs:

Apply the differential transformation to functions given by Equation (18) on both

sides, by using transformation to obtain Equation (19):

(k+1)X(k+1) = F(X(m),V(m)),m=0...k (a)

(19)
YousV (k) = [(X(m), V(m)),m =0...k (b)
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where X represents ;, wj, Eéﬂ., Eélj/ Vii, Vsi, Efj, Penj, and Py

The vector valued function i(x, v) in Equation (17) represents both generators and load
current injections. But here, for this specific case, constant impedance loads are considered
and are included in the network admittance matrix Yp,s. The differential transforma-
tion of the stator algebraic equation, Equation (20), can be derived and represented by
Equation (22).

I\ =1 .
ra —X sind  cosd
Lety, = (X21 raq) ,T = (—cosé siné)'T =1y, Y = ryar’, and the generator

current injection equation is
AN EIREY)
=(7 — (20)
{ Ly E Vy
Differential transformations of 1, v, and T are given as

= (25 o))

where 7(k) = R(k)ya, v(k) = R(k)y.R(k)".
Therefore, the differential transformation of the generator current injection equation is

L (k) ] k { E/(k —m) ] k { Vi (k —m) }
— - 22
B (Eﬂ”“) Efk—m) |~ 27 vyk—m) @)
The load current injection at each bus is represented by

L(k) | _
[ LK) ] = zeros(2,1) (23)

Finally, DTs of the network algebraic equation are given as Equation (24):

[ La(k) ] [ Via(k) ]
Iyl.(k) Yiu oo Yy -0 iy Vyl.(k)
Ligy | _ Y'li Y, Yo Vii(k) I(k) = YV (k) (24)
L, (k) . 4 Vyi(k)
Y Y Y :

IxN (k) M N] NN VXN (k)

| Ly (k) | | Vn(k)

[ le(k) | [ Vxl(k) |

Iyl (k) Vy1<k)
Gi: —B:: I V..

- ij ij _ xi(k) _ xi(k)
where Yl]_<Bij Gij >r I(k)= 1,i(k) V(k) = Vyi(k)
Ly (k) Von (K)

L Ly (K) ] L Vin(K) ]

Step 2. Solve power series coefficients:

This step is initialized by the initial values of bus voltage V(0) and state variables
X(0). The main task here is to solve power series coefficients X(k) and V(k) from the
(k — 1)th-order coefficients, as indicated by the two circled numbers in Figure 2. Thus, any
order coefficients are solvable from X(0),V(0).
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Figure 2. Recursive process to solve power series coefficients (source: [20]), where X(k) represents
6j(k), wj(k), E};(k), Ej;(k), Vi(k), Vyj(k), Efj(k), Ppj(k), and Pej(k) andj=1,2,3... m

The coefficients of state variables X(k) for differential equations are derived from
Equation (19a) recursively from X(1) up to X (k), as shown in Figure 2. But when solving
the coefficients of algebraic variables, bus voltage V(k) is not straightforward since V(k)
appears on both sides, as we can observe from Equation (19b). If ZIP load models are
considered the current injunction equations for constant power, and constant current load
portions of the ZIP load are nonlinear and will be turned into linear in terms of their
coefficients, the proof is given by [20]. Since constant impedance load is considered in this
paper, the DT of the generator current injection equation given by Equation (22) can be
rewritten as Equation (25) below.

i ] = (B[ e |- Lo 5670 ]) o 56 ] &
And let

By = ¥ vl [Edﬁj e 26)

[ ggg } = Ag[ ‘;;83 } + Bgi.e I(k) = AgV (k) + By (27)

Since the load current injection is zero, letting A; represent zeros (2,2), B; represent
zeros (2,1) at each of the n buses, A = A; + A; & B = B + B; for machine buses, and
A = A; & B = B;j at (n — m) buses, then A represents (2 x n) by (2 X n) matrixes and
B represents (2 x n) by 1 column vector. Therefore, the current injections into the network
from all the buses can be

I(k) = AV (k) + B )
[ La(k) | [ Va(k) |
Iyl (k) Vyl (k)
where I(k)= II;Z((?) V(k) = \‘//;léll?)
IxN:(k) V’(N:(k)
IyN (k) L V/N (k)

The detailed derivation of matrix A and B for other types of load model is not the
focus of this paper but it is available in [20]. Considering constant impedance loads, the
coefficients of bus voltages V(k) for all the network buses and coefficients of state variables
X(k) are solved from Equation (29) from a—c recursively from X(1) up to X(k) and V(1) up
to V (k).

X(k) =t F(X(m),V(m)), m=0...k—1 (a)

Yous V (k) = AV(K) + B (b) (29)
V(k) = (Ypys — A) ' B (c)
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Step 3. Determine the new step size (hpew):

As described in the previous subsections, the proposed simulation method solves com-
plex power system DAE models using the differential transformation method at variable
time steps. The step size is varied based on the local truncation error control algorithm,
as in Equation (8). The main term of this local truncation error is known in the form of

1'Y(K) | t* (see Equation (8) [22]), where t is the local time variable in subinterval [tm, tm1]
and m is the number of subintervals between [0,T]. In this paper, the series term |Y(k) | t* is
used as a local truncation error estimate of the power series of degree k. Therefore, without
any further calculation, we can estimate the simulation step size that ensures the prescribed
local admissible error by using just one of the coefficient terms [22,23]. The equation to
calculate the step size (h) given by Equation (8) above is adopted and applied for power
system transient stability simulation, as described below.

Let Mst, EXst, and TGst be matrix of generators, exciters, and turbine governor state
variable, respectively. If m and N represent the number of machines and state variables,
respectively, the size of each matrix is equal to m x N. Consider also the tolerable local
solution error d > 0. The order of DTM, k, is given and fixed at the beginning of simulation.
Therefore, since all order coefficient terms of state variables and all the network bus voltages
are known at this stage, the new step size (hpew) Will be determined as follows:

The admissible local solution error used. In this paper an admissible local solution
error of @ = 10° per unit is considered. Therefore, we can calculate the new step size h
using the following two steps:

1. Determine the maximum of absolute value of the last coefficient terms of all the
variables as in Equation (30):

E = max|max(max(|Mst(k)|), max(max(|EXst(k)|), max(max(|TGst(k)|), max(|V(k)|)] (30)

2. Next, evaluate the new step size hpew by using Equation (31):

1
3
Rpew = ((Z) ) < max step size (hmax) (31)

Step 4. Inverse DT on X(k) and V(k).
Apply inverse DT to X(k) and V(k) to obtain the DTM-based solution of power system
DEA in (32) a and b,

xj(t) = X Xj(m)hnewm (a)
) )
Uj(t) = mZ:;OVj(m)hnewm (b)

where x(k) represents J;(k), w;(k), Ef/if(k)’ E[ij(k), V,j(k), Vij(k), Efj(k), Popj(k), and Pgy;(k).

Step 5. Check for disturbance or event, and if any, determine the new (Y)matrix and
reinitialize bus voltages.

Step 6. Increment the simulation time t as t; + 1 = t; + hpew (Where i represents the
number of time nodes, separated by the length of every time window).

Step 7. Using the time domain solutions x(t) and v(t) (step 4, above) as initial values
of the state variables and bus voltages for the next simulation time window, respectively,
repeat steps 2 to 6 until the end of the simulation period (T).

3. Case Studies and Results
3.1. Test System, Cases, and Setup
3.1.1. Test System

Two test systems are employed to validate the proposed online transient stability
simulation approach. The first test system is the IEEE 9 bus system, which consists of nine
bus and three machines. The second test system is the IEEE 39 bus system, which consists
of 39 bus and 10 machines. The loads are modeled as constant impedances in the time
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domain simulation. The generators are represented by a two-axis fourth-order model. They
all have a Type_1 excitation and voltage regulation system as well as a turbine/governor
model. Figure 3 shows the Single line diagrams of both test system. Dynamic data of all
the machines with in both test cases are given in Appendix A.

3.1.2. Simulation Cases

For the purpose of testing the proposed power system transient stability simulation
method, three-phase bus faults are simulated for both systems. Three-phase short-circuit
faults at bus 1 for IEEE 9 bus and at bus 31 for 39 bus test systems are considered during
simulation. A susceptance of 10710 is enough to bring zero-impedance bus faults [26].

3.1.3. Simulation Setup

Simulations were carried out on a standard laptop with the following characteristics:
Intel CTM i5-5200U CPU @ 2.20 GHz 2.20 GHz, 8 GB RAM, running on a 64-bit operating
system, with a x64-based processor. The time domain simulations were carried out using the
simulation tools/codes developed based on the proposed AsDTM on MATLAB R2017b [27].
MATPOWER 7.1 [28] version software was utilized. The CPU times included all steps of
the simulation processes. MATPOWER is open-source power simulation software, used
for power flow analysis and run on a MATLAB environment. This power system analysis
software does not employ a graphical representation of a power system. Instead, the power
system data were prepared in a table format specific to MATPOWER. Any functions of the
MATPOWER can easily be accessed by functions developed on MATLAB editor. These
include MATLAB functions that load and call for dynamic and static data file of simulation
cases (case file), MATPOWER output interface functions, functions for initializing dynamic
systems, model libraries for all dynamic systems, solver functions file (algorithms for
computation), and functions for plotting simulation results. Power flow analysis was
performed using MATPOWER.

3.2. Simulation Results and Discussion

For validating the proposed AsDTM-based power system transient stability simulation,
three-phase short-circuit faults on bus 2 of IEEE 9 bus and on bus 31 of 39 bus test systems
at 0.6 s and cleared after 0.2 s were simulated. In each case, the accuracy and performance
of the proposed method was validated using the transient stability simulation results
based on the traditional numerical method (fourth-order Range-Kutta (Rk4) with step size
h =0.001 s) and total time cost (time for TS simulation) as benchmarks. For this simulation
purpose, differential transformation (DT) order k = 7 for IEEE 9 bus and k = 10 for 39 bus
test systems were used with both DTM and AsDTM simulation methods.

Figure 4 shows the step-size variation of the AsDTM-based transient stability sim-
ulation under admissible local error of 107. The step size varies adaptively between
hmin = 0.00425 s and hpmax = 0.2 s. The average step size h is equal to 0.01. For the DTM-
based simulation, this average h = 0.01 was used as a fixed step size, shown in Figure 4.

From Figures 5a,b and 6a,b, we can observe the number of iterations and simulation time
requirement relationships among AsDTM, DTM, and Rk4 simulation methods, respectively.
The total number of iterations for simulating three-phase fault cleared after 0.2 s using Rk4,
DTM, and AsDTM methods are 9995, 2345, and 1582 for the IEEE 9 bus test system and 9984,
3320, and 2260 for the IEEE 39 bus test system, respectively. Similarly, the total simulation
time cost for the same case using Rk4, DTM, and AsDTM methods are 16.54 s, 2.331 s, and
1.292 s, for the IEEE 9 bus test system and 45.57 s, 9.614 s, and 7.692 for the IEEE 39 bus test
system, respectively, from the simulation results shown in Figures 5 and 6.
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Figure 3. One-line diagram of (a) New England 39 bus system; (b) IEEE 9 bus system [29].
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Figure 6. Number of iterations for IEEE (a) 9 bus and (b) 39 bus test systems.

e  DTM-based simulation: The proposed AsDTM improved/reduced the total simulation
time cost and total number of iterations by 20% and 31.93% for the IEEE 39 bus test
system and improved /reduced the total simulation time cost and total number of
iterations by 44.57% and 32.54% for the IEEE 9 bus test system, respectively.

e  Rk4-based simulation: The proposed AsDTM improved/reduced the total simulation
time cost and total number of iterations by 83% and 77.36% for the IEEE 39 bus test
system and improved/reduced the total simulation time cost and total number of
iterations by 92% and 84% for the IEEE 9 bus test system, respectively.

Therefore, we can conclude that the proposed AsDTM-based power system transient
stability simulation method increases simulation speed by 20-44.57% and 83-92% when
compared with the DTM- and Rk4-based simulations, respectively.

Figures 7a,b and 8a,b, show the rotor angle and speed errors simulation results. Error
results relationships among AsDTM and DTM simulation methods are given in Table 1 below.
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Figure 7. Rotor angle error for IEEE (a) 9 bus and (b) 39 bus test systems.
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Figure 8. Rotor speed error for IEEE (a) 9 bus and (b) 39 bus test systems.
Table 1. Rotor angle and speed errors simulation results relationships.
Max Error
Method IEEE 9 IEEE 39 IEEE 9 IEEE 39
Rotor Angle (rad) Rotor Speed (pu)
AsDTM 0.01615 0.03931 0.00005 0.00002951
DTM 0.02951 0.09554 0.0005 0.0002958

From the simulation results of Figures 7a,b and 8a,b and Table 1, compared with
the DTM-based simulation, the proposed AsDTM-based power system transient stability
simulation improves rotor angle error by 45.27% and 58.85% and improves rotor speed
error by 90% for IEEE 9 and IEEE 39 test systems, respectively.

Figures 9a,b and 10a,b, represent the rotor angle and speed simulation results, where
the quality of results obtained with AsDTM and DTM methods used the convergence
criterion, the measure of which is the concurrency time of curves corresponding to two
compared solutions. The best convergence was found for the AsDTM results. This implies
that the AsDTM-based simulation gives more accurate results. However, since the shapes
of the trajectories obtained by both DTM and AsDTM methods were the same as the
reference trajectory obtained by the Rk4 method, we can conclude that both DTM and
AsDTM methods are numerically stable.
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Figure 9. Rotor speed simulation for IEEE (a) 9 bus and (b) 39 bus test systems.
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Figure 10. Rotor angle simulation for IEEE (a) 9 bus and (b) 39 bus test systems.

4. Conclusions and Future Work

In this paper, an AsDTM-based fast and accurate power system transient stability
simulation is proposed. The validity of the method was proven successful by applying it
to IEEE 3 machines 9 bus and New England 10 machines 39 bus test systems. The power
system transient stability simulation results are presented in the figures for the given admis-
sible local errors and fault locations. The results show that the method works successfully
in handling the complex nonlinear power system differential algebraic equations with a
reduced computation time cost and a wide interval of convergence.

As described in Section 4 above, the proposed approach improves the accuracy of
simulation results by 45.27% to 58.85% and by 90% for IEEE 9 and IEEE 39 test systems,
respectively, compared with the classical DTM. Furthermore, the proposed method also
increases the simulation speed by 20-44.57% when compared with the classical DTM-based
simulation. Therefore, by adaptively varying the step size of the differential transformation
method, the speed and accuracy of the power system transient stability simulation is im-
proved when compared with the classical DTM. Similarly, the simulation speed is improved
significantly (by 83-92%) when compared with the traditional Rk4 simulation method.
In general, the simulation results show that the proposed method is relatively accurate,
fast, and efficient when compared with the classical fixed-step DTM-based simulation
method. Therefore, we can conclude that the proposed method can be applied as an online
transient stability simulation tool. Practical implementation of the proposed method in
real-world power system operations is possible without any technical limitation, because
the method is flexible enough to accommodate system models with any detail, and only
requires the most recent snapshot from SCADA systems, generators, and their controllers’
dynamic data.

Extending the approach for power system online contingency screening, which is the
first stage of the online DSA session, will be our next focus of research.
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Appendix A
IEEE 9 Bus and New England 39 Bus Test Systems Generators and their controller’s Data.

Table Al. New England 39 bus test system generator data 1 [25].

Bus # Xd Xq X'd X'q Rs T’do T'qo H Dg
30 0.1000 0.0690 0.0310 0.0690 0.0002 10.200 0.020 42.000 0.0535
31 0.2590 0.2820 0.0700 0.1700 0.0002 6.5600 1.5000 30.300 0.0194
32 0.2500 0.2370 0.0530 0.0880 0.0002 5.7000 1.5000 35.500 0.06783
33 0.2620 0.2580 0.0440 0.1660 0.0002 5.6900 1.5000 28.500 0.01815
34 0.6700 0.6200 0.1320 0.1660 0.0002 5.4000 0.4400 26.000 0.0331
35 0.2540 0.2410 0.0500 0.0810 0.0002 7.3000 0.4000 35.00 0.06783
36 0.2950 0.2920 0.0490 0.1860 0.0002 5.6600 1.5000 26.500 0.01815
37 0.2900 0.2800 0.0570 0.0910 0.0010 6.7000 0.4100 24.300 0.0331
38 0.2110 0.2050 0.0570 0.0590 0.0002 4.7900 1.9600 34.500 0.06783
39 0.0200 0.0190 0.0060 0.0080 0.0002 7.0000 0.7000 31.000 0.01940

Table A2. New England system generator controller’s data [26].

Bus # Ke Te Aexc Bexc Ur_max Ur_min Ka Ta Kf Tf Tch Tg Rg
30 1.0000 0.2500 0.0039 1.55 10 -10 20 0.06 0.04 1.0 0.1 0.05 0.05
31 1.0000 0.4100 0.0039 1.55 10 -10 20 0.05 0.06 0.5 0.1 0.05 0.05
32 1.0000 0.5000 0.0039 1.55 10 —10 20 0.06 0.08 1.0 0.1 0.05 0.05
33 1.0000 0.5000 0.0039 1.55 10 -10 20 0.06 0.08 1.0 0.1 0.05 0.05
34 1.0000 0.7900 0.0039 1.55 10 —10 20 0.02 0.03 1.0 0.1 0.05 0.05
35 1.0000 0.4700 0.0039 1.55 10 —10 20 0.02 0.08 1.25 0.1 0.05 0.05
36 1.0000 0.7300 0.0039 1.55 10 -10 20 0.02 0.03 1.0 0.1 0.05 0.05
37 1.0000 0.5300 0.0039 1.55 10 -10 20 0.02 0.09 1.26 0.1 0.05 0.05
38 1.0000 1.4000 0.0039 1.55 10 —10 20 0.02 0.03 1.0 0.1 0.05 0.05

39 0.0200 0.0190 0.0060  0.0080 0.0002 7.0 0.70 31.0 0.01940

Table A3. IEEE 9 bus test system generator data.

Bus # Xd Xq X'd X'q Rs T’do T'qo H Dg
1 0.146 0.0969 0.0608 0.0969 0.004 8.96 0.31 23.000 0.0151
2 0.8958 0.8648 0.1198 0.1969 0.0026 6.00 0.535 6.400 0.001
3 1.3125 1.2578 0.1813 0.25 0.0035 5.890 0.6 3.010 0.0058

Table A4. IEEE 9 bus test system generator controller’s data.

Bus # Ke Te Aexc Bexc Ur_ max Ur_ min Ka Ta Kf Tf Tch Tg Rg
1 1.0000 0.3140 0.0039 1.55 3 -3 20.0 0.20 0.0630  0.350 0.10 0.05 0.05
2 1.0000 0.3140 0.0039 1.55 3 -3 20.0 0.20 0.0630  0.350 0.1 0.05 0.05
3 1.0000 0.3140 0.0039 1.55 3 -3 20.0 0.20 0.0630  0.350 0.1 0.05 0.05
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ABSTRACT

Power system transient stability simulation is of critical importance for utilities to assess
dynamic security. Most of the commercially available tools use traditional Forth order Rang-
kutta (Rk4) method to simulate transient stability, which is computationally intensive. This
made difficult to identify any insecure contingency before it happens. It is already proved that
differential transformation method (DTM) requires less computational effort and has improved
simulation speed. But, it still requires further improvement regarding its accuracy and perfor-
mance efficiency. This paper introduces a novel power system transient stability simulation
method based on adaptive order and step-size DTM. Using the proposed method, the order
and step-size are varied based on the estimated local solution error at each time step. The
accuracy and speed of the proposed simulation approach are investigated in comparison with
classical DTM and Rk4method using IEEE 9 and 39-bus test systems. The simulation results
reveal that the proposed method increases the simulation speed by 14-34% and 70-80%
compared with the classical DTM and Rk4 based simulation, respectively. compared with the
DTM-based simulation, the proposed method also provides 77.84% to 78.32% and more than
90% accurate simulation results for IEEE 9 and IEEE 39 bus test systems, respectively. Therefore,
the proposed simulation method is faster and relatively accurate and can be applied for online
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transient stability monitoring power system network.

1. Introduction

Modern society is very dependent on the availability of
electric energy; therefore, reliable electricity supply is
foundational to all economic and societal activities. To
supply this continuously growing demand, the size and
complexity of the power supply systems with stochastic
generation (due to renewable energy systems (RESs)) is
increasing. This pushes power systems to operate more
and more closely to stability limits (Sarajcev et al. 2021).
The increase in the share of RES generations further
results in the increased problem of reduced system iner-
tia, which brings power systems to conditions of lower
reliability, safety, and stability. This implies that stability,
specifically transient stability, plays a significant role as
an index of robustness of power systems, subject by its
nature to faults and disturbances (Perilla et al. 2020; Tina,
Maione, and Licciardello 2022).

Transient stability is the ability of the power system
after exposure to large disturbance to transit to a stable
state (Kundur et al. 2004). Transient stability analysis
investigates the dynamic behaviour of a power system
for several seconds following a large disturbance.
Inability to detect system instability behaviours in
a sufficient time interval to launch the corrective
actions could result in a system failure at one location

on a system that can quickly degenerate to cascading
failures, which is usually the mechanism for large
collapses or blackout of the system. Fast and accurate
assessment of transient stability is of great significance
for safe and stable operation of power systems.

To identify any unstable system condition before it
happens, transient stability assessment is expected to be
transitioned from offline or day-ahead studies to the
online operation environment. Traditional methods of
transient stability simulation rely on numerical integra-
tion, such as the Runge — Kutta or Euler techniques, to
solve the differential algebraic equations (DAEs) gov-
erning power system dynamic behaviours. These solu-
tion methods, including implicit and explicit methods,
are commonly used in commercial software packages
with small enough integration steps of typically one to
a few milliseconds to meet accuracy requirements (Stott
1979). However, these methods are computationally
intensive, especially in large-scale systems with numer-
ous contingencies. The power system industry and the
research community are seeking next-generation tools
that are more powerful for power system online tran-
sient stability simulation.

Several previous works have been explored differ-
ent aspects of transient stability analysis and
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simulation. Generally, we can group them in to the
following five categories: 1) model simplification, 2)
parallel computing, 3) semi-analytical, 4) differential
transformation methods (DTMs), and 5) variable or
adaptive time step simulation. A coherency-based
approach that aggregates a group of coherent genera-
tors in an equivalent generator, with simplified or
reduced differential algebraic equation model is pro-
posed by Chow (2013), Milano (2010), and Osipov
and Sun (2018). Furthermore, to avoid solving non-
linear algebraic network equations separately from
solving differential equations, many transient stability
analysis and simulation tools assume all constant
impedance loads and drive an ordinary differential
equation model (Chow 2013). Such methods can
result in substantial assessment and simulation errors.

The parareal in time method by Gurrala et al.
(2015) involves parallel computers by decomposing
a power system differential algebraic model or com-
putation tasks to multiple processors to reduce simu-
lation time. Similarly, the domain and multi-
decomposition methods by Aristidou, Fabozzi, and
Cutsem (2014) and Zadkhast, Jatskevich, and
Vaahedi (2015) involve parallel-computers-based
computation tasks. But still, the computation tasks
are based on the traditional numerical algorithm to
solve power system DAEs that require small enough
integration steps and numerical iterations.

The semi-analytical method proposed by C. Liu,
Wang, and Sun (2017, 2018) and Wang, Duan, and
Sun (2019) shifts some of the computation burdens
from the online stage to the offline stage. In these
methods, the offline drive approximates analytical
solutions of differential equations for the purpose of
online simulation. However, the network equations
with power system differential algebraic model equa-
tions are still solved by traditional numerical itera-
tions. The other semi-analytical method proposed by
Y. Liu and Sun(2022) and Y. Liu et al. (2019), designed
DTM-based high-order semi-analytical power system
transient stability simulation scheme that allows sig-
nificantly prolonged time steps to reduce simulation
time compared to a traditional numerical approach.
But, this method assumes all loads as constant impe-
dance so as to eliminate the network equations of
a power system differential algebraic model and drive
an ordinary differential equation model.

A variable time-step-based power system transient
stability simulation was proposed by Kim and Overbye
(2015) and Sanchez-Gasca et al. (1995). The integra-
tion time step control is performed based on the
system behaviours during the course of simulation.
The method uses small time steps when the system
variables are changing rapidly and large time steps
when the system variables do not exhibit rapid varia-
tions. Solution error is estimated and the time step is
adjusted to meet the specified tolerance threshold at

each iteration step. This reduces the number of itera-
tions and can also be used with more complex inte-
gration schemes. However, (1) at each iteration step, if
the estimated solution error is greater than the speci-
fied tolerance threshold, the current solution is
rejected and the solution procedures are repeated
again using the new step size, which increases simula-
tion time cost. (2) Still, algebraic equations are solved
by iteration after each integration steps; this also has
an impact on total simulation time cost.

An adaptive time step approach to dynamical simu-
lation based on monitoring the conservation of energy
was proposed by Laugier (1996). The method consid-
ers a physical object’s velocity and positions error
estimate to determine the next time step. Using this
method, numerical stability and computational effi-
ciency (speed) were improved when compared with
the traditional fixed-step numerical integration
method. However, the method is independent of the
system model equations describing its dynamic
behaviours.

A DTM-based simulation algorithm proposed by
Y. Liu and Sun (2020) is fully analytical method. This
method approximates the solution of complex power
system differential algebraic model equations as
a truncated power series of time. The approach is
flexible in handling power system with any model
detail without limitations. It also requires less compu-
tation effort and simulation time cost. However, DTM
gives a good approximation to the true solution in
a very small region. To extend the region of solution
convergence and improve accuracy of the results,
DTM is applied at equal and fixed time interval as
proposed by Ahmet, Mehmet, and Ahmet (2012), Bég
et al. (2013) and El-Zahar (2012, 2015), up to the end
of simulation period. In some cases, a very small sub-
division of interval is required with this method,
which results in more computational effort and
increased simulation time cost.

In this work, an adaptive order and step-size differ-
ential transformation method (AOSDTM)-based
power system transient stability simulation algorithm
is proposed. A novel DT order and step-size control
algorithms based on local convergence error results at
the end of each simulation time step by using DTM is
introduced in this paper. The proposed novel power
system transient stability simulation algorithm (1) is
relatively robust and accurate, because it is flexible in
handling power systems with any model detail and
complexity without limitations; (2) improves simula-
tion speed and accuracy based on control of local
convergence error at each simulation time step; (3)
estimation of local solution error is only based on the
last coefficient terms of the state and algebraic vari-
ables without any further calculations as in the vari-
able step-size algorithm using traditional numerical
integration methods; (4) the solution obtained for
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the current simulation time step can be used during
the next simulation time step without any limitations,
consequently, the number of steps required to com-
plete the transient stability simulation process reduces;
and (5) the proposed simulation method can also
handle the existing developed and validated generic
models of large scale wind and PV at the transmission
level to perform simulation of combined conventional
and renewable generation systems. These enable the
proposed simulation scheme to be applied as an online
transient stability simulation tool.

The rest of the paper is organised as follows:
Section 2 describes the proposed power system transi-
ent stability simulation method; Section 3 validation of
proposed simulation method, in comparison with tra-
ditional numerical integration method, and the classical
DTM method is presented, using IEEE test systems; and
Section 4 presents conclusions and future work.

2. The proposed fast power system transient
stability simulation method

2.1. Differential transformation method

The theory of DTM is originally established in Pukhov
and Georgii (1982) to derive approximate solutions of
nonlinear differential equations and defined as
follows.

Definition: Consider a function y(#) of a real con-
tinuous variable t. The differential transformation
(DT) of y(¢) is defined by Equation 1, and the inverse
DT of y(k) is defined by Equation 2, where k is the
order.

k
vik) = k%[d;ﬁt)] m
(t=0)
vty =3y ®
k=1

Next,it is developed by researchers in the fields of
mathematics and physics to obtain semi-analytical
solutions of various nonlinear dynamic systems. In El-
Zahar (2012), Y. Liu and Sun (2020, 2022), and Y. Liu
et al. (2019), this method has been examined for real-
life complex network systems like power systems
modelled by high-order nonlinear differential
equations.

DTM provides a set of transform rules. Some of
these transform rules are listed below. Let x(¢), y(¢)
and z(#) are the original functions and X(k), Y(k)
and Z(k) as their DTs, respectively, the following
propositions hold, where ¢ is a constant matrix,
n is a nonnegative integer.

(a) X(0)= x(0)
(b) y(t)= cx(t) — Y(k)= cX(k)

— iy (YK~ 5 ik~ mjz(m) )

m=0
) x()" = X(k)'
(g) dx/dt =(k +1)X(k 4 1)and
if DT of sind = ¢(k)and DT of cosd
= a(k)then

2.2. Description of the proposed method

Power system transient stability simulation is one of
the most critical functions of an online dynamic
security assessment (DSA). Traditional numerical
integration method is commonly used in commer-
cially available power system transient stability simu-
lation tools. Speed of computation remains the most
critical challenge for its application in an online
transient stability simulation. It was proved that the
DTM-based transient stability simulation method
reduces the impact of computation burden. For
online application, this method still requires further
improvement regarding its accuracy and computa-
tion speed. This study focuses on investigating a new
and novel power system transient stability simulation
algorithm that significantly improves simulation
speed and accuracy.

The proposed simulation method solves complex
power system DAE models at variable DT order and
step size using DTM. The automatic controls of DT
order and step-size are performed based on the follow-
ing principles:

e Reduce the time step length and increase the
order of the DTM when the error is above
upper threshold limit during power system
dynamic simulation process, which improves
the accuracy of simulation.

o Increase the time step length and decrease the
order of the DTM when the error is below the
lower threshold limit during power system
dynamic simulation process, which can avoid
unnecessary computation burden and improve
the overall efficiency.

Figure 1 shows a flowchart of the proposed AOSDTM-
based transient stability simulation algorithm. In this
subsection, the proposed power system transient sta-
bility simulation method will be described step by step
as follows:
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Where y;(t) and y;(k) in Figure 1 denote state
vector
8(k), w(k), E'(k), Ed (k), By (k), Vi(k), Pcn k), Py (),
Vi (k), Vi (k)andd(t), w(t), Eg'(¢), Ed (1), By (2), Vi(2),
Pcu(t), Py (t), Vi(t), Vi(t) respectively.
Consider n buses and m generators power system
DAE model in which generators are represented by
two-axis fourth-order model and all with Type_1
excitation and voltage regulation system as well as
turbine/governor models, all system loads are repre-
sented by constant impedance loads with both the
network and stator algebraic equations are expressed
in rectangular form. The state space representation of
the complex power system DAE model equations are
given by Equation 3, where v is the state vector, u is

Power flow
Initialize u(0) and Y (0)

\

Derive DT of power system DAE

the vector of bus voltages, G represents a vector field
determined by differential equations on dynamic
devices such as synchronous generators and associated
controllers, i is the vector valued function on current
injections from all generators and load buses, and Yy,
is the network admittance matrix.

=G 3
Yousth = i(y, u)
Where y(t) represents & &;(t), w(t)iE’qi(t)7 E,(t),V,(t)
Vii(t), Peni(t), Peyi(t) and Ej(t)&i =1,2,3
represent machine number.
Step 1 Derive differential transforms of power system
DAEs

m)

(k+1)W(k)(k+1)=G(k)=G(d(k),U(K))

Y_busU(k)=I(k)=1((k),U(k))

2
T=0
W
k=1
Solve power series coefficients P(k) < k=k+1
and U(k) no /I\
‘ Is k>Dk?
yes
Y
Calculate the local error E : Invers DT or Determine
T W(t) and u(t)
Determine the new step size h
Vi
Determine the new DT order k
N
¥ Det: ine th
Is there any etermine the new
fault event? admittance matrix Y
no d/
- o ) Determine the new
T=Tstep Size | S— bus voltage u(t)
Is T> stop W(0) = P(t)
time? >
no U(0)= u(t)
yes \J,
Out put

Figure 1. Flowchart of the proposed AOSDTM-based power system online transient stability simulation algorithm.
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Apply the DT to functions given by Equation 3 on
both sides, by using transformation rule (g), to obtain
Equation 4

(s yte ) = SO, U0 1=0... k(o)
(4)
Wherey represent state variables §;, w;, qu, E;h., Eﬁ,

Vris Vfis chia and Py

The vector valued function i(y,u) in Equation 3
represents both generators and load current injections.
But here, for this specific case, constant impedance
loads are considered and it is included in network
admittance matrix Yy,,s. DT of stator algebraic equa-
tion can be derived as given below.

Let

[ =X [ sind  cosd
Ya = X4 1, P =\ —cosd sind )

o = py,. B = py,p’, and the generator current injec-
tion equation is given as Equation 5

B-ClEE) e

Using transformation rule (h & i) DT's of p,f3, and o are
given as:

= p(k)yap(k)’

Similarly, using transformation rule (d), DT of the
generator current injection equation is

)= (S 2]
- o

L )

(6)

The load current injection at each bus is repre-
sented by

L, (k)

And finally, DTs of the network algebraic equa-
tions are

|:Ix<k):| — zeros(2,1) ?)

M La (k)T [ Usi (k)T
I, (k U, (k
(k) Yu Yui Yin ] (k)
Ly ; U
xi(k) _ ” xi(k) _
Lk | = Yy Y.U Yiv Uy (k) I(k) = YU(k)
] S B A LN ()
1,(k) | LU, (k)]

(8)

Where i=1, 2,3 ... .N, and I;; & I;y represent x and
y component of bus i current, u;, & u;, represent x and
y component of bus i voltage and

_ ( Gy —By | L | Vs
Y”*<Bﬁ Gy >”<k>* Ltk [V = | Uyt

(K U,
nwl lw]

Step 2 Solve power series coefficients

This step is initialised by the initial values of bus
voltage U(0) and state variables y(0). The main task
here is to solve power series coefficients y(k) and U(k)
(k >1) from the (k-1)" order coefficients, as indicated
by two circled numbers in Figure 2. Thus, any order
coefficients are solvable from (0),U(0).

Where y(k) represent 6;(k), w(k);, E/qi(k), E,(k), Eg(k),
V, (k) V5(k), Pei(k), andPy,;(k)&i = 1,2,3...... m,
represent machine number.

The coefficients of state variables y (k) for differential
equations are derived from Equation 4 a recursively from
Y (1) up to ¥ (k) as shown in Figure 2. But solving the
coefficients of algebraic variables, bus voltage U(k) is not
straightforward since U(k) appear on both sides as we
can observe from Equation 4b. If ZIP load models are
considered the current injunction equations for constant
power and constant current load portions of the ZIP load
are non-linear and these will be turned to linear in terms
of their coefficients, its proof is given by Y. Liu and Sun
(2020). Since constant impedance load is considered in
this paper, the differential transforms of generator cur-
rent injection given by Equation 8 can be rewritten as

Equation below.
8] - (Sem o) - ]

0 ‘1
UL
‘ﬁ(o){vyuc)}
) o
Let B, = Zoa(m) * [ﬁjitﬂ] - Zﬂﬁ( )’

= A.U(k) + B,

(10)

Since the load current injection is zero, let A; repre-
sents zeros (2,2), By represents zeros (2,1) at each of the
n buses, A = A, + A;&B = B; + B; for machine buses
and A = A;&B = B; at (n-m) buses then A represents
(2*n) by (2*n) matrices and B represents (2*n) by 1
column vector. Therefore the current injections in to
the network from all the buses can be expressed as
Equation 9 below.

I(k) = AU(K) + B (11)
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w(0) w(1) W(k-1) » Wik W(K)
u(o) u@a) | . . .| Uk == Uk u(K)

Figure 2. Recursive process to solve power series coefficients. Source: Y. Liu and Sun (2020).

Where
_le (k) 1 [ le (k) T
1, (k) Uy (k)
1w = |7 |0 = | gty
1.k U, (K
1 (k) ] UL (k)

The detailed derivation of matrix A and B for other types
of load model is not the focus of this paper but it is
available in Y. Liu and Sun (2020). Considering constant
impedance loads, the coefficients of bus voltages U(k) for
all the network buses and coefficients of state variables y
(k) are solved from Equation 10 from a-c recursively
from (1) up to y(k) and U(1) up to U (k).

w(k) = %G(w(l),U(l)), 1=0... k-1 (a)
Y busU(k) = AU(K) + B (b)
U(k) = (Y bus—A)"'B (c) (12)

Step 3 Inverse DT on y(k) and U(k)

Apply inverse DT to y(k) and U(k) to obtain the
DTM-based solution of power system DEAs in (13)
a&b.,  where  y(k) and  y(t) represent
5,-(1(), w(k)iE:;i<k)v E:ii(k)7 v, (k) Vﬁ(k)v Pchi(k)v psvi(k)
and Ej(K)&d;(t), @(t):E,(1), Egi(1), V, () Vi(t), Pani(1),

P,i(t) and Eg(t)respectively. & i=1,2,3 ... ... m,
represent machine number.
k
() =) y(m)r"(a)
m=0
k
u(t) =Y U(m)t"(b) (13)
m=0

Step 4 Evaluate the DT order and step-size

It was proved that DTM-based transient stability
simulation method reduced the impact of computation
burden on simulation speed. For online application,
DTM-based simulation method still requires farther
improvement regarding its computation speed. This

paper focuses on developing new and novel power
system transient stability simulation algorithm based
on AOSDTM that significantly improves simulation
efficiency and accuracy. Therefore, the proposed simu-
lation method solves complex power system DAE mod-
els using the DTM at variable DT order and time steps.

The DT order and step size are varied based on the
local truncation error control algorithm The main
term of this local truncation error is known in the
form of y(k) £ (El-Zahar 2015), where ¢ is the local
time variable in subinterval [f,, ¢, 1] and m is the
number of subintervals between [0,T]. In this paper,
the series term (k) X is used as a local truncation
error estimate of the power series of degree
k. Therefore, without any further calculation, we can
estimate the simulation step size that ensure the pre-
scribed local admissible error limits by using just one
of the coefficient terms (Ahmet, Mehmet, and Ahmet
2012; El-Zahar 2015). As investigated by Y. Liu and
Sun (2022), the lowest order paired with the longest
step size length leads to the largest error while the
lowest error occurs at the highest order paired with
the smallest step size length. Also, the error decreases
rapidly with the increase of order when it is not too
high. In this paper, DTM based power system transi-
ent stability simulation algorithm that adaptively
changing both its order and step size based on esti-
mated local solution error is developed.

Therefore, both DT order (k) and step-size length (h)
can be changed based on estimated local error (E).
Some parameters such as k_max = 20, k_min = 5, max-
imum and minimum DT order limit, respectively, the
incremental to adjust the order of DT, dK =1, the
upper tolerable error threshold value, e, = 107", the
lower tolerable error threshold value e, = 105, mini-
mum and maximum step size limit h_min = 0.00425 s,
h_max = 0.2 s, and step-size adjustment factors q; = 1.2,
q» = 0.8 are specifically used during simulation in this
paper. Consider that Mst, EXst and TGst are matrix of
machines, exciters and turbine governor state variable,
respectively. If m and N represent the number of
machines and state variables respectively, the size of
each matrix is equal to m x N. Therefore, the DT
order and step size are adaptively determined as follows:
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(1) Using the last coefficient terms of the state
variables and bus voltages, estimate the local
solution error, E

EE = max|max(max(Mst(k)), max(max(EXst(k)),
max(max(TGst(k)), max(U(k))|E = EE « h*  (14)

(2) Determine the next order and step-size
At the beginning of each simulation, time
window local error E is estimated as described
in previous sections. Therefore, if E<e;, the new
step-size and DT order for the next time win-
dow is determined by using Equation 12

k_new = max(k — dk, k_min)

1
h_new = min| g1* (ﬂ)k, h_min (15)
EE
(3) IfE > ey, the new step-size and DT order for the
next time window is determined by using
Equation 13

k_new = min(k + dk, k_max)

h_new = min (qz* (é—;)i, h_max) (16)

(4) IfE is greater than the minimum tolerable local
error threshold value (e;) and less than the
maximum tolerable local error threshold value
(ey), the order k and step size h will keep its
current values during the next simulation time
window.

Step 5 Checking for disturbance or event, deter-
mine the new Y_matrix and re-initialise bus voltages

In this step if there is any contingency event, the
network admittance matrix is reconstructed and keep-
ing the values of state variables, the network bus vol-
tages are re-initialised.

The simulation process continues by incrementing
the simulation time t as ¢ i+ 1=t_i+ h_new. (where

7 7
\1> \§>
30 — 37 T 26 == 28 —‘—29
2 — = 25 — 3 38
(9
17 \
T 3 T 18
_ 16 - 21
1 = T @
14 —
39 (1_“\' 3T 4 T 36
e g
5 13 — 23
9 — 6 22 12 19
7 11
v —T—0 20
8 —7— —_— —_— —_— —_— —_—
et (3) 32 =\ 4 P Nad a 3%
X2) &) ® @ ©O)

(a)

i represents the number of time nodes, separated by
the length of every time window). The new time
domain solutions x(t) and v(t) are used as initial values
of the state variables and bus voltages for the next
simulation time window, respectively, Therefore, sol-
ving coefficients, then applying inverse DT, determin-
ing the new DT order and step-size adaptively and
checking for disturbance or event, are repeated at
variable step size up to the end of simulation period,
as shown in flowchart of Figure 1, in most cases, 5 to
10 s simulation period is required.

3. Case studies and results
3.1. Test system, cases and setup

3.1.1. Test system

Two test systems are employed to validate the pro-
posed online transient stability simulation approach.
The first test system is the IEEE 9-bus system, which
consists of 9-bus and 3 machines. The second test
system is the IEEE 39-bus system, which consists of
39-bus and 10 machines. The loads are modelled as
constant impedances in the time domain simulation.
The generators are represented by two axis fourth
order model. They all have a Type_1 excitation and
voltage regulation system as well as turbine/governor
model. Figure 3 shows the Single line diagrams of both
test system. Dynamic data of all the machines with in
both test cases are given in Annex A.

3.1.2. Simulation cases

For the purpose of testing the proposed power system
transient stability simulation method, three phase bus
faults are simulated for both systems. Three phase
short circuit fault at bus 1 for IEEE 9-bus and at bus
31 for 39-bus test systems are considered during simu-
lation. A susceptance of 107" is enough to bring zero
impedance bus faults.

8 100MW

13.8/230kV
12MVA, 5 T2 9 T3 3 128MVA
13.8kV 13.8kV
5 -1—— ——l- 6
8 Load C
oo e
SOMVAr 30MVA
4
1382300V KO 11
1
24TMVA,
13.8kV

Figure 3. One-line diagram of (a) new england 3- bus system; (b) IEEE 9-bus system (Yang 2006).
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3.1.3. Simulation setup

Simulations are carried out on standard laptop with
the following characteristics: Intel(R) Core(TM) i5-
5200 U CPU @ 2.20 GHz 2.20 GHz, 8GB RAM, run-
ning on 64-bit operating system, x64-based processor.
The time domain simulations are carried out using the
simulation tools/codes developed based on proposed
AOSDTM on MATLAB R2017b (MATLAB, T.M.
1.2017b 2017). MATPOWER 7.1 (Zimmerman,
Murillo-Sanchez, and Thomas 2011) version software
is utilised. The CPU times include all steps of the
simulation processes. Matpower is open-source
power simulation software, used for power flow ana-
lysis and run on a Matlab environment. This power
system analysis software does not employ a graphical
representation of a power system. Instead, the power
system data is prepared in a table format specific to
Matpower. Any functions of the Matpower can, easily,
be accessed by functions developed on Matlab editor.
These include Matlab functions that loads and call for
dynamic and static data file of simulation cases (case
file), Matpower output interface functions, functions
for initialising dynamic system, model libraries for all
dynamic systems, solver functions file (algorithms for
computation), functions for plotting simulation
results and others are developed on Matlab editor
and power flow analysis is performed using Matpower.

3.2. Simulation results and discussion

For validating, the proposed AOSDTM-based power
system transient stability simulation three-phase short
circuit fault on bus 1 of IEEE 9 bus and on bus 31 of 39
bus test systems at 0.6 s and cleared after 0.2 s are
simulated. In each case, the accuracy and simulation
speed (performance efficiency) of the proposed
AOSDTM based power system transient stability
simulation is compared with the simulation results
by using classical DTM and RK4. Simulation results
by RK4 are used as a bench mark, since this method is

already employed in commercially available stability
analysis tools and also in use with an existing system,
and Errors of DTM and AOSDTM methods are con-
sidered its differences from the benchmark result. The
average step-size and DT order calculated from the
variable step-size and order of AOSDTM based simu-
lation results (from Figures 4 and5 below) is used for
DTM based simulations, i.e. h=0.01 and k =6.

Figure 4 shows the variation in DT order during
AOSDTM-based power system transient stability simu-
lation and Figure 5(a) and (b) shows the relationship in
step-size variation among AOSDTM-, DTM- and Rk4-
based simulations in both cases. For AOSDTM-based
simulation, DT order varies between k_min=5 and
k_max =10 and the step-size varies adaptively between
h_min =0.00425s and h_max=0.2s. The average
order k and step-size h is equal 6 and 0.01, respectively.
For the DTM-based simulation, these average k and
h values are used as a fixed order and step-size as
shown in Figure 4. An Rk4 method is used as
a reference to compare the relative rotor angle and
speed simulation errors by AOSDTM and DTM.

From Figures 6 and 7(a,b), we can observe that the
number of iterations and simulation time requirement
relationships among AOSDTM, DTM and Rk4 simula-
tion methods, respectively. The total number of itera-
tions for simulating 3 phase fault, cleared after 0.2 s, by
using Rk4, DTM and AOSDTM methods are 9973, 5994
and 4180, for IEEE 9-bus test system and 9978, 6012 and
4885, for IEEE 39-bus test system, respectively. Similarly,
the total simulation time cost required using Rk4, DTM
and AOSDTM methods are 17.18, 5.178 and 3.377 s, for
IEEE 9bus test system, and 42.38, 14.78 and 12.7s for
IEEE 39-bus test system, respectively.

From the simulation results shown by Figure 5 up
to 7 shown above, compared with:

e DTM-based simulation, the proposed AOSDTM

improves/reduces the total simulation time cost
and total number of iterations by 14.1% and

——Orderkof DM
Order k of AOSDTM

1 2 3 4

Figure 4. DT order variation during simulation for both cases.
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Figure 5. Step-size variations during simulation for IEEE (a) 9-bus and (b) 39-bus test system.

18.7% for IEEE 39-bus test system and improves/
reduces the total simulation time cost and total
number of iterations by 34.78% and 30.26% for
IEEE 9-bus test system respectively.

e Rk4-based simulation, the proposed AOSDTM
improves/reduces the total simulation time cost
and total number of iterations by 70% and
51.04% for IEEE 39-bus test system and
improves/reduces the total simulation time cost
and total number of iterations by 80.34% and
58.08% for IEEE 9-bus test system respectively.

Therefore, we can conclude that the proposed
AOSDTM-based power system transient stability
simulation method increases simulation speed by 14-
34% and 70-80% when compared with the DTM- and
Rk4-based simulations, respectively.

Figures 8(a,b) and 9(a,b) show the rotor angle and
speed errors simulation results. Error results relation-
ships among AOSDTM and DTM simulation methods
are given in Table 1.

12000

X:9.972
Y: 9973

number of iteration for DTM
number of iteration for AOSDTM
number of iteration for Rk4

10000 -

8000 [~
X:9.98
Y: 5994
6000 [~

number of iterations

4000
X:9.97

Y: 4180
2000 [~

0 1 2 3 4 5 6 7 8 9
Time [s]

(a)

From the simulation results of Figures 8a,b and
9(a,b) and Table 1, compared with the DTM-based
simulation, the proposed AOSDTM-based power
system transient stability simulation improves
rotor angle error by 77.84% and 78.32% and
improves rotor speed error by 90% for IEEE 9
and IEEE 39 test systems, respectively.

Figures 10(a,b) and Figure 11(a,b) represent the
rotor angle and speed simulation results, where the
quality of results obtained with AOSDTM and
DTM methods used the convergence criterion, the
measure of which is the concurrency time of curves
corresponding to two compared solutions. The best
convergence was found for the AOSDTM results.
This implies that the AOSDTM-based simulation
gives more accurate results. However, since the
shapes of the trajectories obtained by both DTM
and AOSDTM methods were the same as the refer-
ence trajectory obtained by the Rk4 method, we
can conclude that both DTM and AOSDTM meth-
ods are numerically stable.

12000

number of iteration for DTM X:9.977
number of iteration for AOSDTM Y: 9978
10000 number of iteration for Rk4 ]
8000
X:10
Y: 6012

6000 -

4000

number of iterations

2000 -

Time [s]

(b)

Figure 6. Number of iteration for IEEE (a) 9-bus and (b) 39-bus test system.
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Figure 7. Simulation time cost for IEEE (a) 9-bus and (b) 39-bus test systems.
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Figure 9. Rotor speed error for IEEE (a) 9-bus and (b) 39-bus test systems.
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4. Conclusion and future work

In this paper, fast and accurate power system transient
stability simulation based on AOSDTM is proposed.
The validity of the method has been successful by
applying it to IEEE 3 machines 9-bus and New
England 10 machines 39-bus test systems. Power sys-
tem transient stability simulation results are presented

Table 1. Rotor angle and speed errors simulation results
relationships.

Max Error
IEEE 9 IEEE 39 IEEE 9 IEEE 39
Method Rotor angle (rad) Rotor speed (pu)
AOSDTM 0.02415 0.2263 0.00005 0.00021045
DTM 0.109 1.044 0.0005 0.001025
4
DTM
AOSDTM
351 \ Runge-Kutta
V
7 s | \A
° T
w — =
825 | ﬁ/
o) |
= \
© \
o 2r
4
I

Time [s]

(a)

in figures for the given lower and upper threshold
admissible local errors value and fault locations. The
results show that the method works successfully in
handling the complex non-linear power system
DAEs with a minimum size of computations and
a wide interval of convergence. The results show that
the proposed method is an accurate, fast and efficient
method for online transient stability simulation com-
pared to classical fixed step DTM.

As described in section three above, the proposed
approach improves the accuracy of simulation results
by 77.84% to 78.32% and by 90% for IEEE 9 and IEEE
39 test systems, respectively, compared with the clas-
sical DTM simulation method. Furthermore, the pro-
posed method also increases the simulation speed by
14-34% when compared with the classical DTM-based
simulation. Therefore, by adaptively varying the step
size and DT order of DTM the speed and accuracy of

DTM
AOSDTM
Runge-Kutta

Rotor angles [Ele. rad]
w

Time [s]

(b)

Figure 10. Rotor angle simulation for IEEE (a) 9-bus and (b) 39-bus test systems.
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Figure 11. Angle simulation for IEEE (a) 9-bus and (b) 39-bus test systems.
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power system transient stability simulation is
improved when compared with the classical DTM
and the simulation speed is improved significantly
when compared with the traditional Rk4 simulation
method (70-80%). Extending the approach for power
system online contingency screening, which is the first
stage of online DSA session, will be my next focus of
research.

List of acronyms and symbols

AOSDTM  Adaptive order and step-size differential transformation

method
CPU Central processing unit
DAEs Differential algebraic equations
DSA Dynamic security assessment
DT Differential transformation
DTM Differential transformation method
E Local error estimate
EE Estimate of the maximum of power system state variable’s &

bus voltage’s last order coefficient terms
GB Giga bite
GHz Giga hertz
RAM Random access memory
RES Renewable energy source
Rk4 Fourth Order Rangkuta
T Simulation period
ZIP Constant impedance, constant current, constant power Load
D Damping constant
E'y D-axis machine internal voltage
Eq Q-axis machine internal voltage
Esq Field excitation voltage
H Machine inertia constant
lg d-axis stator current
Iq g-axis stator current
KA Amplifier gain
Ke Exciter constant
P Active power
Pc Speed governor input power setting
Pen Output power of steam chest
Psy Output power of steam valve
Q Reactive power
R¢ Rate feedback in exciter
Ro Speed regulation quantity (droop)
S Complex power
Se Saturation constant
Tm Mechanical torque
t Time
V] Bus voltage
Vg Exciter input
Viet Input reference voltage
X Reactance
Y Admittance
z Impedance
0 Bus voltage angle
w Angular speed
Tg Governor time constant
s Nominal angular speed

Time domain state variables

xd’ d-axis transient reactance
xq’ g-axis transient reactance
xd d-axis steady state reactance
Xq g-axis steady state reactance
Tq'0 Stator transient g-axis time constant
Td'0 Stator transient d-axis time constant
Rs Stator resistance
Rg Droop
6 Machine rotor angle
RES Renewable energy system
PV Photovoltaic
TS Transient stability
Vf Exciter feedback voltage
X Transformed (k integer domain) state variables
Vit Exciter terminal voltage
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Annex A

Table A1. [EEE 9-bus test system generator data 1.

Bus numbers

Parameters 1 2 3
Xd 0.146 0.8958 1.3125
Xq 0.0969 0.8648 1.2578
Xd 0.0608 0.1198 0.1813
Xq 0.0969 0.1969 0.25
Rs 0.004 0.0026 0.0035
T'do 8.96 6.00 5.890
T'qo 031 0.535 0.6
H 23.000 6.400 3.010
Dg 0.0151 0.001 0.0058
Table A2. New england system generator data 1 (Yang 2006).
Bus numbers
Parameters 30 31 32 33 34 35 36 37 38 39
Xd 0.1000 0.2590 0.2500 0.2620 0.6700 0.2540 0.2950 0.2900 0.2110 0.0200
Xq 0.0690 0.2820 0.2370 0.2580 0.6200 0.2410 0.2920 0.2800 0.2050 0.0190
X'd 0.0310 0.0700 0.0530 0.0440 0.1320 0.0500 0.0490 0.0570 0.0570 0.0060
X'q 0.0690 0.1700 0.0880 0.1660 0.1660 0.0810 0.1860 0.0910 0.0590 0.0080
Rs 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0010 0.0002 0.0002
T'do 10.200 6.5600 5.7000 5.6900 5.4000 7.3000 5.6600 6.7000 47900 7.0000
Tqo 0.020 1.5000 1.5000 1.5000 0.4400 0.4000 1.5000 0.4100 1.9600 0.7000
H 42.000 30.300 35.500 28.500 26.000 35.00 26.500 24.300 34.500 31.0 00
Dg 0.0535 0.0194 0.06783 0.01815 0.0331 0.06783 0.01815 0.0331 0.06783 0.01940
Table A3. [EEE 9-bus test system generator data 2.
Bus numbers
Parameters 1 2 3
Ke 1.0000 1.0000 1.0000
Te 0.3140 0.3140 0.3140
Se 0.0000 0.0000 0.0000
Ka 20.000 20.000 20.000
Ta 0.200 0.200 0.200
Kf 0.0630 0.0630 0.0630
Tf 0.350 0.350 0.350
Tch 0.1000 0.1000 0.1000
Tg 0.0500 0.0500 0.0500
Rg 0.0500 0.0500 0.0500
Table A4. New england system generator data 2 (Yang 2006).
Bus numbers
Parameters 30 31 32 33 34 35 36 37 38 39
Ke 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Te 0.2500 0.4100 0.5000 0.5000 0.7900 0.4700 0.7300 0.5300 1.4000 1.0000
Se 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Ka 20.000 40.000 40.000 40.000 30.000 40.000 30.000 40.000 20.000 20.000
Ta 0.0600 0.0500 0.0600 0.0600 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200
Kf 0.0400 0.0600 0.0800 0.0800 0.0300 0.0800 0.0300 0.0900 0.0300 0.0300
Tf 1.0000 0.5000 1.0000 1.0000 1.0000 1.2500 1.0000 1.2600 1.0000 1.0000
Tch 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000
Tg 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500
Rg 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500
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Abstract: Today’s power systems are operated closer to their stability limits due to the continu-
ously growing load demands, interface to open markets, and integration of more renewable
energies. In order to provide operators with clear insight on the current system situation,
near real-time power systems dynamic security assessment tools are required. One of the core
elements of near real-time dynamic security assessment tools is contingency screening and
ranking. Most of the commercially available tools screen and rank contingencies by using the
traditional numerical integration or Transient Energy Functions (TEFs) or hybrid methods.
The traditional numerical integration method is accurate but computationally intensive and
has a slow assessment speed which makes it difficult to identify any insecure contingency
before it happens. Despite the TEF method of transient stability analysis being relatively fast,
it develops less accurate results due to models simplification and assumptions. This paper
introduces transient stability based on fast and robust contingency screening and ranking
using an Adaptive step-size Differential Transformation (AsDTM) method. Based on the most
current snapshot from Supervisory Control and Data Accusation (SCADA) data, the proposed
method triggers AsDTM-based transient stability simulation for each credible contingency and
evaluates Transient Stability Indices (TSI) as the normalized weighted sum of squares of errors
derived from state variables and complex bus voltages at every simulation time step. Finally,
contingencies are ranked based on these TSI and the worst contingency is identified for the
next detail assessment. The method is tested on IEEE 9 bus and 39 bus test systems. Test results
reveal that the proposed method is faster, robust, and can be used in near real-time dynamic
security assessment sessions.

Keywords: transient stability indices (TSI); dynamic security assessment (DSA); transient stability
simulation; contingency screening

1. Introduction

A reliable electricity supply is foundational to all economic and societal activities
in modern societies. Ensuring the secure operation of the system during widely varying
loading scenarios or following possible unforeseen events represents an immense
challenge to the system operator. To assess the security risk correctly and to initiate
any necessary corrective measures, the operator needs to have situational awareness at
all times. Most of the recent methods of stability assessment are based on extensive
off-line computations and, consequently, may no longer be sufficient; hence, a near
real-time DSA is significantly demanding [1]. The near real-time application of a DSA
to a realistic network needs sufficient methods to screen and rank large number of
contingencies to be investigated by DSA tools.
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The goal of contingency screening and ranking is to shortlist critical contingencies for
deeper evaluation of the power system. Since, in practice not every contingency will bring
an instability problem to the power system, conformation of a critical contingencies list is
created according to the comparisons of the performances of the power system [2,3]. The
performances of the power system after being subject to each contingency are evaluated
with respect to the capacities of the equipment, operating constraints, etc. During contin-
gency screening, contingencies with a small influence on system operation are removed.
Their exclusion from credible contingencies lists results in a significant reduction in in-
formation for near real-time operation, i.e., only a few potentially severe contingencies
are considered to undergo detailed evaluation. Several broad approaches to contingency
screening and ranking methods have been proposed [4].

The authors of [5,6] proposed some indices for contingency screening and ranking.
However, they often require numerical integration for a significant interval after the fault
clearance. Ref. [6] proposes heuristic individual and global transient instabilities indices
based on combined numerical integration and direct methods (hybrid method) for con-
tingency screening in an online DSA session. The method proposed by [7] is based on
simplified modeling with assumptions which can result in substantial simulation errors.
Transient stability simulation-based indices for contingency screening and ranking are
proposed by [8], which solves both differential and algebraic equations of a power system
numerically by a MATLAB ODE solver. Approaches, such as a numerical integration,
direct (energy function methods), and combination of both methods, are explored by [9-11].
The conventional numerical integration-based methods are accurate but require intensive
computations; but direct methods are the reverse.

In [12], various severity indices for dynamic security analysis and the ranking of
contingencies are proposed. For the purpose of measuring the severity of a contingency,
the authors propose several indices, which are based on coherency, transient energy
conversion, and dot products of certain system states. Finally, the authors propose a
composite index, which assigns different weights to the prior defined indexes and sums
up their contributions. In this approach, a detailed time-domain simulation is carried
out until 500 ms after fault clearance. Then, the indices are computed to determine
stability and to rank the respective contingencies. However, the majority of the indexes
do not obviously divide the contingencies into unstable and stable scenarios while
tested being used with a particular test case. Power system contingency screening and
a ranking method based on the TEF method was proposed by [13]. The method utilizes
the transient energy function and aims at filtering out the non-severe disturbances.
The TEF method has received a lot of attention and assessment methods based on it
were continuously advanced.

Hybrid methods, like SIME [10], improve the transient stability simulation speed.
The method consists of two blocks. The first block filters stable contingencies and
the second block ranks and assesses the remaining possible harmful contingencies
based on their estimated critical clearing times (CCTs). This requires running time-
domain simulations twice per contingency. In [14], a fast power system contingency
screening technique based on SIME was presented. A new index was introduced for
grouping generators as well as a contingency classification based on the power angle
shape of the one-machine infinite bus (OMIB) equivalent. For this purpose, the method
requires running time-domain simulations one to three times per contingency with
varying fault clearing times. Alternatively, contingency screening methods, which
are executed periodically, and the deployment of wide-area measurement systems in
power systems enabled transient stability prediction utilizing real-time synchronized
phasor measurements.

A contingency screening method utilizing the extended equal area criterion (EEAC) as
described in [15] was presented in [16]. The EEAC is a further development of the equal
area criterion (EAC) to allow an application of the criterion to multi-machine systems. The
authors derived a set of rules to effectively filter out the stable cases from a set of credible
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contingencies. In order to identify and filter stable cases, just after fault clearance the
stability margins determined from the static EEAC (SEEAC) and dynamic EEAC (DEEAC,
as described in [17,18]) are computed. Then, the aforementioned rules are employed to
identify if a case is stable and should be filtered out.

In [19], the authors propose a method to predict transient rotor swings using a fuzzy
hyper-rectangular composite neural network and post-contingency phasor measurements
to determine stability. Recently, a method for transient stability prediction and mitigation
has been proposed by [20]. The method uses real-time measurements provided from phasor
measurement units (PMUs) and an artificial neural network (ANN) to detect stability or
instability of the power system. If instability is detected, a remedial action scheme is
activated. This method improves the computation speed, but the detail system model is not
supported. However, these methods require training on a forecast database and provide a
certain degree of generalization that may not always be capable of correctly determining
security and stability [4].

The review of works to advance power system contingency screening and ranking
methods presented above can be summarized and grouped into four broad methods
as a traditional numerical integration method of TDS, direct (TEF) methods, a hybrid
of TDS and TEF methods, and automating learning methods (such as methods based
on ANN). Approaches such as a power system TDS based on numerical integrations
provide accurate assessment results but are too slow due to their intensive computation
requirement. Transient energy function and hybrid methods proposed by different
authors may provide quantitative measures which indicate the degree of system stability
based on the energy margin or stability indices but require model simplification and
assumptions. Since the generation and consumption pattern in the system become
less predictable and dependent on forecasting accuracies, methods based on off-line
databases, such as ANN, a decision tree, pattern recognition methods, etc, are going to
be challenged by the vast amount of possible operating conditions [4]. It is likely that
these very unpredictable situations are not part of the database and may even deviate
significantly from the scenarios in the database.

To mitigate these problems, some advanced time-domain simulations have been
proposed in different literatures. The analytical method of transient stability assessment
recently proposed in [21] is a non-iterative method of solving complex power system
differential algebraic model equations by using a differential transformation method. In
this approach, a fully analytical solution method is used, no network simplifications are
made, and loads are not assumed as a constant impedance load. However, the differential
transformation method generates a series solution, actually a truncated series solution
which does not exhibit the real behaviors of the problem but gives a good approximation to
the true solution in a very small region. A multi-step differential transformation approach
is required to extend the region of solution and improve the simulation speed and accuracy
of the resulting solution [22,23]; in some cases, a very small sub-division of interval is
required with this method, which actually results in a greater computational burden and
more time.

To overcome the drawback of this differential transformation method, an adaptive
step-size differential transformation method (AsDTM) is proposed by [24]. The proposed
method introduces a novel step-size control algorithm based on local convergence error
results at the end of each simulation time step. The method adaptively varies the step-size
of classical DTM- based simulation method The step size is varied based on the local
truncation error control algorithm. The automatic controls of the step-size length are
performed based on the principles: (1) reduce the time step length when the error is above
the tolerable error limit, to improve the accuracy of the simulation, and (2) increase the
time step length when the error is below the tolerable error limit, to avoid an unnecessary
computational burden and improve the overall efficiency.
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This paper introduces a fast and robust power system contingency screening and
ranking method, whose performance is suitable for a near real-time application and could
be a part of a DSA toolbox. Power system transient stability analysis based on an AsDTM
is used in this paper. TS indices are evaluated from the analysis results as normalized
weighted sums of squares of error at every simulation time step for both state variables and
complex bus voltages. This work has at least four major contributions: (1) It is relatively
robust and accurate, because it is flexible in handling power systems with any model detail
and complexity without limitations, for instance, complex high-order models of AVRs,
turbine, governors, boilers, SVCs, and other items of plant can be used; (2) it improves
simulation speed and accuracy based on the control of the local convergence error at each
time step; (3) the local solution error is estimated from only the last coefficient terms of the
state and algebraic variables without any further calculations as in the variable step-size
algorithm using traditional numerical integration methods; and (4) the solution obtained
for the current simulation time step can be used during the next simulation time step
without any limitations, such that the number of steps required to complete the transient
stability simulation process reduces. Therefore, using the AsDTM method reduces the time
spent in filtering out the potentially severe contingencies and reduces the update time of
the DSA system. These enable the proposed method to be applied in a near real-time DSA
session. Using the proposed comprehensive methodology, case studies are performed on
IEEE 9 bus and New England IEEE 39 bus test systems and validated.

The paper is organized as follows. Section II describes the proposed method; Section
III presents test results of the proposed approach on IEEE 9 bus and New England IEEE 39
bus test systems, and Section IV presents conclusions and future work

2. The Proposed Contingency Screening and Ranking Method

In a near real-time DSA tool, power system contingency screening and ranking is
expected to be executed periodically several times per day. In order that a large number of
contingencies can be processed by a near real-time DSA system, it is necessary to include
some form of contingency screening to filter out those contingencies which lead to little or
no degradation of the system security [1]. This will reduce the time spent in filtering out
the potentially severe contingencies and reduce the update time of the DSA system. At the
same time, it is very important that all the contingencies that will lead to stability problems
are identified, i.e., the screening process is accurate.

In this paper, contingency screening and ranking using an AsDTM-based power
system transient stability analysis is proposed. The proposed method starts whenever
the system operators require analyzing the impact of some set of selected contingencies
for the purpose of a near real-time operation using the most current system operating
state data as the basis. At each time step of the transient stability analysis for every
credible contingency, the TSI (Al and SI) is evaluated as a weighted sum of squares
of errors derived from state variables and complex bus voltages at every time step,
during the process of transient stability simulations for each credible contingency. These
indices are related by normalizing them with the largest of all and ranked. Finally, the
worst contingency is identified for the next detail assessment. The TS indices evaluated
based on the machine’s state variables are represented as the machine’s state variables
indices (SI) and those evaluated based on the machine’s bus complex bus voltages are
represented as algebraic indices (AI).

Note that the method does not aim at predicting the transient response of the
system after the occurrence of a fault; instead, the method carries out a contingency
screening and ranking to ensure that the system is transiently stable with respect to
a given set of credible contingencies. Figure 1 shows the flowchart diagram of the
proposed contingency screening and ranking method assumed to be integrated into the
near real-time DSA session. In the following subsections, each part of the proposed
algorithm will be described in more detail.
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Figure 1. Flowchart diagram of the proposed power system contingency screening and ranking
method integrated into a framework for near real-time application.

2.1. The Most Current System Snapshot from the SCADA Data

The most current system snapshots consisting of complex power flows through trans-
mission lines, complex power injections (generation or demand at buses), and bus voltage
magnitudes are read from Supervisory Control and Data Acquisition (SCADA) data. These
data are used to represent the system’s pre-fault condition so as to initialize the transient
stability simulations.

2.2. Static and Dynamic Parameters from the Database

The static and dynamic data contain a system model parameter for all components
in the monitored power system. The provided parameters are assumed to be enough to
represent the power system components with proper detail to enable an accurate simulation
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of the transient response. In this paper, the synchronous generator’s rotor dynamics are
represented by a fourth-order model.

2.3. Update Power System Models

The obtained most current system snapshot and the model database, which provide
the required dynamic and static data and parameters of each component, are utilized to set
up the power system models representing the current system state including the network
admittance matrix Y.

2.4. Perform Power Flow, Initialize Dynamic System, and Prepare List of Credible Contingencies

Using the updated power system model, a power flow analysis is performed to
represent the system’s pre-fault steady state conditions and hence initialize the dynamic
system for the next power system transient stability analysis-based evaluation of the TSI
function based on the flowchart given by Figure 2. A list of credible contingencies is also
generated for the system under consideration here.

Derive DT of power system DAE
(k+1)b(k+1)=F(k)=F(d(k),V(k))

Y_busV(k)=1(k)=1 P ((k),V(k))

T=0

Solve power series coefficients B
Pk) and Vvik) )

l A

no

yes

Inverse DT or Determine Ju(t) and
wv(t)

a [ Determine the new step size h ]

yes

- Determine the new
admittance matrix Y
N

Determine the new bus
T=T +step size = voltage v(t)

Is there any
fault event?

3
I Evaluate transient stability indices (TSI)

W(0) = ()

Is T> stop

time?

V(0)= w(t)

no

Figure 2. Flowchart of the algorithm for fast transient stability-based TSI evaluation.

2.5. Fast Power System Transient Stability Analysis-Based TSI Evaluations
2.5.1. Differential Transformation Method (DTM)

The theory of the differential transformation method is originally established in [25]
to derive approximate solutions of nonlinear differential equations and is defined as below.
Consider a function \(t) of a real continuous variable t. The differential transformation
of P(t) is defined by Equation (1), and the inverse DT of (k) is defined by Equation (2),
where k is the order transformation.

dk
$) = [ ;’j,f”] @
(t=0)
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k=1

Next, it is developed by researchers in the fields of mathematics and physics to obtain
semi-analytical solutions of various nonlinear dynamic systems. In [20,21], this method
was examined for real-life complex network systems such as power systems modeled by
high-order nonlinear differential equations. DTM provides a set of transform rules. Some
of these transform rules are listed below. If we let x(t), y(t) and z(t) be the original functions
and X(k), Y(k), and Z(k) their DTs, respectively, the following propositions hold, where c is
a constant matrix and n is a nonnegative integer [26]:

(@) X(0) =x(0).
(b)  y(t) = ex(t) = Y(K) = cX(K).
© z(t) = x(t) + y(t) = Z(k) = X(k) £ Y(K).
(d)  2(t) =x(®) y(©) = Z(k) = Ty, X(m) Y (k —m)
1
€ Z(t) = }}ig:;it sDT = m( (k) — £&1 H(k —m)Z (m))
®  xt)"=X(K)"
(g) dx/dt=(k+1)X(k+1)and if DT of sind = ¢(k) and DT of cosd = a(k) then

® o) = (T S amok—m))
0 a0 = (~2h oot m)

The use of DTM as an explicit solver of power-system complex differential algebraic
equations (DAEs) in power-system dynamic simulation presented by [21,24] introduces
a significant advancement in power system dynamic simulation. It is proven that the
performance efficiency of a DTM is much better than that of the traditional numerical
integration methods, because when using the DTM method, the iteration to solve algebraic
equations after each integration step is eliminated and has a higher radius of convergence.
The procedures to solve multi-machine power system DAE models using the DTM method
is as follows [21]: (1) transform power system DAE equations, (2) calculate the coefficients
of state and algebraic variables, and (3) perform an inverse transformation to determine
state and algebraic variables as a function of time.

Implementations of the DTM-based solution method is illustrated using an initial
value problem as presented below.

Consider the following initial value problem: Equation (3), where C € R™ and
F:RxR™ — R™:

)

where P = (Y1, Py, ..., Pn) and the interval [0, T] is partitioned into N subdomains with
grid points expressed as to, t1, ..., tj—1, tj = T, such that tj;; = tj + h. Using the DTM
solution approach, the first step is to determine the DTs of Equation (3), which is given as
Equation (4) below, where K is the order of DT and m is the number of variables:

(k) = LIF(k )] @
k 0,1,2,...,K&n=012,...,N-1

By eliminating 1/k from the right side of Equation (4), we can rewrite it as Equation (5),
where Pmn and F are the transformed vector valued functions:

V’m,n(k) = F(wmn(k - 1)ftn) )

As we can see from Equation (5) above, the coefficient terms i n(k) can be explicitly
determined from the lower-order coefficient terms recursively based on Figure 3.
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Figure 3. Recursive process to solve power series coefficients source [21].

After all the coefficient terms from k = 0 up to k = K are known, the exact solution of
Equation (3) at a point t = t,41 = tn, + h can be written in the form of a Taylor expansion,
considering m to be the number of variables, as in Equation (6), where h represents the step size:

oo K
m(tns1) = Z Pmn (k>hk = Z Pmn (k)hk + h&n (6)
k=0 k=0

where &, is a local truncation errorandn=0, 1, 2, ..., N — 1. The local truncation error
can be expressed in the form of a residual formula of Taylor series, considering m to be the
number of vectors of variable 1}, and is expressed as Equation (7):

&n = Yun(k)B* = WFF(p(k — 1), t.)
o ldkf(llﬂm(f),f)]
t=t.

tc € (tnr tn+1)

This shows that the DTM method approximates locally to the exact solution with the order k.

AsDTM-based analysis in which the step size h is varied based on imposing the
maximum of absolute values of the last coefficient terms to be lower than the admissible
local error [24] is applied in this paper. This can be obtained by replacing &, in Equation (7)
by the admissible local error . Therefore, the new step size is calculated from Equation (8),
where ¢ is the admissible local truncation (solution) error:

E = max|(pmn(k))|
(8)

=1

o= Ehk = hpew = (g) < hmax

E
Power system transient stability simulation-based on the AsDTM method was intro-
duced for the first time by [24]. In using this mathematical tool, the local truncation error at
each simulation time step is controlled by setting an acceptable minimum error per unit as
illustrated and shown by Equation (8). This enables the AsSDTM method to improve the
performance efficiency and accuracy of the DTM-based transient stability analysis method.
As presented by [24], the accuracy and speed of the transient stability simulation based
on AsDTM are investigated in comparison with the classical differential transformation
method and the traditional numerical integration method used for IEEE 9 and IEEE 39 test
systems. The simulation results reveal that this method improves the simulation speed
by 20-44.57% and 83-92% compared with the classical DTM and traditional numerical-
integration-based simulation methods, respectively. It is also proven that compared with
the DTM-based simulation, the method provides 45.27% to 58.85% and more than 90%
accurate simulation results for IEEE 9 and IEEE 39 test systems, respectively.

2.5.2. Descriptions of the Proposed Transient Stability Analysis Based TSI Evaluations

Transient stability analysis-based TS indices evaluation of the scenario is triggered
after the fault/event parameters (parameters that represent each credible contingency)
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have been determined for all credible contingencies listed and the power system model is
initialized. In this paper, an AsDTM-based transient stability analysis method is introduced
and used to screen and rank contingencies. At every simulation time step, during the power
system transient stability simulation considering each credible contingency, the TSI (Al and
SI) is evaluated as the weighted sum of squares of errors derived from state variables and
complex bus voltages. Indices evaluated for all listed credible contingencies are related
by normalizing them with the largest of all and ranked. Finally, the worst contingency is
identified for the next detail assessment. Application of this method significantly improves
the performance efficiency as well as robustness of the assessment process. Figure 2 shows a
flowchart of the proposed transient stability analysis-based TS indices evaluation algorithm
and its descriptions will be presented step by step in this subsection as follows: Where
P(k) = DT of P(t) and V(k) = DT of v(t).

Consider that the state space representation of the power system DAE model equations
are as given by Equation (9), where 1 is the state vector, v is the vector of bus voltages,
f represents a vector field determined by differential equations on dynamic devices such as
synchronous generators and associated controllers, i is the vector valued function on current
injections from all generators and load buses, and Y_bus is the network admittance matrix.

dy;
dit] = f(¢j/ Uj) ©9)

Y—busvj = i(lpj/ U]‘)

where 1(t) represents the machines and respective controllers state variables such as
5](t)/ wj(t)/ E;](t)/ E,/j](t)/ Vr](t>/ Vf](t)/Ef](t)/ Pchj(t)/ and Psv](t) and ] =1,2,3,...,m, rep-
resent the machine number.

Step 1 Derive DTs of power system DAEs:

Apply the differential transformation to functions given by Equation (9) on both sides,

by using transformation rule (g) to obtain Equation (10)

(k+1D)p(k+1) = F(k) = F(y(

!
Ypus V (k) = 1(k) = I(y(1), V(1)) (10)

The vector valued function i(¢, v) in Equation (9) represents both generators and load
current injections. But here for this specific case, constant impedance loads are considered
and are included in the network admittance matrix Y_y, . Differential transformation of the
network equations including the stator algebraic equation can be derived as given below:

Letv. — [T —x/q - _ [ sind cosd\
Ya = xX'q ra P =\ —coss sing )7 T FYar

B=py.0,

And the generator current injection equation is given as Equation (11)

Ll _([Ea] o W
HEGEAREY) %
Using the transformation rule (h & i), differential transformations of p, B, and ¢ are given:
_ ( otk) a(k) _ _ /
o) = (P ), o0 = e ) = e

Similarly, using transformation rule (d), the differential transformation of the generator
current injection equation is

[ fyg’;; ] - (i "(’”)[ EjEiiZZi ] -y ﬁ(m){ gygﬁ:ﬂ; D (12)
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The load current injection at each bus is represented by

(k) ]
= zeros(2,1 13
[ e )
And finally, the DTs of the network algebraic equations are
[ La (k) | [ Vi1 (k) |
Ly (k Vi (k
Lyi(x - 'yl. . y e 'Y’N Vai(k) I(k)=YV(k) (14)
Li (k) o ! a Vyi(k)
: P VAR V :
LN (k) M N NN ViN (k)
L Iyn(k) L Vin(k) |

wherei=1,2,3,..., N, and lix and ;; represent the x and y component of bus i current, vix
& viy represent x and y component of bus i voltage and

L (k) Vi (k)
Iy (k) Vi (k)
Gji —B;j; Ly — Vai
Ki =(Bi; Gi]’])' 1= Iyi((’;‘)) V= Vyi((lz)
IXN(k) ‘VxN(k>
L IyN(k) ] L VyN(k) _

Step 2 Solve power series coefficients:

This step is initialized by the initial values of bus voltage V(0) and state variables 1 (0).
The main task here is to solve power series coefficients (k) and V(k) (k > 1) from the
(k — 1)th order coefficients, as indicated by two circled numbers in Figure 3. Thus, any
order coefficients are solvable from 1{(0),V(0).

The coefficients of state variables (k) for differential equations are derived from Equation
(10)a recursively from (1) up to P(k), as shown in Figure 3. But solving the coefficients of
algebraic variables, bus voltage V(k) is not straightforward since V(k) appears on both sides as
we can observe from Equation (10)b. If ZIP load models are considered, the current injunction
equations for constant power and constant current load portions of the ZIP load are non-linear
and these will be turned to linear in terms of their coefficients; the proof is given in [21]. Since
the constant impedance load is considered in this paper, the differential transforms of generator
current injection given by Equation (15) can be rewritten as Equation (16) below.

[ ] (B[ i )= £ GG ]) -

Vi (k)
—pB(0)
k E (k — m) k Vi(k — m)
By = L olm)« [ B ] - L pm) *{ S }
Ag = B(0)
L(k) | _ Vi (k) , -
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Since the load current injection is zero, let A; represent zeros (2,2), B; represents
zeros (2,1) at each of the n buses, A = A; + A} & B = B¢ + B for machine buses and
A = A; & B = B; at (n-m) buses then A represents (2 x n) by (2 x n) matrixes and B
represents (2 x n) by 1 column vector. Therefore, the current injections into the network
from all the buses can be expressed as Equation (17) below

I(k) = AV(k) + B (17)

where I(k) and V(k) are as given for Equation (14)

Considering constant impedance loads, the coefficients of bus voltages V(k) for all the
network buses and coefficients of state variables (k) are solved from Equation (18) from
a-c recursively from (1) up to P(k) and V(1) up to V(k).

Pl =g Fp(), V1), 1=0 . k-1 (a)
Y_bus V (k) = AV(k) + B (b) (18)
'B

V(k) = (Y_bus — A)~

Step 3 Inverse DT on (k) and V(k).
Apply inverse DT to (k) and V(k) to obtain the DTM-based solution of power system DEAs
in (20) a&b, where (k) and (t) represent d; (k), w(k);E.;(k), Ej;(k), V, (k) Vfi(k), Ppi(K), Psoi(k)

and Efl-(k) & 6;(t), w(t >1E¢/p( ), E;li(t),V (t) Vfl( ), P, lchlq(lt) Py,i(t) and Eﬁ(t) respectively. &i=1,
2,3...... m, represent the machine number
k
P(t) = ¥ p(m)t" (a)
m=0 (19)
o(f) = L Ve ()

Step 4 Determine the new step size (hnew):

As described in Section 2.5.1 above, we can estimate the simulation step size that
ensures the prescribed local admissible error by using just one of the coefficient terms
without any further calculation. The equation to calculate the step size (h) given by
Equation (8) above is adopted and applied for power system transient stability analysis, as
described below.

Let Mgt, Exst, and Tggt be the matrix of generators, exciters, and turbine governor state
variables, respectively. If m and N represent the number of machines and state variables,
respectively, the size of each matrix is equal to m x N. Consider also the tolerable local
solution error d > 0. The order of DTM, k, is given and fixed at the beginning of the
simulation. Therefore, since all order coefficient terms of state variables and all the network
bus voltages are known at this stage, the new step size (hpew) Will be determined. In this
paper, an admissible local solution error of d = 10~° per unit is considered. Therefore, we
can calculate the new step size h using the following two steps:

I Determine the maximum of the absolute value of the last coefficient terms of all the
variables as in Equation (20):

E = Max[Max(Max(|Mst(k)|), Max(Max(|EXst(k)|), ...

Max(Max(|TGst(k)|), Max(|V (k)|)] (20)

II.  Next, evaluate the new step size hpew by using Equation (21):
<max step size (hmax)

1
_|(2\k
meo = | (3) @
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Step 5 Check for disturbance or event, and if any, determine the new (Y)matrix and
reinitialize bus voltages.

Step 6 Increment the simulation time t as ti + 1 = ti + hnew (where i represents the
number of time nodes, separated by the length of every time window).

Step 7 Determining transient stability indices (TSI)

The TSI of each considered contingency is determined in terms of the dynamic perfor-
mance response at each machine bus. The dynamic performance response at each machine
bus is determined in terms of the machine state and algebraic variable values deviation
from their respective steady-state conditions. When a power system is subjected to a large
disturbance, the algebraic variables change instantly while the machine state variables may
need some transient time to change values. Upon clearing, the variables are expected to
return to their initial operating values or new and acceptable steady state values. However,
this is not always the case due to the severity of that disturbance.

In this paper, transient stability index values, such as SI and Al representing the
machine-related state variables and machine bus complex voltage deviations from steady
state conditions, respectively, are used to identify and list contingencies according to their
severity. For each contingency in the list, these deviations are expressed as the weighted
sum of squares of error of the machine state and non-state variables, complex bus voltages
at each simulation time step [8] as defined by Equation (22).

4m X Wi (i (t) — ¢ij(f0))2
Sluew = Shypep + | —L— «h
m
m 1 (22)
Y Y Wii(wi(t) — vij(to))
Alpew = Alprev =+ —— *h

where:

h = the new step-size, v = complex machine bus voltage, 1p = machine’s state variables

Slhew = new transient stability index values of machine related state variables

SIprev = previous transient stability index values of machine related state variables

Alnew = new transient stability index values of machine bus complex voltage

Alprey = previous transient stability index values of machine bus complex voltage

Wij; = weight associated with the state and algebraic variables

I = the number of the state or algebraic variables.

The transient stability index values of state and algebraic variables { and v, respec-
tively, and the step-size (h) in the above equations are obtained from the power system
transient stability simulation results at each simulation time step. These indices can be
evaluated starting from any time as required during the simulation period. Finally, indices
evaluated for all listed credible contingencies are related by normalizing them with the
largest of all.

Step 8 Using the time domain solutions (t) and v(t) (step 3, above) as initial values
of the state variables and bus voltages for the next simulation time window, respectively,
repeat steps 2 to 8 until the end of the simulation period (T).

2.6. Contingencies Are Ranked and the Worst Contingency Is Identified

For each considered contingency case, respective transient stability indices are eval-
uated. Finally, each of the transient stability indices are normalized with the largest of
all the indices and listed in descending order. The contingency in the top position is the
most critical contingency identified and the contingency in the bottom position is the least
critical contingency.
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3. Case Studies and Results
3.1. Test System, Cases, and Setup
3.1.1. Test System

Two test systems are employed to validate the proposed screening approach. The first
test system is the 9-bus system, which consists of nine buses and three machines. The second
test system is the 39-bus system, which consists of 39 buses and 10 machines, as shown
by Figure 4 below. The loads are modeled as constant impedances in the time domain
simulation. The generators are represented by a two-axis fourth-order model. They all have
a Type_1 excitation and voltage regulation system as well as a turbine/governor model.

Load A
8 100MW

yT® v ® i 132300y | R zemio
o —— ()1 O+
< T2 T3

17 & 192MVA, 3 3 3 128MVA

18 138KV 13.8kv

l Load C
SNy

3OMVAr
4

<8
36 125NV

13 3 23

13.8/230kV T
—_ 19
v 2 22 1
11
0 2
T a2 34 33 =35 247NIVA,
(3) (5) @ (8) 13.8kV
(a) (b)

Figure 4. One-line diagram of (a) New England 39-bus system; (b) IEEE 9-bus system [24].
3.1.2. Test Cases

For the purpose of testing the proposed fast contingency screening method, a set of
contingencies are defined. For both systems, three phase bus faults are considered. This
located at 6 buses (non-generator buses) for the first test system and 29 buses (similarly, non-
generator buses) for the second test system. A susceptance of 1071 is considered enough to
bring zero impedance bus faults [27]. This fault is added to the network admittance matrix
for every non-generator bus in sequential order (one after the other). In this paper, the fault
is cleared only by removing the added fault parameters from the respective bus admittance
matrix without isolating the faulted bus itself so that the network structure is not changed.

3.1.3. Test Setup

The tests are carried out on a standard laptop with the following characteristics: Intel
CTM) i5-5200U CPU @ 2.20 GHz 2.20 GHz, 8 GB RAM, running on a 64-bit operating system,
with a x64-based processor. The transient stability analysis-based TSI evaluations were
carried out using the tools/codes developed by using the proposed AsDTM on MATLAB
R2017b [28]. MATPOWER 7.1 [29] version software was utilized. The CPU time included
all steps of the transient stability analysis-based TSI evaluation processes. MATPOWER
is open-source software for power flow analysis and run on a MATLAB environment.
This power system analysis software does not employ a graphical representation of a
power system. Instead, the power system data were prepared in a table format specific
to MATPOWER. Any functions of the MATPOWER can easily be accessed by functions
developed on MATLAB editor. These include MATLAB functions that load and call for
dynamic and static data file of simulation cases (case file), MATPOWER output interface
functions, functions for initializing dynamic systems, model libraries for all dynamic
systems, solver functions file (algorithms for computation), and functions for plotting
simulation results. Power flow analysis was performed using MATPOWER.

3.2. Assessment Results and Discussion

To validate the proposed contingency screening and ranking method, three-phase
short-circuit faults located at 6 buses (non-generator buses) for IEEE 9-bus test system and
29 buses (similarly, non-generator buses) for the 39-bus test system are used. To analyze
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their impacts, each fault is triggered at 0.6 s and cleared at two different fault clearing
times. TSI for each faulted bus is evaluated, first by considering the 0.15 s (150 ms) fault
clearing time and next by considering the 0.25 s (250 ms) fault clearing time. During
both scenarios, the evaluated TSI are ranked and plotted. In both cases, the accuracy
and performance of the proposed method are validated using the assessment results
based on the traditional numerical method (fourth-order Range-Kutta (Rk4) with step size
h =0.001 s) as benchmarks. For this purpose, the differential transformation (DT) order k =
14 is used for both test systems with both DTM and AsDTM simulation methods.

Two types of TS indices are evaluated for each credible contingency during transient
stability analysis at each assessment time step. These indices were evaluated based on
the machine’s state variables (as rotor angle deviations(6),angular speed(w), etc.); analysis
results are represented as state variable indices (SI) and those evaluated based on the
machine’s bus complex bus voltages (such as bus voltage magnitude (V) and voltage
angle(0)) analysis results are represented as algebraic variable indices (Al).

3.2.1. Validation of the Accuracy of the Proposed Method

In the following sub-section, the accuracy of the proposed method is validated with
respect to the TS indices evaluated using transient stability analysis based on a traditional
numerical method (fourth order Range-K utta (Rk4))) as a benchmark. Tests are performed
considering two scenarios. During the first scenario, contingencies are analyzed and ranked
considering a 150 ms fault clearing time and the next scenario by considering a 250 ms
fault clearing time. The TSI evaluated based on a fourth order Range-K utta Rk4 (reference
method), the proposed AsDTM, and the classical DTM methods using both test systems
are plotted as shown by Figures 5a,b and 6a,b below. The TSI results evaluated based on
the proposed method, and those evaluated from the classical DTM method (with a fixed
step-size of h = 0.0125 s) are ranked and compared with the benchmark results as given
in Tables 1-4 below. As one can clearly observe from the plots given by Figures 5a,b and
6a,b, the TSI (Al and SI) results evaluated based on the proposed method for the 150 ms
fault clearing time indicate that the most and least critical situations are when there is a
three phase short-circuit fault at buses 22 and 12, respectively, for the 39-bus test system
and at buses 8 and 5, respectively, for the 9-bus test system. These results strongly agree
with the most and least critical buses identified based on the Rk4 (benchmark) for both test
cases as shown by Figures 5a,b and 6a,b below. But the plots of the TSI evaluated based
on the classical DTM method indicate that the most and least critical situations are when
there is a three-phase short-circuits fault at buses 22 and 9, respectively, for the 39-bus test
system. This result shows that the least critical situation identified by using the classical
DTM method is completely different from the benchmark result.
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Figure 5. Cont.
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Table 1. Three-phase short-circuit on each non-generator buses of 39-bus test system and each cleared

after 150 ms.

Cont. Ranked Using TSI
Evaluated Based on
Numerical Integration

Cont. Ranked Using TSI
Evaluated Based on

Con. Ranked Using TSI
Evaluated Based on

Method (Benchmarks) AsDTM Method DTM Method
Bus No Rank Bus No Rank Bus No Rank
Bus 22 1 Bus 22 1 Bus 22 1
Bus 19 2 Bus 19 2 Bus 19 2
Bus 2 3 Bus 2 3 Bus 2 3
Bus 25 4 Bus 25 4 Bus 25 4
Bus 6 5 Bus 6 5 Bus 6 5
Bus 5 6 Bus 5 6 Bus 16 6
Bus 16 7 Bus 16 7 Bus 5 7
Bus 23 8 Bus 23 8 Bus 23 8
Bus 10 9 Bus 10 9 Bus 10 9
Bus 17 10 Bus 17 10 Bus 17 10
Bus 11 11 Bus 11 11 Bus 15 11
Bus 24 12 Bus 24 12 Bus 11 12
Bus 15 13 Bus 15 13 Bus 24 13
Bus 3 14 Bus 3 14 Bus 3 14
Bus 14 15 Bus 18 15 Bus 21 15
Bus 18 16 Bus 14 16 Bus 18 16
Bus 4 17 Bus 4 17 Bus 14 17
Bus 21 18 Bus 21 18 Bus 4 18
Bus 13 19 Bus 13 19 Bus 13 19
Bus 7 20 Bus 7 20 Bus 27 20
Bus 27 21 Bus 27 21 Bus 26 21
Bus 8 22 Bus 8 22 Bus 8 22
Bus 26 23 Bus 26 23 Bus 1 23
Bus 1 24 Bus 1 24 Bus 7 24
Bus 9 25 Bus 9 25 Bus 29 25
Bus 20 26 Bus 20 26 Bus 28 26
Bus 28 27 Bus 28 27 Bus 12 27
Bus 29 28 Bus 29 28 Bus 20 28
Bus 12 29 Bus 12 29 Bus 9 29

Table 2. Three-phase short-circuit on each non-generator buses of 9-bus test system and each cleared

after 150 ms.

Cont. Ranked Using TSI
Evaluated Based on
Numerical Integration

Cont. Ranked Using TSI
Evaluated Based on

Con. Ranked Using TSI
Evaluated Based on

Method (Benchmarks) AsDTM Method DTM Method

Bus No Rank Bus No Rank Bus No Rank
Bus 8 1 Bus 8 1 Bus 8 1
Bus 4 2 Bus 4 2 Bus 4 2
Bus 6 3 Bus 6 3 Bus 6 3
Bus 7 4 Bus 7 4 Bus?7 4
Bus 9 5 Bus 9 5 Bus 9 5
Bus 5 6 Bus 5 6 Bus 5 6

Similarly, from the plots given by Figures 5¢,d and 6c,d, the TSI (AI and SI) evaluated
based on the proposed method for the 250 ms fault clearing time indicate that the most
and least critical situations are when there is a three-phase short-circuit fault at buses 16
and 12, respectively, for the 39-bus test system and at buses 8 and 5, respectively, for the
9-bus test system. These results again strongly agree with the most and least critical buses
identified based on the reference method for both test cases. But the plots of the TSI based
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on the classical DTM method indicate that the most and least critical situations are when
there is a three-phase short-circuit fault at buses 19 and 12, respectively, for the 39-bus test
system and at buses 8 or 9 and 4, respectively, for the 9-bus test system. These results show
that the most and least critical situations identified by using the classical DTM method are
different from those identified by the benchmark method. Therefore, more accurate results
are found by using the proposed contingency screening and ranking method.

Table 3. Three-phase short-circuit on each non-generator buses of 39-bus test system and each cleared
after 250 ms.

Cont. Ranked Using TSI

Cont. Ranked Using TSI Con. Ranked Using TSI
Evaluated Based on
Numerical Integration Evaluated Based on Evaluated Based on
Method (Benchmarks) AsDTM Method DTM Method
Bus No Rank Bus No Rank Bus No Rank
Bus 16 1 Bus 16 1 Bus 19 1
Bus 19 2 Bus 19 2 Bus 16 2
Bus 2 3 Bus 2 3 Bus 22 3
Bus 22 4 Bus 22 4 Bus 2 4
Bus 10 5 Bus 10 5 Bus 11 5
Bus 11 6 Bus 11 6 Bus 10 6
Bus 13 7 Bus 13 7 Bus 13 7
Bus 25 8 Bus 25 8 Bus 21 8
Bus 21 9 Bus 21 9 Bus 25 9
Bus 23 10 Bus 23 10 Bus 6 10
Bus 6 11 Bus 6 11 Bus 23 11
Bus 14 12 Bus 14 12 Bus 14 12
Bus 5 13 Bus 5 13 Bus 17 13
Bus 17 14 Bus 17 14 Bus 12 14
Bus 3 15 Bus 3 15 Bus 3 15
Bus 24 16 Bus 24 16 Bus 24 16
Bus 15 17 Bus 15 17 Bus 15 17
Bus 4 18 Bus 18 18 Bus 18 18
Bus 18 19 Bus 4 19 Bus 4 19
Bus 7 20 Bus 7 20 Bus 24 20
Bus 27 21 Bus 27 21 Bus 27 21
Bus 26 22 Bus 26 22 Bus 26 22
Bus 8 23 Bus 8 23 Bus 8 23
Bus 20 24 Bus 20 24 Bus 20 24
Bus 1 25 Bus 1 25 Bus 1 25
Bus 29 26 Bus 29 26 Bus 29 26
Bus 28 27 Bus 28 27 Bus 28 27
Bus 9 28 Bus 9 28 Bus 9 28
Bus 12 29 Bus 12 29 Bus 12 29

Table 4. Three-phase short-circuit on each non-generator buses of 9-bus test system and each cleared
after 250 ms.

Cont. Ranked Using TSI

E Cont. Ranked Using TSI Con. Ranked Using TSI

valuated Based on

Numerical Integration Evaluated Based on Evaluated Based on
Method (Benchmarks) AsDTM Method DTM Method

Bus No Rank Bus No Rank Bus No Rank
Bus 8 1 Bus 8 1 Bus 8 & Bus 9 1
Bus 4 2 Bus 4 2 Bus 7 2
Bus 6 3 Bus 6 3 Bus 6 3
Bus 7 4 Bus 7 4 Bus 5 4
Bus 9 5 Bus 9 5 Bus 4 5
Bus 5 6 Bus 5 6 - 6




Electricity 2024, 5

964

In addition, Figures 5a—d and 6a—d representing the SI and Al plots, where the quality
of the plot results obtained with the AsDTM and DTM methods used the convergence
criterion, the measure of which is the concurrency of trajectories rout corresponding to two
compared solutions. The best convergence was found for the AsDTM-based SI and Al plots.
This implies that the AsDTM-based TSI evaluation gives more accurate results. On the other
hand, since the shapes of the trajectories obtained by both the DTM and AsDTM methods
were the same as the reference trajectory for the first scenario (Figures 5a,b and 6a,b) we
can conclude that both the DTM and AsDTM methods are numerically stable. However,
when we observe the TSI plots for the second scenario (for the 250 ms fault clearing time),
specially Figure 6¢,d show that the DTM method is not numerically stable as the network
complexity decreases and fault clearing time increases.

Tables 1-4 below give contingencies ranked using their respective TSI evaluated based
on the benchmark, classical DTM and the proposed AsDTM methods considering both
150 ms and 250 ms fault clearing by using both test systems. From the summary and the
results given in Table 5, in all cases the proposed AsDTM-based contingency screening and
ranking method provides 93% accurate results.

Table 5. Summary of the accuracy of the ranked contingencies based on DTM and the proposed
AsDTM methods compared with the benchmark results.

Accuracy of Contingencies Ranked  Accuracy of Contingencies Ranked

Using TSI Evaluated Based on Using TSI Evaluated Based on
Fault Cleared AsDTM Method in % DTM Method in %
For 39-Bus Test For 9-Bus Test For 39-Bus Test For 9-Bus Test
System System System System
150 ms 93 100 41.38 100
250 ms 93 100 44.82 16.67

Compared with the benchmark results, the range of accuracy of assessment results
based on the proposed AsDTM and the classical DTM methods are summarized as given
in Table 5 below.

From the results summary given in Table 5 above, we can conclude that the proposed
contingency screening and ranking method is more accurate compared with the DTM
method. The increase in the fault clearing time also has no influence on the accuracy of
the proposed AsDTM method. Further, as the complexity or sizes of the network decrease
the proposed method is as accurate as the reference method. But we can simply observe
from the assessment results given in Tables 1-5 that as the network size as well as the fault
clearing time increase the probability that the classical DTM method can identify the most
critical contingency is almost null.

Even though the most and least critical buses screened out based on the proposed
method are the same as the benchmark results (evaluated based on the Rk4 method) in
all cases, the magnitudes of the evaluated TS indices (SI and AlI) for the three-phase short-
circuit at all non-generator buses for both test cases are not the same as the benchmark
results. Figures 7a—d and 8a—d below show the error plots of the AsDTM- and DTM-
based evaluated transient stability indices. As can be seen from Figures 7 and 8a—d, the
magnitudes of the generated SI and Al error by the DTM-based evaluation method are
0.1664 and 0.1619, respectively, for the 39-bus test system and 0.1327 for the 9-bus test
system, when the fault is cleared after 150 ms in both cases. Similarly, the magnitudes of
the generated SI and Al error by the proposed AsDTM-based evaluation method are 0.0418
and 0.02753, respectively, for the 39-bus test system and 0.03145 and 0.02427, respectively,
for the 9-bus test system when the fault is cleared after 150 ms in both cases.
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Figure 8. DTM- and AsDTM-based SI and Al error plots for 39-bus test system plots.

Similarly, when the fault is cleared after 250 ms, the magnitudes of the generated SI
and Al error by the proposed AsDTM-based evaluation method are 0.01701 and 0.01254,
respectively, for the 39-bus test system and 0.03661 and 0.02842, respectively, for the 9-
bus test system and the magnitudes of the generated SI and Al error by the DTM-based
evaluation method are 0.1098 for the 39-bus test system and 0.685 and 0.5542 for the 9-bus
test system, respectively.

Compared to the proposed method, the magnitude of the SI and Al error generated
by the classical DTM-based evaluation method is relatively greater. This shows that more
accurate indices are evaluated based on the proposed AsDTM method. A summary of the
TS indices error magnitude resulted from using AsDTM and DTM assessment methods
relative to the benchmark results are given in Table 6 below.

Table 6. TSI error by AsDTM and DTM methods relative to the benchmark results.

Maximum TSI Error

Test System Fault Cleared Assessment
After Method SI Al

AsDTM 0.03145 0.02427

150 ms DTM 0.1327 0.1327

9bus AsDTM 0.03661 0.02842
250 ms DTM 0.685 0.5542

AsDTM 0.0418 0.02753

150 ms DTM 0.1664 0.1619

39 bus AsDTM 0.01701 0.01254
250 ms DTM 0.1098 0.1098

From Table 6, we can conclude that using the proposed AsDTM method in terms of
the DTM method for contingency screening and ranking improves the accuracy of the TSI
evaluation results by 74% up to 83% if the fault is cleared after 150 ms and by 84% up
to 94% if the fault is cleared after 250 ms. All the test and analysis results given above
prove that the proposed AsDTM method of contingency screen ranking provides more
accurate results.

3.2.2. Validation of the Assessment Speed of the Proposed Method

Figures 9a—c and 10a—c show the total elapsed time to evaluate TS indices for contin-
gency screening and ranking based on AsDTM, DTM, and Rk4 methods using both the
39-bus and the 9-bus test system. The total assessment times required to evaluate TS indices



Electricity 2024, 5

967

based on AsDTM, DTM, and Rk4 methods are 11.671 s, 20.962 s, and 65.65 s, respectively,
for the 9-bus test system and 194.084 s, 279.047 s, and 768.062 s, respectively, for the 39-bus

test system.
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Figure 9. Elapsed time (a) for AsDTM-based TSI evaluation (b) for DTM-based TSI evaluation (c) for
Rk4-based TSI evaluation, of 9-bus test system.
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Figure 10. Elapsed time (a) for AsSDTM-based TSI evaluation (b) for DTM-based TSI evaluation (c) for
Rk4-based TSI evaluation, of 9-bus test system.

Capered with DTM and Rk4, the proposed AsDTM-based contingency screening and
ranking method improves the performance efficiency (performance speed) by 44.32% and
82.22% for the 9-bus test system and 30.45% and 74.73% for the 39-bus test system, respectively.

Therefore, from the above assessment and simulation results, compared to the conven-
tional Range-Kutta (Rk4) and the classical DTM methods of contingency screening and
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ranking the proposed method improves the assessment speed by more than 74.73% and
30.45%, respectively. Compared to the classical DTM methods of contingency screening
and ranking, the proposed method improves the accuracy of the resulting transient stability
indices by more than 74%. These results strongly indicate that the proposed contingency
screening and ranking method is fast and robust.

A near-real-time DSA cycle time should be short enough for the results to be still
meaningful when the evaluation is completed, i.e., in the order of 10 to 15 min [1]. For
example, performing a time domain simulation of 5000 contingencies using PowSim
for 30 s each on the full UK National Grid Control (NGC) system takes approximately
11.5 h using one computing device. Using a similar computing device with the method
of contingency screening proposed in this paper considering only 74% improvement in
performance efficiency, the total assessment/simulation time is reduced to 4.14 h. This
indicates that compared to the traditional numerical integration method, the proposed
method performs with a smaller number of parallel computing devices to complete the
whole assessment/simulation processes before the DSA cycle time. Therefore, we can
conclude that the proposed contingency screening and ranking method is faster.

4. Conclusions and Future Work

Modern society is very dependent on the availability of electrical energy; therefore, a
reliable electricity supply is foundational to all economic and societal activities. To supply
this continuously growing demand, the size and complexity of the power supply systems
with stochastic generation (due to renewable energy systems) are increasing. Ensuring
secure operation of the system during widely varying loading scenarios or following
possible unforeseen events represents an immense challenge to the system operator. Most
of the recent methods of stability assessment are based on extensive off-line computations
and, consequently, may no longer be sufficient; hence, a near-real-time DSA is significantly
demanding. The near-real-time application of DSA to a realistic network needs sufficient
methods to screen and rank large numbers of contingencies to be investigated by DSA tools.

In this paper, a transient stability-based fast and robust power system contingency
screening and ranking method are proposed. Transient stability indices are generated from
the AsDTM-based power system transient stability analysis results at each simulation time
step. Two types of TS indices are evaluated. Those indices evaluated based on the analysis
results of the machine’s state variables (as rotor angle deviations (5), angular speed (w), etc)
are represented as state variable indices (SI) and those evaluated based on the simulation
results of the machine’s bus complex bus voltages (such as bus voltage magnitude (V)
and voltage angle (0)) are represented as algebraic variable indices (AI). These indices are
evaluated as the normalized weighted sum of squares of error at every simulation time step.
As described in Section 3 above, compared with the classical DTM method the proposed
AsDTM-based power system contingency screening and ranking method improves the
accuracy of resulting indices by more than 74%. Similarly, compared with Rk4 and DTM
the proposed AsDTM improves the total assessment time indices (evaluation + ranking)
by more than 74.73% and 30.45%, respectively. This shows that the performance efficiency
(performance speed) of the proposed method is significantly improved. The approach and
indices are relatively simpler and can easily be integrated into an energy management
system (EMS) or remedial action scheme (RAS) for determining the state of power system in
case of large disturbances. Extending the approach for detail transient stability assessment
of a near-real-time DSA session will be our next focus of research.
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